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Abstract   V 

Abstract 

Non-alcoholic fatty liver disease (NAFLD) comprises a wide spectrum of liver diseases ranging 

from simple hepatic steatosis to more severe liver diseases, like non-alcoholic steatohepatitis 

(NASH), cirrhosis or hepatocellular cancer (HCC), and is the leading cause of liver diseases 

worldwide. Features of the metabolic syndrome, such as insulin resistance, hypertension, 

obesity, hyperlipidaemia, and extrahepatic diseases, like cardiovascular diseases and kidney 

stone disease, strongly associate with NAFLD. A previously identified steatosis-associated 

downregulation of the alanine-glyoxylate aminotransferase (AGXT) was suggested to be one 

molecular link explaining the connection of NAFLD with the development of calcium oxalate 

kidney stones. AGXT is responsible for the hepatic glyoxylate detoxification and its deficiency 

results in primary hyperoxaluria type 1 (PH1), which is a hereditary disorder with characteristic 

symptoms such as recurrent urolithiasis, nephrocalcinosis and the formation of calcium 

oxalate kidney stones. Furthermore, the AGXT downregulation in steatotic conditions was 

proposed to be influenced by DNA methylation since the AGXT promoter is hypermethylated 

in steatosis. 

In the course of this thesis, further alterations of the glyoxylate metabolism were revealed in 

the ob/ob and Western diet (WD) mouse models of NAFLD contributing to a better 

understanding of the steatosis-associated modifications. These alterations indicating an 

increased hepatic oxalate production in steatotic conditions were confirmed by elevated 

oxalate excretion of steatotic hepatocytes from WD-fed and ob/ob mice upon hydroxyproline 

exposure. Furthermore, the increased oxalate production in the fatty liver was validated in 
vivo by elevated oxalate levels in the plasma from the hepatic vein of WD-fed mice, 

representing the blood outflow from the liver. Additionally, oxalate levels in the plasma and 

urine of ob/ob mice were increased to a higher extent due to the consumption of dietary 

hydroxyproline compared to ob/+ mice, showing an enhanced susceptibility towards 

hydroxyproline also in vivo. The selective sensitivity of steatotic hepatocytes to hydroxyproline 

contrasted with that of primary hepatocytes from Agxt knock-out (Agxt-/-) mice, which 

excreted more oxalate when exposed to all oxalate precursors than hepatocytes from wild 

type control mice. This suggested, that only mitochondrial glyoxylate detoxification is 

compromised in hepatic steatosis. Rescuing the Agxt expression in the hepatocytes of ob/ob 

mice by adeno-associated virus (AAV)-mediated gene transfer was able to reduce oxalate 

production from hydroxyproline. Moreover, inhibition of hydroxyproline catabolism 

normalised the oxalate excretion from ob/ob hepatocytes to the levels of ob/+ hepatocytes 

after consumption of hydroxyproline. These results provided clear evidence that the 

downregulation of Agxt, at least partially, responsible for the steatosis-accompanied 

increased hepatic oxalate production in NAFLD mouse models, supporting the hypothesis of 

the steatosis-associated downregulation of Agxt being a molecular link explaining the strong 

association between NALFD and kidney stone disease. 

The translational relevance of these findings was studied in a cohort of overweight and obese 

children and adolescents with biopsy proven NAFLD and corresponding 24 h urine samples. 
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The steatosis percentage positively correlated with the amount of urinary excreted oxalate, 

showing the relevance of steatosis induced hyperoxaluria in human NAFLD.  

In order to further understand the deregulation of Agxt expression in steatosis and the 

dependency to DNA methylation, its transcriptional upregulation in response to glucagon was 

studied in ob/ob and 6 weeks WD-fed mice. Since there is a cAMP response element (CRE) 

binding site within the hypermethylated region of the Agxt promoter it was hypothesised that 

the glucagon-cAMP-PKA-Creb signalling, that regulates Agxt transcription, may be blunted in 

steatosis. When treated with glucagon, an increase of the Agxt mRNA expression was missing 

in ob/ob mice but not in 6 weeks WD-fed mice, most probably due to the higher 

hypermethylation of the Agxt promoter in ob/ob mice. This supported the importance of the 

Agxt promoter hypermethylation regarding the regulation of the Agxt gene expression. These 

results were confirmed in vitro in glucagon stimulated primary hepatocytes from the two 

different NAFLD mouse models and in an in vitro steatosis model. Furthermore, the 

phosphorylation of Creb was lost earlier in hepatocytes from ob/ob, 6 weeks WD-fed mice and 

in an in vitro steatosis model compared to their corresponding controls. The impaired 

responsiveness of AGXT mRNA expression and the earlier CREB dephosphorylation could also 

be shown in primary human hepatocytes (PHHs) with an increased triglyceride content. All in 

all, these findings support the thesis that steatosis associated AGXT promoter 

hypermethylation might repress the AGXT gene expression leading to an impaired response 

towards glucagon. Altogether, considering that Agxt has an additional role in gluconeogenesis, 

the earlier CREB dephosphorylation together with the impaired transcriptional response of 

AGXT towards glucagon might be possible feedback mechanisms in order to reduce hepatic 

glucose production and NAFLD associated hyperglycaemia. As a side effect, this may lead to 

steatosis-linked increased hepatic oxalate production.  
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Zusammenfassung 

Die nicht-alkoholische Fettlebererkrankung (NAFLD) entsteht durch die übermäßige 

Akkumulation an Triglyceriden innerhalb von Hepatozyten. Das klinische Erscheinungsbild von 

NAFLD umfasst die simple Fettleber, die nicht-alkoholische Steatohepatitis (NASH), 

Leberzirrhose und das Leberzellkarzinom. NAFLD ist stark assoziiert mit verschiedenen 

Merkmalen des metabolischen Syndroms sowie mit kardiovaskulären- und 

Nierenerkrankungen wie der Ausbildung von Kalziumoxalatsteinen. In einer vorangegangenen 

Studie wurde die Fettleber-assoziierte Herunterregulierung von AGXT als mögliche molekulare 

Verbindung suggeriert, welche die starke Assoziierung von NAFLD zur Ausbildung von 

Kalziumoxalatsteinen erklären könnte. Die Hauptfunktion von AGXT ist die Umwandlung des 

toxischen Glyoxylats zu Glycin innerhalb der Leber. Individuen mit einem nicht funktionalen 

oder fehlenden AGXT leiden unter der sogenannten primären Hyperoxalurie Typ 1 (PH1), 

welche eine autosomal-rezessiv vererbbare Krankheit darstellt. Charakteristische Symptome 

von PH1 sind eine wiederkehrende Urolithiasis, Nephrokalzinose sowie die Ausbildung von 

Kalziumoxalatsteinen innerhalb der Niere. Des Weiteren wurde die These aufgestellt, dass die 

Herunterregulierung von AGXT in steatotischen Bedingungen aufgrund der 

Hypermethylierung im AGXT Promotor entstehen könnte. 

Im Rahmen dieser Arbeit wurden weitere Steatose-bedingte Expressionsveränderungen von 

im hepatischen Glyoxylatmetabolismus beteiligten Enzymen in ob/ob und Western Diät (WD) 

gefütterten Mäusen festgestellt. Diese Veränderungen deuteten auf eine erhöhte 

Oxalatproduktion in der Fettleber hin. Dies konnte durch eine gesteigerte Ausscheidung an 

Oxalat aus primären Hepatozyten von ob/ob und WD-gefütterten Mäusen, die mit der 

Oxalatvorläufersubstanz Hydroxyprolin behandelt wurden, bestätigt werden. Außerdem 

wurde die erhöhte hepatische Oxalatproduktion der steatotischen Leber durch höhere 

Oxalatekonzentrationen im Blut, welches aus der Leber hinaus fließt, von WD Mäusen 

untermauert. Zusätzlich wurde festgestellt, dass über die Nahrung aufgenommenes 

Hydroxyprolin die Oxalatkonzentrationen in ob/ob Mäusen im Plasma und Urin stärker anhebt 

als in ob/+ Kontrollmäusen. Dies bestätigte die zuvor beobachtete verstärkte Empfindlichkeit 

von ob/ob Hepatozyten gegenüber Hydroxyprolin auch in vivo. Die selektive Sensitivität von 

steatotischer Hepatozyten gegenüber Hydroxyproline stand im Gegensatz zu primären 

Hepatozyten aus Agxt knock-out (Agxt-/-) Mäusen, welche im Vergleich zu Wildtyp-

Kontrollhepatozyten mehr Oxalat aus allen Oxalatvorläufersubstanzen produzierten. Dieses 

Ergebnis deutete darauf hin, dass in der steatotischen Leber nur die mitochondriale 

Glyoxylatdetoxifizierung kompromittiert ist. Darüber hinaus führte die Wiederherstellung der 

Agxt Expression durch einen adeno-assoziierten Virus (AAV) vermittelten Gentransfer in 

ob/ob Hepatozyten zu einer Reduktion der Oxalatproduktion aus Hydroxyprolin. Außerdem 

normalisierte die Inhibition des Hydroxyprolinkatabolismus die Oxalatausscheidung von 

ob/ob Hepatozyten auf das Niveau von ob/+ Kontrollhepatozyten nach der Behandlung mit 

Hydroxyprolin. Aufgrund dieser Ergebnisse konnte gezeigt werden, dass die 

Herunterregulierung von Agxt, zumindest zu einem gewissen Teil, für die Steatose-bedingten 
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Erhöhung der hepatischen Oxalatproduktion verantwortlich ist. Weiterhin wird die 

Hypothese, dass die Herunterregulierung von Agxt in der Fettleber ein molekularer 

Mechanismus ist, der die Verbindung von NAFLD zur Entstehung von Kalziumoxalatsteinen 

erklären könnte, durch diese Ergebnisse unterstützt.  

Die translationale Relevanz dieser Befunde wurden in einer Kohorte von übergewichtigen und 

adipösen Kindern und Jugendlichen mit einer durch eine Leberbiopsie nachgewiesenen 

Fettlebererkrankung untersucht, wobei auch die Oxalatmenge in 24 h Urinproben analysiert 

wurde. Der Steatosegrad korrelierte positiv mit der Menge an ausgeschiedenem Oxalat im 

Urin. Dies verdeutlichte die Relevanz von Steatose-induzierter Hyperoxalurie in NALFD im 

Menschen. 

Um die Deregulierung der Agxt Expression in der Steatose und dessen Abhängigkeit zur DNA 

Methylierung zu verstehen, wurde dessen transkriptionelle Hochregulierung in Antwort auf 

Glukagon in ob/ob und WD Mäuse untersucht. Da sich innerhalb der hypermethylierten Agxt 
Promotorregion eine CRE Bindungsstelle befindet, wurde die Hypothese aufgestellt, dass der 

Glukagon-cAMP-PKA-Creb Signalweg, welche die Agxt Transkription reguliert, in der Steatose 

abgeschwächt ist. Eine Erhöhung der Agxt mRNA Expression in Antwort auf Glukagon fehlte 

in ob/ob, jedoch nicht in WD Mäusen. Dies geschah vermutlich aufgrund einer stärkeren 

Promotorhypermethylierung in ob/ob Mäusen, was den Einfluss der Hypermethylierung im 

Agxt Promotor hinsichtlich der Genexpressionsregulierung untermauerte. Diese Ergebnisse 

konnten in vitro in Glukagon stimulierten primären Hepatozyten aus den zwei verschiedenen 

NAFLD Mausmodellen als auch in einem in vitro Steatose-Modell reproduziert werden. 

Außerdem wurde eine frühere Creb-Dephosphorylierung in primären Hepatozyten von ob/ob 

Mäusen, von WD Mäusen und im in vitro Steatose-Modell beobachtet. Die gestörte Antwort 

der AGXT mRNA Expression sowie die schnellere CREB-Dephosphorylierung nach 

Glukagonstimulation konnte ebenfalls in primären humanen Hepatozyten eines steatotischen 

im Vergleich zu einem nicht-steatotischen Donor gezeigt werden. Zusammenfassend 

unterstützen diese Ergebnisse die These, dass die Steatose-assoziierter AGXT 

Promotorhypermethylierung zu einer Repression der AGXT Genexpression führt. In 

Anbetracht der Rolle von Agxt in der Glukoneogenese, könnten die beobachteten Effekte in 

steatotischen Bedingungen Rückkopplungsmechanismen darstellen, die die mit NAFLD-

assoziierte erhöhte Glukoseproduktion und somit erhöhte Glukosekonzentrationen im Blut 

reduzieren. Als Nebeneffekt würde dies zu einer Steatose-bedingten gesteigerten hepatische 

Oxalatproduktion führen. 

 



Abbreviations  IX 

Abbreviations 

% Percent 

Adj Adjusted 

AGXT Alanine-glyoxylate aminotransferase 

APS Ammonium persulphate 

BCA Bicinchoninic acid 

BisTris  Bis-(2-hydroxy-ethyl)-amino-tris(hydroxymethyl)-methane 

BMI Body mass index 

BSA Bovine serum albumin 

°C Degrees Celsius 

CaCl2 Calcium chloride 

cAMP Cyclic adenosine monophosphate 

cDNA Complementary DNA 

CpG 5'—cytosine—phosphate—guanine—3' 

CRE cAMP response element 

CREB/pCREB cAMP response element binding protein/ phosphorylated cAMP response 
element binding protein 

CRTC2 CREB regulated coactivator 2 

Ct Cycle threshold 

d days 

DAPI 4',6-diamidino-2-phenylindole 

DEPC Diethyl pyrocarbonate 

DMEM Dulbecco’s modified Eagles’ medium 

DNA/RNA Deoxyribonucleic acid/Ribonucleic acid 

DNMT DNA methyltransferase  

DPPIV Dipeptidyl peptidase 4 



Abbreviations  X 

DTT Dithiothreitol 

EDTA Ethylenediaminetetraacetic acid  

EGTA Ethylene glycol-bis (β-aminoethyl ether)-N, N, N’, N'-tetra acetic acid 

Eif2a Eukaryotic translation initiation factor 2A 

e.g. For example 

Et al. And others 

ESKD End stage kidney disease 

FM Full media 

g/mg/µg gram/milligram/microgram 

G6P Glucose-6-phosphatase 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase 

GCGR Glucagon receptor 

Gluc Glucagon 

GRHPR Glyoxylate reductase/hydroxypyruvate reductase 

h hours 

HAO1 4-hydroxy-2-oxoglutarate aldolase 1 

HRP Horseradish peroxidase 

Hepes 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HOGA1 Horseradish peroxidase 

H&E Haematoxylin and Eosin Y 

Hyp Hydroxyproline  

i.E. that is 

IfADo Leibniz-Institut für Arbeitsforschung an der TU Dortmund 

IFNγ Interferon gamma 

IHC Immunohistochemistry 

Il-6/Il-10 Interleukin-6/-10 



Abbreviations  XI 

IR Insulin resistance 

JNK c-Jun N-terminal kinase 

KH2PO4 Potassium dihydrogen phosphate 

l/ml/µl Litre/millilitre/microlitre 

LC-MS/MS Liquid chromatography-mass spectrometry/mass spectrometry 

LDHA Lactate dehydrogenase A 

LPS Lipopolysaccharide 

M/mM/µM/nM Molar/millimolar/micromolar/nanomolar 

MgSO4 Magnesium sulphate 

MTS Mitochondria target sequence 

n Number of biological replicates 

Na2HPO4 Sodium hydrogen phosphate 

NaCl Sodium chloride 

NAFL Non-alcoholic fatty liver 

NAFLD Non-alcoholic fatty liver disease 

NASH Non-alcoholic steatohepatitis 

NCD/WD/HFD Normal chow diet/ western diet/ high fat diet 

NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells 

NF-Y Nuclear transcription factor Y 

nm Nanometre 

NP-40 Nonidet P-40 substitute 

OA; OA/BSA Oleic acid; Oleic acid complexed to BSA (6:1) 

o/n Over night 

PAGE Polyacrylamide gel electrophoresis 

PBS Phosphate-buffered saline 

PCK1 Phosphoenolpyruvate carboxykinase 1 



Abbreviations  XII 

PFA Paraformaldehyde 

PH (1, 2, 3) Primary hyperoxaluria (type 1, 2 or 3) 

PHH Primary human hepatocytes 

PKA Protein kinase A 

PKCα Protein kinase Cα 

PMH Primary mouse hepatocytes 

PRODH2 Proline dehydrogenase 2 

PTS1 Peroxisomal targeting sequence type 1 

PVDF Polyvinylidene fluoride 

qRT-PCR Quantitative real-time polymerase chain reaction 

RFU Relative fluorescence units 

Rpm Rounds per minute 

ROS Reactive oxygen species 

RRBS Reduced representation bisulphite sequencing 

RT Room temperature 

SDS Sodium dodecyl sulphate 

siRNA Small interfering RNA 

SREBP-1c Sterol regulatory element-binding protein-1c 

STZ Streptozotocin 

T2D Type 2 diabetes 

TBS-T Tris-buffered saline 

TEMED Tetramethylethylenediamine 

TG Triglyceride 

TLR Toll-like receptor 

TNF Tumour necrosis factor 

Tris  Tris(hydroxymethyl)aminomethane 



Abbreviations  XIII 

UBC Ubiquitin C 

UPR Unfolded protein response 

Vs Versus 

v/v; w/v Volume per volume, weight per volume 

xg Standard gravity 



Introduction   1 

1 Introduction 

1.1 Non-alcoholic fatty liver disease 

Non-alcoholic fatty liver disease (NAFLD) describes the accumulation of fat within the liver due 

to causes which are independent of alcohol abuse. Therefore, NAFLD can only be diagnosed 

when secondary causes leading to hepatic lipid infiltration, such as heavy alcohol abuse, 

steatogenic medication, virus infections or genetic disorders (Chalasani et al. 2012) can be 

excluded. Heavy alcohol consumption with respect to NAFLD is defined as 30 g absolute 

ethanol per day for men and 20 g for women (Ratziu et al. 2010). 

The term “NAFLD” encompasses a wide spectrum of fatty liver diseases ranging from simple 

fatty liver (NAFL) to the progressive form of steatosis, the non-alcoholic steatohepatitis 

(NASH) (Benedict and Zhang 2017). In some cases, NASH can further progress to terminal liver 

diseases like liver cirrhosis or hepatocellular cancer (HCC) (Anstee et al. 2019a). NAFL is 

characterised by the presence of more than 5% hepatic steatosis without any inflammation or 

further hepatocellular injury (European Association for the Study of the Liver (EASL) 2016), 

whereas, NASH includes the spectrum of more severe liver diseases, which are defined by the 

occurrence of inflammation, hepatocellular ballooning and fibrosis additionally to steatosis 

(Brunt et al. 2011). NAFLD is the most important cause of liver disease and elevated liver 

enzymes worldwide (Younossi et al. 2019) and is becoming the leading cause of liver 

transplantations (Benedict and Zhang 2017; Younossi et al. 2019). The epidemiology and 

demographic characteristics of NALFD vary parallel to the prevalence of obesity (Younossi et 

al. 2018). Numerous risk factors for the development of NAFLD have been identified with most 

having some form of metabolic disorder or insulin resistance at the core of its 

pathophysiology. Nevertheless, the exact pathogenic mechanism of NAFLD remains unclear 

(Benedict and Zhang 2017; Younossi et al. 2018). Furthermore, NAFLD patients exhibit an 

increased risk of liver-related and cardiovascular mortality (Rinella and Sanyal 2016). 

1.1.1 Prevalence of NAFLD 

Due to extreme variations in study parameters, demographic variations and the missing of 

standardized diagnosis methods, a clear and reliable occurrence rate is currently not available. 

Liver biopsy remains the gold standard for NAFLD diagnosis; while this invasive procedure is 

not practicable for the screening of a high number of patients. With this background, current 

estimations have posited suggesting the prevalence of NAFLD to be 20 – 30% in Western 

countries and 27% in Asia. Out of the NAFLD patients, only 1.5% to 6.45% of NAFLD patients 

display a progression to NASH (Younossi et al. 2019). Non-invasive radiological methods to 

diagnose NAFLD include magnetic resonance imaging (MRI) and ultrasonography. In a Spanish 

study, ultrasound diagnosis revealed a NAFLD prevalence of 33% in men and 20% in women 

in individuals with no suspected liver diseases. In Italy 20% NAFLD prevalence was measure in 

patients without suspected liver diseases and in India ultrasound determination revealed a 

NAFLD prevalence of 17% in the general population. Nevertheless, non-invasive diagnosis 
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methods are less accurate than histology-based evaluations of liver biopsies, which remain 

the gold-standard for NAFLD diagnosis (Vernon et al. 2011). Furthermore, the NAFLD 

prevalence seems to depend on the ethnicity, since Hispanics are reported to be the most 

susceptible group, followed by white and African Americans (Browning et al. 2004). An allele 

(rs738409 [G], encoding I148M) in the patatin-like phospholipase-3/adiponutrin (PNPLA3) gene 

is associated with increased hepatic fat accumulation and inflammation. Furthermore, this 

allele was most common in Hispanics which could be a possible explanation for the increased 

NAFLD prevalence in Hispanic patients (Romeo et al. 2008).  

1.1.2 Connection between NAFLD and metabolic syndrome 

The metabolic syndrome is defined by the presence of a cluster of metabolic irregularities that 

are either causes or consequences of insulin resistance coexisting in obese inactive patients. 

Different sets of criteria were suggested over the years. The newest postulation defines 

metabolic syndrome as a disorder that fulfils any three of the following five criteria: increased 

fasting plasma glucose or T2D (T2D), hypertriglyceridemia, low HDL cholesterol, increased 

waist circumference, or hypertension (Huang 2009; Shin et al. 2013). Furthermore, metabolic 

syndrome is more common in obese than in non-obese patients. However, some obese 

individuals do not develop the syndrome while non-obese individuals may do so. The reason 

for this phenomenon remains unclear (Wildman 2008; Schulze 2019). 

Patients with a metabolic syndrome often display an increased hepatic triglyceride 

accumulation and hepatic insulin resistance. This increased hepatic fat content is only 

associated with insulin resistance but not with other known causes of steatosis (e.g., alcohol, 

viruses, and drugs). Thus, a connection between NAFLD and metabolic syndrome was 

suggested (Smits et al. 2013; Yki-Järvinen 2014a; Williams 2015). Furthermore, NAFLD is more 

prevalent in patients with existing metabolic disorders compared to those in general 

population (Vernon et al. 2011; Grander et al. 2016). Beside insulin resistance, also other 

criteria of the metabolic syndrome like hypertriglyceridemia, elevated waist circumference or 

T2D are associated with NAFLD. Thus, NAFLD is often considered as the hepatic manifestation 

of the metabolic syndrome (Kim and Younossi 2008; Gastaldelli 2010; Medina-Santillán et al. 

2013). But this conclusion is controversially discussed. As a result of a variety of different 

definitions of metabolic syndrome and NAFLD, the two disorders are not necessarily 

concurrent (Yki-Järvinen 2014b; Lonardo et al. 2015; Wainwright and Byrne 2016). Smit and 

colleagues found no evidence that NAFLD is an independent component of the metabolic 
syndrome. They consider NAFLD rather as a separate condition, which is strongly associated with 
the metabolic syndrome (Smits et al. 2013). 

1.2 The progression of NAFLD 

 Steatosis alone is considered a benign and non-progressive form of NAFLD. However, patients 

with simple steatosis might still develop NASH and/or fibrosis (Wong et al. 2010). Moreover, 

NAFLD and NASH can progress to cirrhosis and hepatocellular cancer (HCC) with or without 

fibrosis and are reported to be the most common underlying risk factor for HCC in the USA 
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(Sanyal et al. 2010; Baffy et al. 2012; Wong et al. 2014; Anstee et al. 2019b). Singh and 

colleagues studied the progression of NAFL and NASH patients towards fibrosis. They reported 

a fibrosis development progression time of 14.3 years for NAFL and 7.1 years for NASH 

patients (Singh et al. 2015). 

However, the pathogenic components of NAFLD development and progression exhibit a high 

complexity and multiple factors with various theories presented in literature (Buzzetti et al. 

2016). Already the first step in the development of NAFLD, the hepatic fat accumulation, 

displays various possible underlying processes, since the lipid accumulation might be a 

consequence of several mechanism, such as the oversupply of fatty acids and their assembly 

into triglycerides (Postic and Girard 2008). Additionally, the fatty acids might have different 

sources, like lipolysis of adipose tissue, the diet, and hepatic de novo synthesis of fatty acids, 

which are further esterified to glycerol (Donnelly et al. 2005). Furthermore, hepatic lipid 

accumulation can be driven by an increased lipid/triglyceride production, an impaired fatty 

acid degradation and/or by a reduced excretion of hepatic very low-density lipoproteins 

(VLDL) containing triglycerides (Postic and Girard 2008). Regarding NAFLD progression, a two-

hit model has been proposed with the first hit being hepatic lipid accumulation, a sedentary 

lifestyle, a high fat diet, and insulin resistance. The first hits are described to increase the 

susceptibility of the liver to “second hits” which activate an inflammatory event with 

associated fibrogenesis. Examples of second hits are lipid peroxidation, reactive oxygen 

species, free fatty acids, and the release of cytokines (Day and James 1998; Day 2002). By now, 

the two-hit model is believed to be too oversimplified to comprehensively capture the 

complexity of NAFLD where multiple factors are collaborating with one another in a 

genetically predisposed individual (Buzzetti et al. 2016; Fang et al. 2018; Pierantonelli and 

Svegliati-Baroni 2019). In some researcher’s opinions, this model still cannot explain the rare 

progression rate of simple steatosis, in contrast to NASH, to more severe liver diseases. 

Consequently, multiple parallel hits models have been proposed trying to explain the intricacy 

of NAFLD progression (Buzzetti et al. 2016; Fang et al. 2018; Pierantonelli and Svegliati-Baroni 

2019). Some scientists also introduced the idea of simple fatty liver and NASH being two 

different diseases (Tilg and Moschen 2010; Buzzetti et al. 2016).  
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Figure 1.1: Schematic illustration of multiple parallel hits hypothesis of NAFLD development (Chen et al. 2018). 

1.2.1 Role of insulin and glucagon in NAFLD 

In the muscle and liver, insulin promotes glucose uptake for glucose oxidation or glycogen 

storage. Furthermore, insulin also regulates the lipid metabolism, as it enhances fatty acid re-

esterification into triglyceride in adipocytes and the liver. The main function of insulin in the 

liver is the suppression of glycogenolysis and gluconeogenesis (Petersen and Shulman 2018).  

Insulin resistance is the key pathogenic feature of the metabolic syndrome and a crucial risk 

factor for NAFLD development and progression (Marchesini et al. 1999; Ota et al. 2007; Gluvic 

et al. 2016). Hepatic insulin resistance develops by interrupting insulin-induced suppression 

of hepatic glucose production but increasing stimulation of lipogenesis reversely (Samuel and 

Shulman 2016). For individuals with insulin resistance, the islets of Langerhans are stimulated 

to increase the insulin secretion in order to overcome the deficiency in plasma glucose 

absorption and to reduce the hepatic glucose production leading to high glucose production 

rates in hepatocytes in the presence of high insulin levels in the plasma. On one hand, insulin 

fails to suppress hepatic glucose production in a liver with insulin resistance, but on the other 

hand it continues to stimulate lipogenesis, resulting in hyperglycaemia, hyperlipidaemia, 

hepatic steatosis, and T2D (Samuel and Shulman 2016; Petersen and Shulman 2018; Khan et 

al. 2019). Hence, increased insulin concentrations lead to an increasing TG synthesis in the 

presence of insulin resistance (Vatner et al. 2015). NAFLD patients display an increased de 
novo lipogenesis (DNL), which is not suppressed on fasting and elevated FFA plasma 

concentrations, compared to controls (Lambert et al. 2014). Furthermore, b-oxidation of FFAs 

is inhibited in states of insulin resistance, contributing to hepatic fat lipid accumulation (Postic 
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and Girard 2008). Moreover, genetic variations involved in insulin signalling have been 

associated with NAFLD pathogenesis and progression. (Dongiovanni et al. 2010). 

Glucagon is a hormone of 29 amino acids produced by the pancreatic alpha cells and is known 

as the counter-regulatory hormone to insulin (Scott and Bloom 2018). The balance of glucagon 

and insulin signalling is mainly responsible for maintaining physiological euglycemia 

(Hædersdal et al. 2018). The secretion of glucagon is inhibited by hyperglycaemia, insulin, 

glucagon-like peptide 1 (GLP-1) and somatostatin (Yamato et al. 1990; Cejvan et al. 2003; 

Kawamori et al. 2009). The most important function of glucagon is increasing the blood 

glucose, through stimulation of glycogenolysis and gluconeogenesis (Scott and Bloom 2018). 

Hepatic lipid metabolism is also influenced by glucagon, which induces lipolysis and ketone 

production (Wang et al. 2016). Moreover, glucagon affects protein metabolism by increasing 

ureagenesis and causing amino acid uptake into hepatocytes (Fitzpatrick et al. 1977; Fehlmann 

et al. 1979; Boden et al. 1996). All in all, glucagon influences multiple mechanism in order to 

maintain energy nourishment of all organs.  

Glucagon acts via a specific Gαs-protein coupled sevens transmembrane receptor on the 

plasma membrane (GCGR), which is expressed throughout the body, and it is particularly 

abundant in the liver, kidney, heart and adipose tissue (Geary 2013). Binding of glucagon to 

its receptor leads to conformational changes that activate Gαs-coupled proteins which in turn 

activate the adenylate cyclase (AC). Next, the AC produces cyclic adenosine monophosphate 

(cAMP) out of adenosine monophosphate (AMP). Elevated cAMP levels stimulate the 

activation of protein kinase A (PKA) which translocate to the nucleus and activates the cAMP 

response element-binding (CREB) protein via phosphorylation. The activated transcription 

factor pCREB induces transcription of the gluconeogenic enzymes like glucose 6-phosphatase 

and phosphoenolpyruvate carboxykinase (PEPCK) (Burgess et al. 2007; Lin and Accili 2011). 

Meanwhile, the activated PKA results in a number of intracellular events besides the 

phosphorylation of CREB, for instance the inhibition of phospho-fructokinase 2 (PFK-2) protein 

The subsequent increased activity of fructose 2,6-bisphosphatase (FBPase2) leads the 

elevated activity of fructose-1,6-bisphosphatase (FBPase-1) which results in stimulated 

gluconeogenesis and reduced glycolysis (Pilkis et al. 1982; Kurland and Pilkis 1995). Also, 

phosphorylase kinase is activated by PKA which through a number of events leads to an overall 

lower glycogen concentration and results in hepatic glucose release (Brushia 1999; Jiang and 

Zhang 2003; Miller and Birnbaum 2016; Müller et al. 2017).  
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Figure 1.2: Schematic illustration of hepatic glucagon signalling (Müller et al. 2017). 

Glucagon levels have been found to be elevated in all forms of diabetes, including alloxan-

induced diabetes in dogs, to patients with type 1 and type 2 diabetes, even after removal of 

the pancreas (Müller et al. 1971; Unger et al. 1972; Buchanan and Mccarroll 1972; Mashiter 

et al. 1975; Alberti et al. 1975; Palmer et al. 1976). Therefore, the bihormonal abnormality 

hypothesis of diabetes was proposed, suggesting that glucagon elevation was as important as 

insulin deficiency. It has been postulated that hyperglucagonemia stimulates hepatic glucose 

production and potentiates the hyperglycaemic state of diabetes patients (Unger and Orci 

1975). Moreover, many obese and/or pre-diabetic patients also displayed high levels of 

glucagon in the plasma, and an increased hepatic glucose production (Gastaldelli et al. 2000; 

Stern et al. 2019). Recent studies further showed in rodent models of type 1 and T2D that 

elevated plasma glucose levels and ketosis could be reduced by Gcgr knockout (Gcgr-/-) 

(Gelling et al. 2003; Conarello et al. 2006; Lee et al. 2011). Furthermore, in the Gcgr-/- version 

of T2D mouse model, type 2 diabetic phenotype appears after the rescue of the Gcgr cDNA 

via adenoviral (Lee et al. 2012). In summary it can be said, that there is a central role of 

glucagon in the pathogenesis of diabetes.  

Glucagon and GCGR agonists have been proposed as potential treatment agents for obesity 

and subsequently treat T2D through weight loss, since glucagon has been reported to reduced 

appetite, increase energy expenditure, and hence cause weight loss (Schulman et al. 1957; 

Dicker et al. 1998; Tan et al. 2013; Cegla et al. 2014; Salem et al. 2016). In order to use glucagon 

as a treatment for obesity without disrupting any hyperglycaemic effects, it had to be 

administered with another hormone such as glucagon like peptide-1 (GLP-1), which is an 

incretin hormone and releases insulin and thereby inhibits the gluconeogenic function of 

glucagon. Glucagon/GLP-1 co-agonism have been shown to lead to promising results in 
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improving different features of the metabolic syndrome (Day et al. 2009; Axelsen et al. 2012; 

Clemmensen et al. 2014; Cegla et al. 2014; Jin and Weng 2016; Seghieri et al. 2018). Glucagon 

antagonism had been another approach in many recent studies in various animals and in 

humans (Liang et al. 2004; Lau et al. 2007; Yan et al. 2009; Gu et al. 2009; Mu et al. 2012; Kim 

et al. 2012b; Franklin et al. 2014; van Dongen et al. 2015; Kelly et al. 2015; Okamoto et al. 

2015; Kazda et al. 2016; Vajda et al. 2017; Kostic et al. 2018). However, inhibition of the GCGR 

led to many side effects (Guan et al. 2015; Pearson et al. 2016; Bergman et al. 2017). Despite 

promising experimental results, neither of these approaches, either glucagon agonism or 

antagonism, is at present used in clinical practice. 

1.2.2 Gut microbiota-dependent endotoxin release 

Dysfunctions in the gut-liver-axis (GLA), like intestinal dysbiosis, bacterial overgrowth, and 

alteration of mucosa permeability, had been linked to NAFLD in the recent years. It has been 

reported that NASH patients exhibit a higher prevalence of small intestinal bacterial 

overgrowth and elevated serum levels of TNFα. Moreover, an increasing leakage of the gut 

has been observed in NASH patients (Seo et al. 2013; Shen et al. 2014). Thus, combining 

bacterial overgrowth with an elevated permeability of the gut might increase the exposure of 

the liver to gut-derived endotoxins, consisting of lipopolysaccharides (LPS). Data showing 

increased serum concentrations of endotoxins in NAFLD compared to controls, support this 

hypothesis (Harte et al. 2010; Fukunishi et al. 2014). Increased plasma levels of endotoxins 

could also be measured in mouse models of NAFLD, including mice on high fat diet and 

genetically obese leptin deficient mice. When LPS is linked to the co-receptor CD14, it can bind 

to the Toll like receptor 4 (TLR4) leading to the activation of various pro-inflammatory 

pathways which have demonstrated effects on insulin resistance, obesity, hepatic fat 

accumulation and NASH development and progression (Kim et al. 2012a; Yang et al. 2014; 

Nyati et al. 2017). 

1.2.3 Pro- and anti-inflammatory signalling in NAFLD 

Lipotoxicity and insulin resistance in combination with other factors, like gut-derived 

endotoxins activate the release of pro-inflammatory cytokines systemically and locally in the 

liver. There are two main mechanisms which are involved in NAFLD inflammation and 

progression: c-Jun-N-terminal-kinase (c-JNK) – AP-1 and the IκBα-kinase-complexes-nuclear 

factor jB kinase-b (IKK-NF-κB) (Hotamisligil 2006; Wullaert et al. 2007; Czaja 2010). The 

importance of cytokines in the progression of NAFL to NASH is supported by studies in animal 

models which show that the exposure to elevated pro-inflammatory cytokines lead to 

histological changes which mimic NASH features (Tomita 2006). Moreover, NASH patients 

have been shown to display increased serum and hepatic levels of TNF-a which correlate with 

the severity of liver damage (Crespo 2001). Since inflammation and NF-κB activation are able 

to drive carcinogenesis, the chronic inflammatory state of NAFLD might contribute to the HCC 

progression (Pikarsky et al. 2004).  
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Adipose tissue releases anti-inflammatory adipokines, like adiponectin and leptin 

(Stojsavljević et al. 2014) and contributes to the maintenance of low inflammatory states. 

Leptin prevents hepatic lipid accumulation by supressing SREBP-1 expression and increases in 

obese individuals due to a leptin resistance and becomes fibrogenic (Kakuma et al. 2000; 

Ikejima 2001; Tsochatzis et al. 2008). The anti-inflammatory effects of adiponectin are 

achieved by the inhibition of NF-κB activation, the secretion of anti-inflammatory cytokines 

and inhibition of pro-inflammatory cytokines like TNF-α synthesis and IL-6 (Tilg and 

Hotamisligil 2006; Tilg and Moschen 2006). Mice lacking adiponectin exhibit severe liver 

fibrosis showing the anti-fibrotic effect of adiponectin (Xu et al. 2003; Kamada et al. 2003; 

Adachi and Brenner 2008). In patients with obesity the serum levels of adiponectin were found 

to be distinctly decreased, while they increase again upon weight loss, accompanied with 

decreasing levels of IL-6 (Arita et al. 1999; Bruun et al. 2003). All in all, decreased levels of 

adiponectin and increased leptin concentrations are associated with hepatic steatosis and 

NAFLD progression (Tsochatzis et al. 2006).  

1.2.4 Mitochondrial malfunctioning in NAFLD 

The influence of mitochondria on the pathogenesis of NAFLD are reported to be caused by 

structural and functional alterations in the mitochondria (Pessayre and Fromenty 2005). 

Mitochondrial dysfunction correlates with insulin resistance, obesity and TNF-α levels 

(Paradies 2014). Moreover, reactive oxygen species (ROS) and oxidized low-density 

lipoproteins (LDL) might lead to the activation of Kupffer cells and hepatic stellate cells causing 

inflammation and fibrosis (Cusi 2009). Additionally, the accumulation of free cholesterol 

within hepatic mitochondria might lead to the depletion of mitochondrial glutathione, and 

thus to an increased susceptibility of hepatocytes towards TNF signalling in steatohepatitis 

(Marí et al. 2006). All in all, mitochondrial malfunctioning is associated to NAFLD, however it 

remains unclear whether this is a consequence or a cause for NAFLD progression.  

1.2.5 The influence of ER stress on NAFLD progression 

Endoplasmic reticulum (ER) dysfunctions, such as an increased protein synthesis or lack of 

ATP, might results in the increase of unfolded proteins within the ER, and hence to the 

activation of the unfolded protein response’ (UPR) (Wang and Kaufman 2014). ER stress and 

the UPR has been linked to NAFLD since several studies reported an activation of the UPR 

during NAFLD. Factors that induce UPR in NAFLD include hyperglycaemia, mitochondrial 

injury, hypercholesterolemia, depletion of phosphatidylcholine and oxidative stress (Seki et 

al. 2005). Moreover, UPR leads to the activation of JNK, which stimulates inflammation and 

apoptosis and has been reported to be associated with NASH (Hotamisligil 2006; Czaja 2010). 

Silencing of JNK was shown to decrease steatosis and steatohepatitis (Schattenberg et al. 

2006). Additionally, UPR is also able to activate the SREBP-1c pathway leading to the 

preservation of hepatic lipid accumulation and further stimulation of ER stress and UPR 

(Kapoor and Sanyal 2009). One of the main regulators of UPR is the x-box binding protein-1 

(XBP-1). Its nuclear translocation is stimulated by insulin thought the PI3K insulin signalling 

pathway (Park et al. 2010). The interaction of PI3K and XBP-1 can affect and is influenced by 
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the cellular response to ER stress (Winnay et al. 2010). Therefore, XBP-1 has been suggested 

to be connect steatosis, insulin resistance and inflammation (Tilg and Moschen 2010).  

1.2.6 Genetic and epigenetic factors 

A certain genetic background has been shown to predispose an individual for the development 

of a fatty liver (Vernon et al. 2011). Genetic factors, especially in the form of single nucleotide 

polymorphisms, have been shown to also impact the development of NAFLD by influencing 

hepatic FFA flux, oxidative stress, and the response to endotoxins and cytokine production 

and active (Browning et al. 2004; Anstee et al. 2011; Loomba and Sanyal 2013).  

Epigenetic modifications are stable modifications at transcriptional level, such as DNA 

methylation, histone modifications and changes in the activity of microRNAs (miRNAs). Those 

modifications do not alter the basic DNA sequences and contribute to the cell homeostasis 

(Tollefsbol 2011; Zeybel et al. 2013). In literature is has been hypothesized that the disruption 

of this balance might lead to an increased susceptibility for NAFLD (Podrini et al. 2013; Lee et 

al. 2014, 2017; de Mello et al. 2017). In a mouse models with diet-induced NASH, an 

association between epigenetic alterations and the development of NASH has been observed 

(Pogribny et al. 2009). Especially DNA methylation, which is mostly influenced by dietary 

deficiency of methyl donors, is considered to be an important determinant in the progression 

of simple steatosis to NASH (Jaenisch and Bird 2003). DNA methylation occurs at the C5 

position of cytosine residues next to guanine (CpG sites) and is catalysed by DNA 

methyltransferases (DNMTs) (Tollefsbol 2011). When the regulatory region of a gene is 

hypermethylated, its expression is silenced or impaired (Cedar 1988). Liver biopsy samples 

from NAFLD patients, collected before and after weight loss due to bariatric surgery, show 

that NAFLD-related DNA methylations are partially reversible (Ahrens et al. 2013). Further, an 

imbalance between histone acetylation and deacetylation is reported to be an underlying 

cause for the progression of NAFLD to hepatocellular cancer (Tian et al. 2013). Additionally, 

atypical miRNA profiles are found in NAFLD and specific miRNAs have been shown to be 

involved in the progression from steatosis to more severe forms of NAFLD (Cheung et al. 2008; 

Li 2012; Panera 2014; Moylan et al. 2014).  

1.3 Extrahepatic consequences of NAFLD 

1.3.1 Association of cardiovascular diseases with NAFLD 

NAFLD is associated with obesity, insulin resistance and further features of the metabolic 

syndrome (Kim and Younossi 2008; Wainwright and Byrne 2016), which are also risk factors 

for the development of cardiovascular disease (Misra et al. 2009; Targher et al. 2010). 

Moreover, an increased prevalence of coronary, cerebrovascular and peripheral vascular 

disease has been reported in T2D patients with NAFLD compared to diabetic patients without 

NAFLD, suggesting NAFLD to be an independent risk factor of cardiovascular disease (Targher 

et al. 2007, 2010) A recent study reported that NAFLD independently elevated the risk for 

coronary artery disease (Arslan et al. 2007). Furthermore, children with NAFLD displayed a 

significant increase in carotid artery thickness compared to lean patients (Pacifico et al. 2008). 
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A further study suggested premature atherosclerosis in patients with NAFLD (Volzke et al. 

2005). Additionally, cardiovascular disease is one of the most important causes of morbidity 

and mortality in patients with NAFLD (Matteoni et al. 1999; Adams et al. 2005; Ekstedt et al. 

2006). 

1.3.2 Formation of kidney stones is connected to NAFLD 

A distinct association between the NAFLD severity and an increased risk of chronic kidney 

disease has been reported (Musso et al. 2014). The development of kidney stones has also 

been linked to individual traits of the metabolic syndrome as well as to the metabolic 

syndrome itself. For example, visceral obesity is strongly associated to an increased risk of 

kidney stone formation (Akarken and Zorlu 2015). The combination of hypertension and an 

elevated body mass index (BMI) is related to an enhanced probability of calcium oxalate 

stones and increased urinary oxalate and uric acid levels (Taylor 2005; Negri et al. 2008; Polat 

et al. 2015; Shavit et al. 2015). On the other hand, a study from Torricelli and colleagues 

reported that the connection of dyslipidaemia to the risk kidney stone formation is not 

depending on obesity or other features of the metabolic syndromes (Torricelli et al. 2014). 

Moreover, it has been shown that overweight and obese men are more likely to develop 

calcium oxalate stones compared to overweight and obese women (Siener et al. 2004). 

Patients with metabolic syndrome mostly develop calcium oxalate stones, which are in the 

most abundant form of kidney stones in general (Kadlec et al. 2012). Furthermore, the 

frequency of kidney stones in NAFLD patients was 19% higher compared to individuals without 

NAFLD, suggesting NAFLD to be a risk factor for renal stone formation (Einollahi et al. 2013; 

Nam et al. 2016). Also, the severity of T2D has been reported to be an important risk factor 

for the development of kidney stone disease.  

All in all, the metabolic syndrome leads to an increased risk for the development of kidney 

stones, and the more traits of the syndrome are present in a patient, the greater the 

probability (Ramaswamy and Shah 2014). However, there is no molecular link reported that 

could explain the increased prevalence of kidney stone disease with regard to metabolic 

syndrome and NAFLD. 

1.4 Calcium oxalate deposits in kidneys 

Calcium oxalate stones are the most frequent kidney stones followed by calcium phosphate 

deposits (Coe 2005). In the USA the prevalence of kidney stones is approximately 10.1%. The 

highest prevalence was observed in males older than 60 years, at 17.8% followed by males 40-

59 years old at 12.6%. The trend changes in the 20-39-year-old age group, where females 

displayed a higher prevalence compared to males (7.5% vs. 4.5%). Female patients over 60 

years showed a prevalence of 9.8%. Comparison of data from 2007 and 2013 show that young 

females (20-39 years) showed a significant increase in the prevalence of kidney stones (3.9% 

to 7.5%). The data for males and older females has remained stable (Chen et al. 2019).  
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Various mechanisms might be of importance in the process of calcium kidney stones 

development. Nevertheless, high urinary concentrations of calcium and/or oxalate are crucial 

factors underlying the kidney stone formation (Evan 2010). The amount of oxalate excreted in 

one day ranges from 30 to 44 mg/day, while men excrete slightly higher amounts. 

Hyperoxaluria is present, when the urinary oxalate levels equal or are above 45 mg/day (500 

µmol/day) (Curhan et al. 2001). When normalized to the body surface area, normal oxalate 

excretion should be below 450 µmol/1.73 m2 per day while hyperoxaluria is diagnosed with 

values over 500 µmol/1.73 m2 per day (Salido et al. 2012). The supersaturation of salts, which 

is present when the salt concentration of a solution transcends a certain threshold so that the 

salt precipitates, is the first and basic step in the development of kidney stones. This condition 

can occur due to low urine volume or excessive excretion of oxalate, calcium or both (Evan 

2010). The concentrations of calcium and oxalate vary within the nephron, which is the 

functional subunit of the kidney, because of the water reabsorption. Within the nephron, the 

concentrations of calcium and oxalate reach their peak in the descending limb of the loop of 

Henle where calcium oxalate crystal start to develop. Further, this can be observed in the 

collection duct of the kidney because of the final water adjustment in the urine (Robertson 

2004). A schematic illustration of a nephron is depicted below (Figure 1.5). To sum up, 

metabolites which are released by the liver are able to affect the physiology of the kidney.  

 

Figure 1.3: Schematic illustration of the anatomy of a nephron (Bonventre et al. 2011). This scheme depicts the 
anatomy of a nephron with region identified in the figure. Outer medulla vasculature is shown with capillaries 
in red and venous system in blue. 

1.5 Hepatic formation of oxalate 
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Oxalate is a metabolic end product in mammals and is excreted via kidneys into the urine. The 

diet is an important exogenous source of oxalate; especially spinach, rhubarb, tea, 

strawberries, beets, nuts, wheat bran, chocolate, sorrel, sesame, carambola and coffee exhibit 

high oxalate concentrations (Duncan et al. 2002; Siener et al. 2006). Endogenous oxalate is 

produced by erythrocytes and the liver, while the majority of endogenous oxalate production 

takes place in the liver (Holmes and Assimos 1998; Holmes et al. 2001, 2016; Baker et al. 2004; 

Behnam et al. 2006). Ascorbic acid, metabolism of amino acids and the immediate precursors 

of oxalate within the liver, such as glycolate and glyoxylate, are the main endogenous oxalate 

sources (Gambardella 1977; Chai et al. 2004; Massey et al. 2005; Knight et al. 2006; Fargue et 

al. 2016). Hydroxyproline derives from collagen-containing foods, such as gelatine and meat-

rich as wells as from the endogenous tissue-collagen turnover which is the primary 

endogenous source of hydroxyproline, because it is not reused for collagen synthesis, but 

newly produced by posttranslational modification of proline during its biosynthesis (Adams 

and Frank 1980; Phang et al. 2001; Salido et al. 2012). The daily release of hydroxyproline upon 

collagen turnover is estimated to be 240 – 420 mg, which in turn leads to the generation of 

140 – 240 mg glyoxylate per day (Knight et al. 2006). The main source for glycolate are 

vegetables and fruits (Harris and Richardson 1980). Further, glyoxylate is generated mainly by 

intermediary metabolism within the liver, with glycine, hydroxyproline and glycolate being the 

best-known sources in human (Salido et al. 2012). The endogenous glyoxylate formation is 

located within peroxisomes and mitochondria of hepatocytes and the oxidation of glyoxylate 

is primary catalysed by lactate dehydrogenase (LDH), which is localised in the cytosol of 

hepatocytes (Salido et al. 2012). In peroxisomes, the D-amino acid oxidase catalyses the 

generation of glyoxylate from glycine and the hydroxyacid oxidase 1 (HAO1) converts glycolate 

into glyoxylate (Salido et al. 2012). However, the peroxisomes can also import glyoxylate from 

the cytosol and mitochondria since its membrane is permeable to small mono- and divalent 

anions due to the channel-forming protein PXMP2 (Rokka et al. 2009). In mitochondria, 

glyoxylate is an intermediate metabolite of the hydroxyproline catabolism (Adams and Frank 

1980). 
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Figure 1.4: Simplified depiction of the glyoxylate metabolism in mouse hepatocytes. The figure does not cover 
the entire glyoxylate metabolism. Prodh2 = proline dehydrogenase 2; Aldh4a1 = aldehyde dehydrogenase 4 
family member a1; Got2 = glutamic-oxaloacetic transaminase). 

Because of its toxicity, glyoxylate needs to be converted to a non-toxic compound. The 

detoxification of peroxisomal and mitochondrial glyoxylate is catalysed by the alanine-

glyoxylate-aminotransferase (Agxt) in mice, since murine Agxt is located in both peroxisomes 

and mitochondria (Cellini et al. 2007). In contrast, human AGXT is localised only within 

peroxisomes (Noguchi and Takada 1978). Besides AGXT, the cytosolic and mitochondrial 

glyoxylate reductase/hydroxypyruvate reductase (GRHPR) is able to detoxify glyoxylate to 

glycolate in order to limit a glyoxylate and/or oxalate accumulation (Salido et al. 2012). 

Glyoxylate detoxification and avoidance of excessive oxalate production is important since the 

dysfunction of this process can lead to diseases like primary hyperoxalurias.  

1.6 Dysfunctions in hepatic glyoxylate metabolism lead to primary 
hyperoxalurias 

Primary hyperoxalurias (PHs) are hereditary disorders based on a malfunctioning glyoxylate 

metabolism resulting in an elevated hepatic oxalate production. The high amounts of oxalate 

are transferred to the kidneys and lead to frequent urolithiasis and nephrocalcinosis, and 

hence leading to kidney injuries, which can lead to more severe diseases like end stage renal 

disorder (ESKD) (Hoppe et al. 2009). The prevalence of PH is 1 to 3 persons per million with an 

incidence rate of 1 per 100,000 live birth each year in Europe, but the estimated number of 

cases might be higher because of under diagnosis (Cochat et al. 1995; Kopp and Leumann 

1995; van Woerden 2003). With approximately 80% of all primary hyperoxaluria cases out of 

the three different types of PH, PH1 is the most prevalent, representing; 20% are diagnosed 

with either PH type 2 (PH2) or PH type 3 (PH3) (Salido et al. 2012). Mutations int the AGXT 

gene are responsible for PH1 due to an inefficient and/or defective detoxification of glyoxylate 
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by the AGXT enzyme which is described further in the Chapter 1.7. PH2 is caused by various 

mutations in the GRHPR gene, encoding the enzyme GRHPR (Cramer et al. 1999). The missing 

or inefficient GRHPR enzyme results in an accumulation of glyoxylate and hydroxypyruvate in 

the cytosol, which in turn leads increased hepatic oxalate levels (Hoppe et al. 2009). Recurrent 

nephrolithiasis and less frequently nephrocalcinosis are the consequences. In contrast to PH1, 

PH2 rarely progresses to ESRD (Milliner et al. 2001; Hoppe et al. 2009; Salido et al. 2012). PH3 

develops due to mutations in the HOGA1 gene, which encodes the mitochondrial enzyme 4-

hydroxy-2-oxoglutarate (HOGA1). The cleavage of 4-hydroxy-2oxoglutarate into glyoxylate 

and pyruvate is catalysed by HOGA1 and represents the last step of the hydroxyproline 

breakdown in the mitochondria (Adams and Frank 1980; Belostotsky et al. 2010). The absence 

of HOGA1 leads to the conversion of 4-hydroxy-2-oxoglutarate into glyoxylate via cytosolic 

aldolases (Monico et al. 2011). Up to date, there is no evidence of ESRD resulting from PH3, 

however PH3 seems to be more frequent than PH2 (Salido et al. 2012).  

In addition to primary hyperoxaluria, secondary hyperoxaluria, which does not arise from 

genetic mutations, has been reported. The high oxalate concentrations in secondary 

hyperoxaluria might be consequence of increased intake of oxalate enriched diet or an abuse 

of oxalate precursors such as vitamin C or ethylene glycol. Moreover, intestinal malabsorption 

due to chronic diseases like inflammatory bowel disease or cystic fibrosis might lead to 

secondary hyperoxaluria as well as elevated gut bacteria production and further unknown 

reasons (Hoppe 2003; Lorenzo et al. 2014). As mentioned before, there is no molecular 

mechanism known so for, which could explain the strong associated between the formation 

of calcium oxalate kidney stones and NAFLD (Chapter 1.3.2). Furthermore, there is little 

information about hyperoxaluria and NAFLD which will be analysed in this work. Therefore, in 

this thesis it will be investigated whether NAFLD causes hyperoxaluria. 

1.7 Alanine-glyoxylate-/ Serine-pyruvate aminotransferase 

The alanine-glyoxylate-/-serine-pyruvate aminotransferase 1 (AGXT1 or SPT1; EC2.6.1.44 or 

EC 2.6.1.51) is encoded by the AGXT1 gene and catalyses the conversion of glyoxylate and 

alanine to glycine and pyruvate and of serine and pyruvate and to hydroxypyruvate and 

alanine. 
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Figure 1.5: Enzymatic reactions catalysed by AGXT/SPT. Glyoxylate and pyruvate receive an amino group from 
alanine or serine, respectively. (Modified, (Donini et al. 2009) 

Agxt, which was first found in rat liver by Noguchi and colleagues in 1978 l (Noguchi et al. 

1978). The subcellular localisation of AGXT1 is dependent on the species, the species’ diet and 

the major site of glyoxylate production (Takada and Noguchi 1982; Birdsey et al. 2004). The 

dietary precursor of glyoxylate in herbivores is glycolate, which is converted to glyoxylate in 

the peroxisome. Hence, AGXT1 is located in the peroxisomes in herbivores. In carnivores, 

AGXT1 is localised in mitochondria, since the major glyoxylate precursor in carnivores is 

hydroxyproline, which is metabolized in mitochondria. Further, in omnivores AGXT1 can be 

found in both, peroxisomes and mitochondria. In most humans, AGXT1 is primarily in the 

peroxisomes if not mistargeted to the mitochondria by mutations. This variable subcellular 

localization pattern is caused by species-specific N-terminal mitochondrial and C-terminal 

peroxisomal targeting sequences (Oda et al. 1990; Danpure 1997; Birdsey et al. 2004). 

1.7.1 Subcellular targeting of AGXT 

The coding sequence of the human AGXT gene contains eleven exons which are distributed 

over 10 kB on chromosome 2q36-37 (Purdue et al. 1991b). The gene encoding the AGXT 

enzyme, which is a homodimeric enzyme consisting of two units with 392 amino acid residues, 

occurs as two polymorphic variants termed the “major” and “minor” alleles. Each monomer 

binds its cofactor pyridoxyl-5’-phosphate (PLP) with a Schiff base (Zhang et al. 2003). In the 

human organism, the C-terminal of PLP contains a KKL type 1 peroxisomal targeting sequence 

type 1 (PTS1) for the import of AGXT into the peroxisomes via the PTS1 receptor Pex5p 

(Motley et al. 1995b). Although human AGXT is predominantly located in peroxisomes, 15-

20% of the AGXT alleles encode a cryptic N-terminal mitochondrial targeting sequence (MTS) 

(Purdue et al. 1990, 1991a). This polypeptide is encoded by the “minor allele” and differs from 

the more common “major” allele by the presence of a Pro11Leu amino acid replacement which 

creates a motif for binding to the mitochondrial import receptor TOM20 (Purdue et al. 1990; 

Abe et al. 2000; Obita et al. 2003; Danpure 2006a). However, a Pro11Leu-generated MTS is 
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functionally ineffective, and hence results in the import of only 5% of AGXT encoded by the 

minor allele into the mitochondria (Purdue et al. 1990). In patients with PH1, the interactions 

of disease-specific mutations in the AGXT gene with the characteristics of the Pro11Leu 

replacement increase the efficiency of the Pro11Leu generated MTS, resulting in the majority 

(up to 90%) of the enzyme being targeted to the mitochondria. (Danpure et al. 1989; Purdue 

et al. 1990, 1991a; Motley et al. 1995a; Leiper et al. 1996; Fargue et al. 2013).  

The mouse Agxt gene contains eleven exons, spans 11 kB and is located to in the central 

portion of mouse chromosome 1. The full-length mouse Agxt cDNA is 1545 bp long and 

encodes a 392 amino acid protein with a molecular weight of 43.6 kDA. In mice, Agxt is 

localised in mitochondria and peroxisomes due to two alternative transcription initiation sites 

of the mouse Agxt gene resulting in two different Agxt transcripts with and without a MTS (Li 

et al. 1999). A high level of conservation has been found between the mouse and human AGXT 

both at cDNA and amino acid level (75% and 76% identity, respectively). However, there a 

sequence divergence between the two genes at their promoter regions (Purdue et al. 1991a; 

Li et al. 1999). 

1.7.2 Regulation of AGXT 

Despite the well-characterised AGXT gene, little is known about the regulation of AGXT 

expression. The presence of numerous transcription factor binding sites within the human 

AGXT promoter have been reported. For example, binding sites for the ubiquitous 

transcription factor SP1, the hepatic nuclear factor H-APF-1 and nuclear transcription factor y 

(NF-Y), NF-κB, as well as binding sites for two TGGCA-binding protein and two 

lipopolysaccharide-binding protein (LBP-1). Furthermore, the human AGXT gene also contains 

five interferon gamma response elements (γ-IRE) (Yang et al. 1990; Sato 2002). 

It has been reported that the cAMP responsive element (CRE) and the negative glucocorticoid 

responsive element (GRE(-)) are located within the rat Agxt gene (Oda et al. 1993). Moreover, 

the mouse Agxt has also been shown to contain a CRE sequence (Li et al. 1999). Glucagon 

treatment has been reported to enhance Agxt mRNA transcription and enzyme activity in mice 

and in rat (Oda et al. 1993; Li et al. 1999). Importantly, due to the two alternative transcription 

initiation sites in mouse Agxt, glucagon treatment only increases the mitochondrial Agxt 
transcript. Furthermore, glutamine and insulin seem to regulate Agxt expression in mice and 

in rat, respectively (Miyajima et al. 1989; Ferrara et al. 2008).. Further research is needed in 

order to understand the regulatory machinery of the AGXT gene.  

1.7.3 The role of AGXT in gluconeogenesis 

As mentioned in the previous chapter, AGXT is not only able to detoxify glyoxylate in the 

hepatic peroxisomes, but also catalyses the conversion of serine to hydroxypyruvate. Serine 

is known to be physiological relevant as a substrate for hepatic gluconeogenesis, in addition 

to its function as a donor of one-carbon unit (Remesy et al. 1983). It is postulated that 
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hydroxypyruvate could be metabolized to glucose in several steps, as depicted below (Fig. 

1.5).  

 

 

Figure 1.6: The involvement of Agxt in the production of glucose (Xue et al. 1999). 2-PGA = 2-phosphoglycerate; 
DGDH/GR = D-glycerate dehydrogenase/glyoxylate reductase; DGK = D-glycerate kinase In support of a 

potential role of Agxt in gluconeogenesis, Roswell and colleagues first reported in 1969, that 

the activity of Agxt in rat liver is enhanced upon glucagon treatment (Rowsell et al. 1969). The 

stimulation of Agxt activity by glucagon was shown to be mediated by cyclic adenosine 

monophosphate (cAMP), since the treatment of rats with glucagon and cAMP equally 

increased the activity of Agxt (Tsubaki and Hiraiwa 1971). The increased Agxt activity upon 

glucagon treatment was reported to occur mainly in the mitochondrial matrix of parenchymal 

cells. Further, it was suggested that the increased enzyme activity was accompanied by a 

parallel accumulation of the enzyme due to the rise of the enzyme synthesis rate (Fukushima 

et al. 1978). Studies in primary rat hepatocytes reported an increased mRNA expression of 

mitochondrial Agxt upon glucagon stimulation in a dose- and time dependent manner 

(Miyajima et al. 1989). Furthermore, it was shown that an activation of transcription underlies 

the increased mRNA expression. Surprisingly, it has been reported that also insulin elevates 

the activity of Agxt in rat liver and that the simultaneous treatment with both insulin and 

glucagon has an additive effect (Miyajima et al. 1989). Since the glucagon-induced increase of 

mitochondrial Agxt mRNA could be suppressed by inhibiting protein kinase A (PKA), and the 

effect of glucagon could be mimicked by 8-bromo-cAMP, it has been suggested that the 

pathway is dependent on cAMP-PKA system (Uchida et al. 1994). The identification of a cAMP 

responsive element (CRE) sequence in the 5’-upstream region of the rat Agxt gene by Oda and 

colleagues in 1993 suggested that the glucagon-induced Agxt mRNA expression is 

accomplished by the hepatic glucagon-cAMP-PKA-pCREB signalling pathway (Oda et al. 1993).  

Importantly, the transcript for mitochondrial Agxt of the mouse liver has been shown to 

increase upon glucagon treatment due to the CRE sequence in the mouse Agxt gene (Li et al. 

1999a). In our previous study, we found that the AGXT promoter is hypermethylated in 

steatotic ob/ob hepatocytes compared to their lean counterparts. Interestingly, one 

methylated cytosine is located within the CRE sequence, a half site 5’TGACG-3’ (Gianmoena 
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et al.). Whether this affects the induction of Agxt in response to glucagon will be investigated 

in this thesis.  

1.8 NAFLD mouse models 

Since the pathogenesis of NAFLD and NASH is complex and not completely understood, animal 

models exhibiting different histological and pathophysiological stages of NAFLD are required 

to clarify the NAFLD pathogenesis. Due to the strong association of human NAFLD with traits 

of metabolic syndrome, such as obesity, insulin resistance and T2D, animal models need to 

mirror these features. Currently, the available models illustrate solely single hallmarks of 

NAFLD, but not the complete histopathology and physiological characteristics of human 

NAFLD progression from steatosis to HCC (Lau et al. 2017). The following table presents an 

overview of relevant NAFLD mouse models, including their ability to recapitulate features of 

human NAFLD. In the current work, both genetic and diet induced models were used, and 
therefore a more detailed description is provided below for these specific models. 

Table 1-1: Overview of mouse models of NAFLD (Anstee and Goldin 2006; Schattenberg and Galle 2010; Lau et 
al. 2017) 

Model  Obesity  IR  Steatosis  NASH  Fibrosis  
Genetic  
ob/ob  ü  ü  ü  no  no  

db/db  ü  ü  ü  no  no  

KK-Ay  ü  ü  ü  no  no  

Diet induced  
High fat diet  ü  ü  ü  ü  ?  

MCD diet  no  no  ü  ü  ü  

High fat and  

high 

cholesterol 

diet  

ü  ?  ü  ü  ü  

Combination  
db/db + MCD 

diet  

ü  ü  ü  ü  ü  

ob/ob + LPS  ü  ü  ü  ü  no  
 

1.8.1 Leptin deficient ob/ob mouse model 

The ob/ob mice carry a spontaneous mutation in the leptin gene, which leads to leptin 

deficiency (Ingalls et al. 1950; Zhang et al. 1994; Friedman et al. 1995). Since leptin controls 

the appetite, leptin-deficient mice become consequently obese, hyperphagic, 

hyperinsulinemic and hyperglycaemic (Mayer et al. 1953; Garthwaite et al. 1980). 

Administration of leptin normalizes their food intake, and hence decreases body weight and 

body fat (Halaas et al. 1995; Pelleymounter et al. 1995; Larcher et al. 2001). Ob/ob mice 
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develop steatosis, but there is no progression to NASH under normal conditions since it has 

been shown that ob/ob mice are resistant to fibrosis. However, LPS treatment provokes NASH 

development in ob/ob mice (Yang et al. 1997; Faggioni et al. 1999; Leclercq et al. 2002), 

suggesting their susceptibility to a “second hit”. The ob/ob mouse model reflects the human 

metabolic syndrome and simple steatosis. Although it cannot be utilized to investigate the 

complete NAFLD spectrum, this model is useful for analysing the effects of lipid accumulation 

on functionality of hepatocytes as well as the progression from steatosis to steatohepatitis, 

which can be triggered artificially.  

1.8.2 High fat diet induced NAFLD 

Mice models with high fat diet (HFD)-induced NAFLD are close to the human disease, because 

the development of NAFLD is based on the increased dietary intake of fat and carbohydrates 

that drive hepatic fatty acid uptake or de novo synthesis (Anstee and Goldin 2006). The 

compositions of the different diets vary. The most important feature is that most of the 

calories come from fat (45 – 75%), which is sufficient to induce obesity, insulin resistance and 

hepatic steatosis (Schattenberg and Galle 2010). The outcome of the HFD depends on the 

mouse strain, sex and age. Male C57Bl6 mice on a HFD exhibit hepatocyte ballooning, 

decreased adiponectin levels and hyperglycaemia after 16 weeks on the diet (Eccleston et al. 

2011). Furthermore, feeding male C57Bl6 mice fifty weeks with a HFD leads to steatohepatitis, 

slight fibrosis and hyperinsulinemia (Ito et al. 2007, p. 20). Hence, the high fat diet induced 

NAFLD model is a more accurate representation of human NAFLD, while one disadvantage is 

the long time required to obtain the desired phenotype.  

1.9 Downregulation of AGXT in human liver disease and mouse models of 
NAFLD 

In previous studies, our group was interested in investigating the impact of hepatic lipid 

accumulation on global gene expression in mouse and human. Therefore, publicly available 

hepatic genome-wide expression datasets of human liver tissue from patients with NASH, 

cirrhosis, and HCC (GSE49541, GSE25097, TCGA, E-MEXP-3291) were analysed and compared 

to transcriptomics and epigenetic analysis of hepatocytes from leptin deficient ob/ob mouse 

model generated within the DEEP (Deutsches Epigenom Programm) consortium with the 

contribution of our group. 

In order to identify epigenetic alterations in NAFLD that are associated with gene expression 

changes liver tissue and isolated hepatocytes from control (ob/+) and obese (ob/ob) mice 

were analysed with respect to mRNA expression (by RNA-seq) and DNA methylation (by 

reduced representation bisulfite sequencing, RRBS). The profiles of chromatin accessibility (by 

DNase I-seq) were also examined in the isolated hepatocytes By assigning differently 

methylated regions (DMRs) and differentially open regions (DORs) to the closest gene, DNA 

methylation and chromatin accessibility were combined with gene expression changes. 

Altogether, 649 differentially expressed genes (DEGs) were associated with DMRs and DORs. 

By comparing this overlap of 649 DEGs with DMRs and DORs from the ob/ob mouse model 
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with 62 DEGs genes identified in human datasets of liver diseases, 12 genes were found to be 

deregulated in both, human and mouse NAFLD (Fig 1.7, Gianmoena et al., not published). 

 

Figure 1.7: Pipeline for the identification of AGXT downregulation in mouse and human NAFLD (Modified after 
Gianmoena et al., not published).Among these 12 DEGs, the downregulation of the AGXT gene in 

the NAFLD condition of both species caught our interest due to its physiological relevance in 

PH1. Subsequent research focused on exploring the downregulation of AGXT upon NAFLD for 

being one possible molecular mechanism explaining the increased risk of kidney stone 

formation in NAFLD patients (Fig. 1.8; Gianmoena et al., not published).  
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Figure 1.8: Schematic illustration of our hypothesis. The hypothesis, first postulated by Gianmoena in 2017, 
claims that the hepatic fat accumulation impairs the Agxt expression leading to an insufficient conversion of 
glyoxylate to glycine, which results in the formation of excessive hepatic oxalate. The increased hepatic oxalate 
production might lead to kidney damage due to oxalate supersaturation and the subsequent formation of 
calcium oxalate kidney stones. (modified after Gianmoena 2017). 

1.9.1 Agxt is downregulated in hepatic steatosis and ob/ob mice are hyperoxaluric 

The downregulation of AGXT in steatosis was validated in primary human hepatocytes, in a 

Western diet-induced mouse model of NAFLD, in the ob/ob mouse model, and in the in vitro 

steatosis model of primary mouse hepatocytes, as well as in a hepatic cell line (Gianmoena 

2017). Further analysis showed that the downregulation of Agxt in ob/ob resulted in elevated 

urinary oxalate excretion and a reduced hepatic glycine concentration. These results indicated 

physiological consequence of the repressed Agxt expression due to the lack of glyoxylate 

detoxification in this mouse model. Furthermore, cultivated ob/ob hepatocytes displayed an 

increased susceptibility towards the glyoxylate precursor hydroxyproline, since they produced 

more oxalate when treated with hydroxyproline compared to ob/+ hepatocytes (Gianmoena 

2017).  

1.9.2 The AGXT promoter is hypermethylated in mice and human steatosis 

DNA methylation analysis revealed a significant hypermethylation of the AGXT promoter in 

steatotic primary human hepatocytes and in primary ob/ob hepatocytes, indicating a possible 

methylation-dependent regulation of AGXT expression in vivo. The hypermethylation of the 

AGXT promoter upon fat accumulation could not be observed in the in vitro steatosis model, 

suggesting alternative mechanisms of transcriptional downregulation of AGXT (Gianmoena 

2017). 

1.10 Aim of the work 
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Previous work at IfADo identified the steatosis-associated downregulation of AGXT in mouse 

and human NAFLD which was correlated with an AGXT promoter hypermethylation. It was 

postulated that this effect might be one possible mechanism explaining the connection 

between NAFLD and the formation of kidney stones. The remaining questions that should be 

answered are whether the steatosis-associated downregulation of AGXT and deregulated 

glyoxylate metabolism lead to pathophysiological consequences, such as hyperoxaluria, both 

in mouse and human NAFLD, and whether the promoter hypermethylation contributes to the 

downregulation of AGXT expression.  

For this purpose, oxalate excretion was studied in i) primary mouse hepatocytes from different 

mouse models of NAFLD which were exposed to different oxalate precursors, ii) in vivo in two 

different NAFLD mouse models by measuring oxalate in plasma and in the 24 h urine, also 

under the influence of dietary hydroxyproline and iii) in 24 h urine collected from a cohort of 

children with biopsy-proven NAFLD.  

One major goal of this work was to mechanistically provide evidence for a causal role of Agxt 

in the increased oxalate generation in NAFLD. By studying Agxt knockout mice (Agxt-/-) it 

should be proofed that Agxt deficiency results in increased hepatic oxalate production and 

elevated urinary oxalate excretion. By adeno-associated virus (AAV)-mediated gene transfer 

it was aimed to show that the steatosis-induced increased hepatic oxalate production can be 

normalised by rescuing Agxt expression in the hepatocytes of ob/ob mice. These interventions 

should confirm the hypothesis that Agxt downregulation represents one molecular link 

explaining the increased risk of calcium oxalate kidney stones in NAFLD.  

A further goal of this work was to investigate the transcriptional upregulation of Agxt in 

response to glucagon in two different NAFLD mouse models, in an in vitro steatosis system as 

well as in primary human hepatocytes. This is of importance because glucagon-induced 

upregulation of Agxt has been shown to reduce oxalate excretion. Therefore, upregulation of 

Agxt stimulated by glucagon might be one potential treatment to reduced hepatic oxalate 

production in NAFLD. 
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2 Materials and methods 

2.1 Material 

2.1.1 Technical equipment 

Table 2-1: Equipment 

Equipment  Company  

Autocalve Systec VX-150  Systec 

Autoclave 5075 ELV Tuttenauer 

Autosampler SIL-20AC xr Shimadzu 

Balance  EW, Kern  

Bunsen Burner  IBS Fireboy Plus, Integra Biosciences  

Blot imager Vilber Fusion Fx7  Vilber Lourmat  

Centrifuge with cooling function  Biofuge Fresco, Heraeus  

Centrifuge with cooling function 5424R  Eppendorf  

Centrifuge MiniSpin plus  Eppendorf  

CO2 incubator C150 R Hinge Binder  

Electrophoresis unit Mini-PROTEAN®  BioRad  

Electrophoresis unit SE260  Höfer  

EVOQ™ Elite Triple Quadrupole  Bruker  

Fume hood  Waldner  

LC system LC-20AD XR  Shimadzu 

LC Column: PL Hi-Plex-H (100 × 4 mm)  Agilent  

Magnetic stirrer IKAMAG RCT  Ikamag  

Microscope BX41  Olympus  

Microscope eclipse TS 100  Nikon  

Microscope Primo Vert  Zeiss, Software ZEN from Zeiss  

Microwave oven  Bosch  

MiSeq  Illumina  

Modular tissue embedding center  Thermo Fisher Scientific  

NanoDrop ND-1000  Thermo Fisher Scientific  

pH meter  Schott  

Pipettes (10 μL, 2 μL, 100 μL, 200 μL, 1 ml, 5 ml)  Eppendorf  
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Pipet boy  Integra  

Plate reader infinite M200 Pro  Tecan  

Power pack HC  BioRad  

Power pack P25T  Biometra  

Precision balance EW150-3M  Kern  

Precision balance ME235P  Sartorius  

qPCR system ABI 7500  Applied Biosystems  

QTRAP 5500 LC-MS/MS system Sciex 

Rocking platform VWR 

Shaker KS 260 basic IKA 

Slide drying oven TDO Sahara Medite 

Sliding Microtome HM 450 Microm 

Sonicator sonoplus mono Bandelin 

Spin tissue Processor STP 120 Thermo Fisher Scientific 

Sterile hood Hereaus 

Thermo cycler T gradient  Biometra  

Thermomixer  Eppendorf  

Thermo shaker PHMT Grant-bio  Keison  

Thermo shaker  peqlab  

Transfer chamber fast blot B44  Biometra  

Transfer chamber Trans-Blot SD  BioRad  

Vacuum pump  Vacuubrand  

Vortex-Genie2  Bender & Hobein  

Water purification  Maxima Ultra-Pure Water, ELGA 

Water purification system  Milli- Q® Integral 15 System, Merck 

Waterbath GFL 1083, Gesellschaft für Labortechnik 

Waterbath Precision GP28 Thermo Scientific 

2.1.2 Consumables 

Table 2-2: Consumables 

Consumables  Company  

Cell scraper (25 mm)  Sarstedt  

Cover slips  VWR  
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Embedding cassettes  Carl Roth  

Glass inserts, 200μL  VWR  

Glass vials (1.5 ml -4 ml)  VWR  

Metabolic cage for single mouse  Tecniplast  

MicroAmp® Optical Adhesive Film  Thermo Fisher Scientific  

MicroAmp® Optical 96-Well Reaction Plate  Thermo Fisher Scientific  

Microscope slide SuperFrost Plus  Thermo Fisher Scientific  

Minisart® syringe filters (0.45 μM)  Sartorius  

Needle 26G  BD bioscience  

NuPAGE®4 – 12% Bis-Tris  Thermo Fisher Scientific  

Pestle and Microtube  VWR  

Pipettes  Eppendorf  

Pipette tips (filtered/not filtered)  Sarstedt  

PVDF Membrane  Perkin Elmer  

PCR SinglCAP 8er-Softstrips 0.2 mL Biozym Scientific 

RNase-free Microfuge Tubes 1.5 ml  Thermo Fisher Scientific  

Reaction tubes (0.5 - 50 ml)  Sarstedt  

Serological pipets (5 ml, 10 ml, 25 ml)  Sarstedt 

Syringe 1 ml  BD bioscience  

Tissue culture plates (6-, 12-, 24, 96-well 
format)  

Sarstedt  

96-Well plates black  GreinerBio  

96-Well plates transparent  Sarstedt  

Whatman-Paper 3mm  VWR  

Thick Blot Filter Paper, Precut  Biorad 

2.1.3 Chemicals and dyes 

Table 2-3: Chemicals and dyes 

Chemicals/dyes  Company  

Acetic acid Carl Roth 

Amino acids solution PAN Biotech 

Ammonium persulfate Sigma-Aldrich 

Bovine serum albumin (BSA) Carl Roth 
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Bovine serum albumin (BSA), fatty acid free Sigma-Aldrich 

Bromphenol blue Carl Roth 

Calcium chloride Carl Roth 

Chloroform Carl Roth 

Citric acid monohydrate  Carl Roth  

Collagenase from Clostridium hystolyticum  Sigma-Aldrich  

p-Coumaric acid  Sigma-Aldrich  

Creatinine hydrochloride  Sigma-Aldrich  

Dimethyl sulfoxide (DMSO)  Sigma-Aldrich  

Dithiothreitol (DTT)  Sigma-Aldrich  

Triethylene glycol diamine tetra acetic acid 
(EGTA)  

Carl Roth  

Entellan®  Merck  

Eosin Y disodium salt  Sigma-Aldrich  

Ethanol, absolute  Carl Roth  

Ethylenediaminetetraacetic acid (EDTA)  Carl Roth  

Fetal Calf serum (FCS) Sera Plus  Pan-Biotech  

FluorPreserve reagent  Calbiochem  

Glucagon Sigma-Aldrich, Cayman Chemicals 

Glucose  Carl Roth  

L-Glutamine  Sigma-Aldrich  

Glycerol  Carl Roth  

Glycine  Carl Roth  

Glycolic acid (1,2 -13C2, 99%) Cambridge Isotope Laboratories, Inc. 

HEPES  Carl Roth  

Hydrochloric acid 32%  Carl Roth  

Hydrogen peroxide 30%  Merck  

L-Hydroxyproline  ApplChem  

Luminol  Sigma-Aldrich  

Magnesium chloride  Carl Roth  

Magnesium sulphate  Sigma-Aldrich  

Methanol, HPLC grade  Carl Roth  

Nonidet P-40 substitute (NP-40)  Roche  
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Oleic acid  Sigma-Aldrich  

Oxalic acid (1,2-13C2, 99%)  Cambridge Isotope Laboratories, Inc.  

Paraffin Histowax Surgipath paraplast  Leica  

Paraformaldehyde 4% (PFA)  Carl Roth  

Picric acid  Sigma-Aldrich  

Potassium chloride  Carl Roth  

Potassium dihydrogen phosphate  Carl Roth  

2-Propanol  Carl Roth  

Rotihistol®  Carl Roth  

SDS pellets  Carl Roth  

Sodium chloride  Carl Roth  

Sodium deoxycholate  Carl Roth  

Sodium glycolate  Thermo Fisher Scientific  

Sodium glyoxylate monohydrate  Sigma-Aldrich  

Sodium hydrogen phosphate  Carl Roth  

Sodium hydroxide pellets  Carl Roth  

Tetrahydrofuroic acid (THFA) Sigma-Aldrich 

Tetramethylethylenediamine (TEMED)  Carl Roth  

Tris  Carl Roth  

Tris-HCl  Carl Roth  

TritonX-100  Sigma-Aldrich  

Tween20  Sigma-Aldrich  

Tween80  Sigma-Aldrich  

Xylol  VWR  

2.1.4 Commercial buffers and reagents 

Table 2-4: Commercial buffers and reagents 

Buffer/reagent  Company  

Acrylamide (30% (v/v))  Carl Roth  

Amino acid solution  PAN-Biotech  

Anode-/Cathode-buffer concentrate A & K  Carl Roth  

Diethylpyrocarbonate treated (DEPC) water  Thermo Fisher Scientific  

Duotrol® urine liquid level1 & 2  Biomed Labordiagnostik GmbH  
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Ketamine 100 mg/ml  Ratiopharm  

Mayer’s haemalaun solution  Merck  

NuPAGE® MES SDS Running Buffer (20X)  Thermo Fisher Scientific  

Phosphatase-Inhibitor-Cocktail II&III  Sigma-Aldrich  

Precision Plus Protein Dual Colour standards  BioRad  

Protease-Inhibitor-Cocktail  Sigma-Aldrich  

QIAzol Lysis-Reagent  Qiagen  

Rompun 2%  Bayer Health Care  

Taqman Universal PCR Master Mix  Thermo Fisher Scientific  

2.1.5 Prepared buffers and reagents 

Table 2-5: Prepared buffers and reagents for gel electrophoresis and Western blotting 

Buffer  Compounds  Concentration  

Anode buffer  Buffer concentrate A  

Methanol  

in ultrapure water  

10%  

20%  

APS solution  Ammonium persulfate  

in ultrapure water  

10% (w/v)  

Blocking solution  BSA in TBS-T  5% (w/v)  

Cathode buffer  Buffer concentrate K  

Methanol  

in ultrapure water  

10%  

20%  

Chemiluminescent solution  Luminol  

p-Coumaric acid  

in 0.1 M Tris  

2.5 mM  

0.2 mM  

Loading buffer (5x)  Bromophenol blue  

DTT  

Glycerol  

SDS  

Tris-HCl  

0.05% (w/v)  

0.25 M  

50% (v/v)  

5% (w/v)  

0.225 M  

PBS (10x)  KCl  

KH2PO4  

Na2HPO4  

27 mM  

18 mM  

100 mM  
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NaCl  

in ultrapure water,  

1.37 M  

RIPA buffer  Tris-HCl  

NaCl  

NP-40  

Sodium deoxycholate  

SDS  

50mM (pH 7.5)  

150 mM  

1%  

0.5%  

0.5%  

Running buffer (10x)  Glycine  

SDS  

Tris  

in ultrapure water, pH 8.3  

1.92 M  

1% (w/v)  

0.25 M g  

SDS solution  SDS  

in ultrapure water  

10% (w/v)  

Separation buffer  Tris  

in ultrapure water,  

pH adjusted to 8.8  

3 M  

Stacking buffer  Tris  

in ultrapure water,  

pH adjusted to 6.8  

0.47 M  

Stripping buffer  Glycine  

SDS  

Tween 20  

in ultrapure water,  

pH adjusted to 2.2  

0.2 M  

0.1% (w/v)  

1% (v/v)  

TBS (10x)  NaCl  

Tris  

in ultrapure water, pH adjusted 
to 7.4  

1.5 M  

0.5 M  

TBS-T  10x TBS  

Tween20  

10% (v/v)  

0.1% (v/v)  

Table 2-6: Prepared buffers for IHC 

Buffer  Compounds  Concentration  
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Citrate buffer  Citrate 1xH2O  

in ultrapure water, pH adjusted 
to 6  

0.01 M  

Haematoxylin  Mayer’s haemalaun  

in ultrapure water  

20% (v/v)  

Table 2-7: Prepared buffers for perfusion 

Buffer  Compounds  Amount  

Collagenase buffer  Amino acid solution  

CaCl2 solution (19 g/l CaCl2* 2 
H2O)  

Collagenase Type 1  

Glucose solution (9 g/l)  

Glutamine (7 g/ml)  

HEPES (60 g/l) (pH 8.5)  

KH buffer  

30 ml  

10 ml  

100 mg  

155 ml  

2.5 ml  

25 ml  

25 ml  

EGTA buffer  Amino acid solution  

EGTA solution (47.5 g/l)  

Glucose solution (9 g/l)  

Glutamine (7 g/l)  

HEPES (60 g/l) (pH 8.5) 

KH buffer 

60 ml  

1.6 ml  

248 ml  

4 ml  

30 ml 

30 ml 

KH buffer  KCl  

KH2PO4  

NaCl  

Filled to 1 l with ultrapure 
water  

Adjust pH to 7.4  

1.75 g  

1.6 g  

60 g  

Suspension buffer  Albumin Fraction V  

Amino acid solution  

CaCl2 solution (19 g/l CaCl2* 2 
H2O)  

Glucose solution (9 g/l)  

Glutamine (7 g/ml)  

400 mg  

30 ml  

1.6ml  

124 ml  

2 ml  

20 ml  
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HEPES (60 g/l) (pH 7.6)  

KH buffer  

MgSO4 solution (24.6 g/l MgSO4 
* 7 H2O)  

20 ml  

0.8 ml  

Table 2-8: Commercial assays and kits 

Kits  Company  

BCA Protein assay  Thermo Fisher Scientific  

CellTiter-Blue® assay  Promega  

DAB Peroxidase substrate kit  Vector Laboratories  

High-Capacity cDNA Reverse Transcription Kit  Thermo Fisher Scientific  

Triglyceride quantification assay  Abcam  

VECTASTAIN Elite ABC Kit (rabbit)  Vector Laboratories  

2.1.6 Cell culture reagents 

Table 2-9: Medium and additives 

Cells/cell lines Medium Company 

Primary mouse and human 
hepatocytes 

William’s E medium 
+ Dexamethasone (100 nM) 
+ Gentamycin (10 µg/ml) 
+ Insulin (ITS) 100x (2 ng/ml) 
+ Penicillin/Streptomycin (100 U/ml) 
+ Stable L-Glutamine (2 mM) 
(+ Sera Plus 10% for attaching) 

PAN-Biotech 
Sigma Aldrich 
PAN Biotech 
Sigma Aldrich 
PAN-Biotech 
PAN-Biotech 
PAN-Biotech 

Table 2-10: Additional cell culture supplies 

Reagents  Company  

Acetic acid glacial  Carl Roth  

Casyton  Roche  

Collagen rat tail lyophilised  Roche  

Dexamethasone Sigma-Aldrich 

DMEM10x, 1 g/l glucose  PAN-Biotech  

DMSO  Sigma-Aldrich  

OptiMEM  Life technologies  

10xPBS  See Table 2.5  
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Trypan blue  Sigma-Aldrich  

Trypsin 0.05% EDTA  PAN-Biotech  

2.1.7 Laboratory mice 

Table 2-11: Mice 

Mouse  Gender  Age at arrival  Company/Source 

Agxt-/- male & female 5-8 weeks Prof. Eduardo Salido, 
Universidad de la 
laguna, Tenerife 

Lepob/Lepob & Lep ob/+ male 8 weeks  Janvier labs 

Lepob/Lepob female 8 weeks Janvier labs 

C57BL6/J male & female 8 weeks Janvier labs 

C57BL6/N male 8 weeks Janvier labs 

Table 2-12: Mouse feed 

Reagents  Company  

Pellet standard diet R/M-H 10-mm  Ssniff  

Pellet standard diet R/M-H 10-mm 
+ 1% Hydroxyproline 

Ssniff 

Powder standard diet R/M-H  Ssniff  

Powder standard diet R/M-H 
+ 1% Hydroxyproline 

Sniff 

Western diet (containing 45% kcal fat, 20% kcal 
fructose and 2% cholesterol)  

Research Diets Inc., Catalogue-number 
D09100301  

2.1.8 Antibodies 

2.1.8.1 Primary antibodies 

Table 2-13: Primary antibodies for Western blotting and immunohistochemistry 

Antibody  Host  Cat#/Company  

anti Agxt  Rabbit  HPA035370, Sigma-Aldrich  

anti Creb Rabbit 4820S, Cell Signalling 

anti Creb (phosphor S133)  Rabbit Ab32096, Abcam 

anti Hao1 Rabbit AV42480, Sigma-Aldrich 

anti Ldha Mouse 66287-1-Ig, Proteintech 

anti Gapdh Rabbit #2118, Cell Signaling 



Materials and methods   33 

anti β-Actin  Mouse  #A5316, Sigma-Aldrich 

2.1.8.2 Secondary antibodies 

Table 2-14: Secondary antibodies for Western blotting 

Antibody  Host  Cat#/Company  

anti-mouse HPR linked  Horse  #7076, Cell Signaling  

anti-rabbit HPR linked  Goat  #7074, Cell Signaling  

2.1.9 Taqman gene expression assays 

Table 2-15: Taqman gene expression assays (Thermo Fisher Scientific) 

Target gene  Mouse  Human  

Agxt  Mm00507980_m1  Hs00163584_m1  

Eif2a  Mm01289723   

Gapdh  4352932E  4352934E  

Grhpr  Mm00519119_m1  Hs00201903_m1  

Hoga1 Mm00470609_m1   

Hao1 Mm00439249_m1 Hs00213909_m1 

Ldha  Mm01612132_g1   

Prodh2 Mm00457662_m1   

UBC   Hs00824723_m1 

2.1.10 Adeno-associated viral vectors 

Name  Description Vector ID / Company 

pAAV[Exp]-
CMV>{mAgxt[NM_016702.3]}
:IRES:EGFP  

mouse mitochondrial AGXT 
under the control of CMV 
promoter 

VB191228-2726vjg / Vector 

builder 

pAAV[Exp]-CMV>EGFP  EGFP under the control of 

CMV promoter 

 

VB150925-10026 / Vector 

builder  

2.2 Methods 

2.2.1 Housing conditions of mice 

Mice were bought at an age of eight weeks from Janvier Labs and allowed to acclimatise for 

one week. They had access to water and food ad libitum and were kept under a 12 h light – 
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12 h dark cycle. The performed experiments were approved by the animal welfare authority. 

Mice were handled according to the Principles of Laboratory Care and recommendations of 

the Society of Laboratory Animal Science (Gesellschaft für Versuchstierkunde, GV-SOLAS, 

Germany). 

2.2.2 Isolation of primary hepatocytes 

2.2.2.1 Hepatocyte isolation 

2.2.2.1.1 Mouse hepatocytes 

The procedure for isolating primary mouse hepatocytes from a mouse was based on a two-

step perfusion (Seglen 1976), by which the whole liver is converted into a suspension of viable 

hepatocytes. The perfusion was carried out under physiological conditions of the mouse and 

yielded hepatocytes with a viability above 90%. First, the mouse was narcotised with an 

intraperitoneal injection of Rompun® (25-40 mg/kg) and ketamine (50-80 mg/kg) and the 

anaesthesia was controlled by testing the pain sensitivity via the pedal reflex. In the next step, 
the mouse was fixed in a dorsal position on a grid table and the abdominal cavity was opened 
longitudinally. A blunted needle was inserted into the incised vena cava. This needle was 
connected to a flexible tube that passed through a pump and ended up in a bottle containing the 
needed buffer. The liver was first perfused with pre-warmed EGTA buffer at a flow rate of 9 ml/min 
for 10 to 15 min for removing blood and Ca2+ dependent adhesion factors. An instant loss of the 

livers red-brown colour was the indicator whether the needle was placed correctly. Next, the 

EGTA buffer was replaced by collagenase buffer (37 °C) to digest the extracellular matrix and 

to decrease cell to cell contacts with the same flow rate and the perfusion duration. This 

perfusion step was stopped when the liver became soft and lustrous. The liver was excised 
carefully and taken out with forceps at the thoracic blood vessels and placed in a petri dish filled 
with suspension buffer which was transferred into a laminar flow cabinet. Under sterile conditions, 
the liver capsule was opened, and the liver cells were released into the suspension buffer 
supported by shaking the capsule gently within the buffer. This cell suspension was filtered 
through a 100 μm cell strainer and transferred to a 50 ml tube and centrifuged for 5 min at 4 °C 
and at 50xg to roughly remove non-parenchymal cells (NPC) from hepatocytes. The supernatant, 
which contained NPCs, was discarded and the hepatocyte pellet was re-suspended in 10 ml 
suspension buffer by gently inverting the tube several times. The hepatocytes were placed on ice 
and an aliquot was diluted with the suspension buffer and with trypan blue solution (1:2). The 
stained cell suspension was pipetted into each chamber of the Neubauer counting chamber and 
the amount of viable and dead blue stained cells were determined. 

2.2.2.1.2 Human hepatocytes 

Cryopreserved primary human hepatocytes (PHHs) were purchased from Lonza and BioIVT 

and stored in the nitrogen tank until usage. Additionally, PHHs isolated by the group of Dr. 

Georg Damm from the University of Leipzig were used. The cells were isolated from liver tissue 

samples from patients with a primary or secondary liver tumours. The patients agreed that 

their cells can be used for research purposes according to the ethical guidelines of the 

University of Leipzig. Isolation of PHHs was performed via a two-step isolation procedure as 
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described above or with minor modifications (Lee et al. 2013). The isolated hepatocytes were 

transported on ice overnight from the clinics to our institute. The cells were re-suspended in 

William’s E medium and counted with the Neubauer counting chamber using trypan blue to 

calculate the viability. The cells were cultivated in a collagen sandwich on top system as 

described in Chapter 2.2.2.2.  

2.2.2.2 Cultivation of primary mouse and human hepatocytes 

Primary hepatocytes were cultured under sterile conditions at 37 °C and 5% CO2 within 

aqueous saturated vapour. The cells were plated on a collagen coated well with a thicker layer 

of collagen on top. For the two different collagen layers, 10 mg rat tail collagen was dissolved 

in either 40 ml or 9 ml 0.2% acetic acid which generated a 250 µg/ml and 1.1 mg/ml collagen 

solution, respectively. The dissolving process took place at 4 °C overnight. On the next day, 

cell culture plates were rinsed with 250 μg/ml collagen solution and left to dry for several 

hours or overnight inside the laminar flow. In order to increase the pH value of the monolayer, 

the coated plates were washed two times with William’s E Medium without additives. In the 

next step, the wells were filled with William’s E medium containing all additives and 10% sera 

plus and the appropriate number of freshly isolated hepatocytes was added (Table 2.19). To 

ensure an even distribution of the cells, the plate was gently shaken. The cells were incubated 

for 3 h at 37 °C for attaching to the collagen monolayer. Afterwards, the hepatocytes were 

washed with pre-warmed William’s E medium to remove dead and non-attached cells. The 

second collagen layer was prepared on ice by mixing one part of 10x DMEM and nine parts of 

1.1 mg/ml collagen solution for a concentration of 1 mg/ml collagen. The pH value of the 

DMEM-collagen solution was neutralised by carefully adding 1 M of NaOH until the solution’s 

colour changed from yellow to pink. Next, the adequate volume of the second layer collagen 

solution was added to the wells and the plate was again put into the incubator for 45 min so 

that the collagen could polymerize. In the last step, William’s E medium with additives (full 

media) was added. When the cells were challenged with glucagon, insulin was not added to 

the medium. 

Table 2-16: Overview of different plate systems 

Plate  Cell number  1 mg/ml collagen  William’s E medium 
&additives  

6-well plate  850000 cells/well  350 μl  2 ml  
12-well plate  400000 cells/well  200 μl  1 ml  
24-well plate  200000 cells/well  100 μl  0.5 ml  

2.2.2.3 Cultivation of human hepatocytes from Lonza and Bio IVT 

The PHHs were taken out of the nitrogen tank and defrosted carefully. Next, the hepatocytes 

were re-suspended in William’E cultivation medium containing 10% Sera Plus. After counting 

the PHHs with the Neubauer counting chamber and determining their viability with trypan 

blue, the cells were plated according to Table 2-16. The cells were cultivated in a collagen 

sandwich on top system. The plating procedure is the same as described in Chapter 2.2.2.2.  
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2.2.3 Collection of organs, tissue and blood from mice 

Livers and kidneys were collected from mice to conduct RNA, protein and triglyceride analysis 

and histological staining in order to detect differences between the control and NAFLD mice. 

The animals were anaesthetized with an intraperitoneal injection of Rompun® (25-40 mg/kg) 

and ketamine (50-80 mg/kg), while the obese mice required a higher dose compared to the 

lean mice. Once the mice were fully narcotized, they were fixed in a dorsal position on a 

surgical table and the abdominal cavity was opened longitudinally. The liver was excised and 

weighed. The left lobe was cut into two halves. The left half was frozen in a cryo cassette and 

the right half was put into a histological cassette and fixed with 4 % PFA. The rest of the liver 

was cut into many small pieces and put into 1.5 ml reaction tubes, which were snap frozen in 

liquid nitrogen. In some collections the liver was crushed with pliers, which was kept in liquid 

nitrogen. After being crushed the liver was put into a mortar and grinded to powder. The liver 

powder was transferred to a 5 ml tube and stored at -80 °C. After the kidneys were excised, 

the left kidney was cut longitudinally, and the left half was cryo preserved and the right half 

was fixed with 4% PFA in histological cassettes. The right kidney was completely crushed and 

pulverised as described for the liver.  

2.2.4 24 h urine collection 

Metabolic cages were used to collect 24 h urine from single mice for two or three consecutive 

days in order to analyse the daily urinary oxalate excretion of mice. The mice, which were 

placed into the metabolic cage, had free access to water and feed powder. The excreted urine 

was collected in a small tube filled with 35 μL 6 M HCl to acidify the urine directly which was 

necessary to avoid the conversion of ascorbic acid to oxalic acid and to prevent bacterial 

growth. The daily uptake of water and food was recorded, and the mice were weighed before 

and after the time in the metabolic cages. A weight loss of more than 10% was consistently 

observed. The collected urine samples were transferred to a tube and centrifuged for 10 min 

at 179xg and room temperature to remove feed powder. The supernatant was aliquoted and 

stored at -80 °C for further analysis. The daily urine samples of each mouse were analysed 

separately before an average of the excreted compounds in the urine per mouse was 

calculated. 

2.2.5 Gene expression analysis 

2.2.5.1 RNA isolation 

RNA from cells and mouse or human tissue was isolated by using QIAzol reagent (QIAgen) for 

phenol-chloroform extraction. QIAzol consists of guanidinium thiocyanate and phenol, which 

lyses cell membranes and inhibits RNases (Chomzynski 1987). Snap frozen tissue pieces or 

powder were added to 1 ml QIAzol. If necessary, the tissue samples were homogenised by a 

pestle. Next, samples were sonicated (50% power, 30 s, 5 s pulse, 2 s break) while kept on ice. 

Cells, cultivated on 6 well, 12 well or 24 well plates, were placed on ice, the medium was 

aspirated, and the cells were lysed with 1 ml, 500 µL or 250 µL QIAzol, respectively. After 

scraping, the cell lysates were transferred to 2 ml-reaction tubes and sonicated on ice as 
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mentioned before. Moreover, 1-5 million freshly isolated mouse or human hepatocytes were 

re-suspended in 1 ml QIAzol and sonicated in the same way. Next, 200 µL chloroform were 

added to each sample and the reaction tubes were shaken for approximately 20 s. The samples 

were incubated for several minutes at room temperature to improve the phase separation. 

Subsequently, the samples were centrifuged at 4 °C, 12000xg for 15 min. The aqueous phase 

containing the RNA was carefully transferred to a new reaction tube containing 500 µL 2-

porpanol for precipitating the RNA. The samples were incubated at room temperature for 10 

min followed by a 15 min centrifugation step at 12000xg at 4 °C. The supernatant was 

discarded, and the RNA pellet was washed with 850 µL 100% ethanol and subsequently 

centrifuged for 5 min at 4 °C and 10000xg. This washing step was repeated with 850 µL 75% 

ethanol. The supernatant was completely removed by pipetting and the RNA pellet was air-

dried for several minutes. The RNA was dissolved in 15-100 µL DEPC-treated water and its 

concentration was determined photometrically with the Nanodrop2000 (Thermo Fisher 

Scientific). The RNA samples were stored at -80 °C.  

2.2.5.2 cDNA synthesis 

Before a real-time polymerase chain reaction (RT-PCR) for gene expression analysis was 

conducted, the RNA was converted to cDNA. For the reversed transcription of RNA into single 

stranded cDNA the high capacity cDNA reverse transcription kit (Applied Biosystems) was 

used. 500 ng – 2 µg RNA were mixed with appropriate volumes of 10x RT-Buffer, 10x random 

primers, 25x DNTP mix and reverse transcriptase. The total volume of the reaction mix was 

adjusted to 20 µL with DEPC water. The chosen conditions for the thermos cycler (Tgradient, 

Biometra) are listed in Table 2-17. All cDNA samples were diluted with DEPC water to a final 

concentration of 10 ng/µL and stored at -20 °C.  

Table 2-17: Thermo cycler programme for reversed transcription of RNA into cDNA  

Step  Temperature  Time  
Incubation  25 °C  10 min  

Reverse transcription  37 °C  120 min  

Inactivation  85 °C  5 min  

 4 °C  ∞  

2.2.5.3 Quantitative real-time polymerase chain reaction (qPCR) 

Quantitative real-time PCR is a sensitive technique to detect and quantify changes in gene 

expression of a target gene (Higuchi et al. 1993). In this thesis, TaqMan probes, that hybridised 

to the DNA template strand between the primers and carry a fluorescent reporter on the 5’-

end and a quencher on the 3’- end, were used. Hence, a fluorescence resonance energy 

transfer (FRET) between the quencher and the reporter suppresses the fluorescent signal. The 

applied DNA polymerase has a 5’ – 3’ exonuclease activity that leads to a separation of the 

TaqMan probes from the template strand which are cleaved into single nucleotides (Holland 

et al. 1991). Thus, the fluorescent reporter and quencher are spatially separated and a 

fluorescent signal, which is proportional to the amplified DNA concentration, can be 
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measured. The fluorescence is illustrated as a function of time and so-called Ct values, which 

describe the necessary number of cycles until the measured fluorescent signal crosses a 

threshold and enters the exponential phase.  

All gene expression measurements were conducted with a 7500 Real-Time PCR System 

(Applied Biosystems). 25 ng cDNA were mixed with 2x universal master-mix and 20x specific 

TaqMan probe. The absolute volume per reaction was adjusted to 20 µL with DEPC water. All 

samples were measured in technical duplicates and for each probe water was used as a 

negative control. The standard conditions for the amplification are listed in Table 2-18.  

Table 2-18: Parameters for standard amplification 

Step  Temperature  Time  Cycles/Repetitions  
 50 °C  2 min  1  

Activation of DNA 

polymerase  

95 °C  10 min  1  

DNA denaturation  95 °C  15 s  40  

Annealing and 

Elongation  

 60 °C  1 min  

The levels of gene expression were calculated using the 2-ΔΔCt method (Livak and Schmittgen 

2001)which is a relative quantification approach that compares the expression levels of the 

gene of interest (GOI) and of a housekeeping gene (HKG) of the analysed samples in relation 

to control conditions (=calibrator). The expression of housekeeping genes does not alter under 

stressed or modified experimental conditions, therefore they serve as endogenous control 

genes. For this work, the expression of the housekeeping genes Gapdh, Eif2a or UBC were 

used to normalize the expression of the GOI (ΔCt = CtGOI - CtHKG). At first, this ΔCt value needs 

to be calculated for a test sample (ΔCt1) and separately for a control sample. In the next step, 

the ΔCt values of the control samples were subtracted from the ΔCt values of the test samples 

(ΔΔCt = ΔCt1 – ΔCt2) to find differences resulting from test conditions. For simplification, the 

calculation 2- ΔΔCt was applied. Thus, the 2- ΔΔCt value of control samples were set to 1; if the 2- 

ΔΔCt value of the test sample is greater than 1, it indicates an upregulation of the GOI compared 

to the control and vice versa for 2- ΔΔCt values below 1.  

2.2.6 Protein analysis 

2.2.6.1 Protein extraction 

Proteins were extracted from liver tissue, kidney tissue and primary hepatocytes. Tissues and 

cells were lysed in RIPA lysis buffer containing 1:100 protease inhibitor and phosphatase 

cocktail II and III. Different procedures were applied, depending on the source material: 

a) Snap frozen tissue: 1 ml RIPA buffer was added to a piece of tissue or tissue powder 

on ice. If necessary, the tissue was homogenised with a pestle, followed by a sonication 

for 20 s (50% power, 0.5 s pulse, 2 s break). After 20 min incubation on ice, the 
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homogenates were centrifuged for 10 min at 4 °C and 13000xg. The supernatants were 

transferred to new tubes.  

b) Primary cell culture: 6, 12 or 24 well plates were placed on ice and medium was 

aspirated. If the analysation of the phosphorylation status of interesting proteins was 

not the aim of the experiment, the plated cells were carefully rinsed with 1xPBS before 

adding 300 µL, 150 µL or 75 µL RIPA buffer to each well, respectively. Cells were 

scraped and collected in a 1.5 ml tube. After the samples were sonicated as mentioned 

in a), the cell lysates were incubated for 20 min on ice. Next, the samples were 

centrifuged for 10 min at 13000xg and 4 °C. The supernatants were collected in new 

tubes.  

Protein lysates were stored at -20 °C or -80 °C. 

2.2.6.2 Protein quantification 

The bicinchoninic acid (BCA) protein assay (Thermo Fisher Scientific) was used for the 

quantification of protein concentrations in the analysed samples. This method is a 

combination of the Biuret reaction, which outlines the conversion of Cu2+ to Cu+ by peptide 

bonds under alkaline conditions, and the colorimetric detection of Cu+ with BCA. Two BCA 

molecules and one Cu+ ion form a purple chelate complex with an absorbance at 562 nm which 

is proportional to the protein concentration (Smith et al. 1985).  

Based on the expected protein concentration, the samples were diluted with ultrapure water. 

Next, 5 µL of the diluted samples were mixed with 195 µL BCA working reagent, which is 

composed of 49 parts of solution A and 1 part of solution B, in one well of a 96 well plate. A 

calibration curve of bovine serum albumin (BSA), ranging from 0 µg/ml to 2000 µg/ml, was 

prepared in the same way without the predilution. Each sample and BSA standard were 

measured in duplicates. The 96 well plate was incubated for 30 min at 37 °C previous to the 

absorbance measurement at 562 nm. Incubation and measurements were both done in a 

plate reader (Infinite M200 Pro, Tecan). On the basis of the standard curve, the protein 

concentrations of the samples were calculated.  

2.2.6.3 Western blot 

2.2.6.3.1 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) 

The SDS-PAGE is a frequently utilized method to separate protein mixtures in a size dependent 

manner. This is achieved by applying an electric field to the gel which leads to a separation of 

the proteins according to their electrophoretic mobility which in turn is dependent on the 

weight and charge of the protein. The anionic detergent sodium dodecyl sulphate (SDS) 

linearizes proteins and covers their charge negatively (Shapiro et al. 1967). Hereby, the 

mobility of the protein is only depending on the weight.  

Freshly prepared gels were cast in the Mini-PROTEAN tetra electrophoresis system (BioRad) 

like described in the manufacturer’s instructions. A mixture for two 1.5 mm thick 10% 

separation gels consisted of 6.4 ml ultrapure water, 5.28 ml acrylamide solution (30% v/v), 4 
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ml separation buffer, 160 μL 10% (w/v) SDS solution, 6.4 μL TEMED and 160 μL 10% (w/v) APS 

solution. The solution was transferred between two glass plates within a vertical frame. Each 

gel was covered with a thin layer of 2-propanol on top to avoid oxidation and evaporation. 

After polymerization, the 2-propanol was removed and the mixture for the stacking gels was 

cast on top. This stacking gel mixture for two gels contained 4.8 ml ultrapure water, 1 ml 

acrylamide solution (30% v/v), 0.8 ml stacking buffer, 65 μL 10% (w/v) SDS solution, 5 μL 

TEMED and 100 μL 10% (w/v) APS solution. Immediately after transferring the stacking gel 

mixture into the cast, combs were added on top in order to form loading wells. The finished 

gels were stored in a humid bag at 4 ° C for a maximum of one week.  

For the gel electrophoresis equal amounts of protein from each sample were mixed with 5 x 

loading buffer and denaturised at 95 °C for 5 min. The dithiothreitol (DTT) in the loading buffer 

reduced disulphide bonds of the proteins to accomplish a better protein separation during the 

electrophoresis. Meanwhile the gels were fixed into their chambers and filled with 1 x running 

buffer. The denaturised protein samples and 4 µL of Precision Plus Protein Dual Colour 

standard (BioRad) were added into the wells of the gels. An initial current of 20 mA/gel was 

applied and increased up to 40 mA/gel when the samples reached the stacking gel. The 

electrophoresis was terminated when the samples reached the end of the gel.  

2.2.6.3.2 Protein transfer on PVDF membrane 

After the gel electrophoresis, the proteins were transferred from the gel to a PVDF membrane 

in order to immobilise them and to make them detectable via antibodies. For the protein 

transfer the semidry blot system from Biometra or BioRad was used. Each transfer chamber 

consisted of two horizontal plates, which represented the anode (lower plate) and the cathode 

(upper plate). Blotting papers, were soaked with the anode and cathode buffer, three in the 

anode buffer and one in the cathode buffer per gel, respectively. The membrane was activated 

in methanol and stored in anode buffer for several minutes. Next, the gel was removed from 

its cast and left in cathode buffer to equilibrate. The three blotting papers soaked with anode 

buffer were laid on the anode plate of the transfer chamber and the activated membrane was 

put on top of them and overlaid with the gel. Air bubbles between the membrane and the gel 

were carefully removed with a roller. The construct was covered with one blotting paper, pre-

equilibrated in cathode buffer. Thereafter, the transfer chamber was closed with the cathode 

plate and the transfer was performed at 234 mA/blot for 30-40 min. After the transfer, the 

membrane was shortly washed in 1xTBS-T and incubated in 5% BSA in 1xTBS-T for one hour, 

in order to block unspecific binding between the membrane and the antibody.  

2.2.6.3.3 Protein detection 

Following the blocking step, the membranes were incubated with a specific primary antibody, 

in antibody dependent dilution in 5% BSA or 5% milk powder in 1xTBS-T, overnight at 4°C and 

constantly shaken. On the next day, the membranes were washed three times with 1xTBS-T 

for 5 min each prior to incubation with the secondary horseradish peroxidase (HRP) linked 

antibody for one hour at room temperature (RT). The secondary antibodies were 
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appropriately diluted in 5% BSA 1xTBST or 5% milk powder in 1xTBS-T. Specific information 

about the used antibodies are listen in Table 2-19. Subsequently, the membranes were again 

washed three times for 5 min each with 1xTBS-T. Protein detection was performed by 

chemiluminescence using 5 ml ECL solution and 3 µL hydrogen peroxide. The conjugated HRP 

of the secondary antibody catalysed the oxidation of luminol which was accompanied by light 

emission at 428 nm. Light emission was captured by the Blot-Imager Vilber Fusion Fx7 (Vilber 

Lourmat). Thereafter, the membranes were incubated in stripping buffer for 30 min at RT, for 

the purpose of removing the probed antibodies off the membrane. After blocking the 

membranes again with 5% BSA 1xTBST or 5% milk powder for 1 h at RT, further proteins, e.g. 

a loading control like β-actin, can be detected. The protein signals were quantified 

densitometrically with the software ImageJ.  

Table 2-19: Parameters for antibody incubation (Western blotting) 

Primary antibody  Secondary antibody  Dilution  Incubation  
anti α-tubulin  anti-mouse  1:1000/1:5000 in 5% 

BSA  

O/N 4 °C/ 1 h RT  

anti β-actin  anti-mouse  1:5000/1:10000 in 

5% BSA  

30 min RT/20 min RT  

anti Agxt  anti-rabbit  1:1000/1:5000 in 5% 

BSA  

O/N 4 °C/ 1 h RT  

anti Creb anti-rabbit  1:1000/1:5000 in 5% 

BSA 

O/N 4 °C/ 1 h RT 

anti Creb (phospho 

S133) 

anti-rabbit  1:1000/1:5000 in 5% 

BSA 

O/N 4 °C/ 1 h RT 

anti Gapdh anti-rabbit 1:5000/1:5000 in 5% 

BSA 

O/N 4 °C/ 1 h RT 

anti Hao1  anti-rabbit  1:1000/1:5000 in 5% 

BSA  

O/N 4 °C/ 1 h RT  

anti Ldha anti-mouse 1:3000/1:5000 in 5% 

milk 

O/N 4 °C/ 1 h RT 

2.2.7 Preparation of oleic acid-BSA complex solution 

The formation of lipid droplets in primary hepatocytes was induced by incubation with oleic 

acid (OA) bound to BSA. Under physiological conditions, free fatty acids are usually bound to 

serum albumin when transported within plasma (Gordon and Cherkes 1956). The approach 

for the preparation of the complex was similar to the protocol from Cousin and colleagues 

(Cousin et al. 2001) with modifications in temperature and concentrations. 

At first, a 60 mM OA solution in 0.01 M NaOH was prepared by adding the appropriate volume 

of OA to 0.01 M NaOH and stirring the mixture for 30 min at 70 °C in the dark. Afterwards, the 

solution was cooled and mixed with usually three droplets of 1 M NaOH to completely dissolve 

the OA. Meanwhile, fatty acid free BSA was dissolved in ultrapure water in order to obtain a 
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2.5 mM BSA solution. In the next step, one part of 60 mM OA solution was mixed with four 

parts of 2.5 mM BSA solution (molecular ratio OA to BSA was 6:1). The OA/BSA-solution was 

stirred for 1 h at room temperature to form OA/BSA complexes. Also, four parts of 2.5 mM 

BSA solution were diluted with one part of 0.01 M NaOH to serve as a control solution. The 

OA/BSA-solution and the BSA control solution were sterile filtered (0.45 µm filter) and stored 

at -20 °C. The solutions were used within 3-4 weeks.  

2.2.8 Induction of lipid droplet formation in primary mouse and human hepatocytes (in 

vitro steatosis model) 

For the in vitro formation of lipid droplets, hepatocytes were incubated with OA/BSA complex 

solution. Based on prior studies, which were carried out to find an appropriate OA/BSA 

concentrations (Gianmoena 2017), a concentration of 1 mM OA/ 0.1667 mM BSA was chosen 

for the treatment of primary hepatocytes. The stock solutions of OA/BSA and the BSA control 

were diluted in William’s E cultivation medium and the cells were usually treated for 72 h, 

including a media change after 48 h.  

2.2.9 Extraction and enzymatic quantification of triglycerides (TG) 

Triglyceride (TG) levels in different tissues and cells were quantified enzymatically with a 

triglyceride quantification kit (Abcam). Fatty acids are cleaved from the glycerol backbone by 

a lipase, glycerol is oxidized and then reacts with a probe to generate a fluorescent signal 

(535Ex /587Em nm). 

a) Snap frozen tissue: Tissue pieces or powder were transferred to a 1.5 ml reaction tube 

and 1 ml of 5% NP-40 solution was added. If necessary, the samples were first 

homogenized with a pestle and then sonicated on ice (50% power, 30 s, 5 s pulse, 2 s 

break) to completely release the TG.  

b) Primary hepatocytes: Freshly isolated hepatocytes (2.5 – 5 million) were centrifuged 

for 1 min at 2000 rpm and 4 °C, the supernatants were removed, and the cells were 

washed with 1xPBS. After a second centrifugation, the supernatants were aspirated, 

and the pellets were re-suspended in 1 ml 5% NP-40 solution. The samples were 

sonicated like in a) in order to release all TG.  

c) Plated primary hepatocytes: The 6 well plate was put on ice and the medium was 

aspirated. Next, 300 µL of 5% NP-40 solution was added on each well, the cells were 

scraped and transferred to a 1.5 ml tube. The cells were sonicated like in a) to collect 

all TG.  

The extracts were heated up to 90 °C for 3 min and then allowed to cool down to room 

temperature while repeatedly vortexed. The heating step was repeated, followed by a 

centrifugation for 2 min at top speed to remove any insoluble material. The supernatant was 

collected, and an aliquot was diluted appropriately. 

2.2.9.1 Enzymatic quantification of triglycerides 
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The assay was performed in a black 96 well plate with a flat, clear bottom since fluorescence 

signals were measured from the bottom. The diluted sample (1-5 µL) was added to a well and 

the volume was adjusted to 50 µL with assay buffer. The samples were measured in 

duplicates. Next, 2 µL of lipase was added to each well and each sample had a background 

control where no lipase was added. After an incubation of 20 min at room temperature, 50 µL 

reaction mix (see Table 2.20) were added to each well followed by an incubation of 1hour at 

room temperature in the dark. Thereafter, the fluorescence signals were measured with 535 

nm excitation and 587 nm emission in the plate reader (Infinite M200 Pro, Tecan). In parallel, 

the protein concentrations of the diluted extracts were quantified with the BCA assay in order 

to normalize the relative fluorescence unit (RFU). For data analysis, the blanks (buffer 

with/without lipase) were subtracted from each reading. Next, the samples were background-

corrected to consider only the glycerol arising from tri-, di- and monoglycerides but not the 

free glycerol. The concentration of proteins within the extract was calculated and the RFU 

values were divided by the corresponding protein amount to normalize the signal. 

Table 2-20: TG reaction mix for one sample 

Compound  1 sample  
Assay buffer  47.6 μL  

Probe  0.4 μL  

Enzyme mix  2 μL  

2.2.10 Stimulation of oxalate formation in vivo and in vitro 

The role of reduced Agxt expression was examined by the application of oxalate precursor 

compounds in vivo as well as in vitro. The levels of excreted oxalate in urine and cell culture 
supernatant were analysed via LC-MS/MS.  

2.2.10.1 Hydroxyproline enriched diet of ob/ob and ob/+ mice 

Ten ob/ob and ten ob/+ mice were divided into two groups of 5 mice from which the first 

group received a normal chow diet which was enriched with 1% hydroxyproline (1% Hyp) and 

the other group was fed with plain normal chow diet. Each mouse had its own cage and free 

access to water and food. The body weight, water and food intake were measured daily. On 

day seven, mice were transferred to a single mouse metabolic cage (Tecniplast) and 24 h urine 

was collected for three consecutive days. On day ten of the diet, the mice were again 

transferred to their normal single cages and scarified the next day for tissue and plasma 

collection. The liver and the kidneys were collected for histological staining, immunoblotting 

and RNA expression analysis. Further, plasma samples from the heart, portal and hepatic vein 

were collected to measure the systemic oxalate levels, the oxalate inflow into the liver and 

outflow from the liver, respectively.  

2.2.10.2 Oxalate precursor treatment of primary hepatocytes from male ob/+ and ob/ob 
and female wt and ob/ob mice 
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Isolated primary hepatocytes were cultured in 6 well plates in a collagen sandwich on top 

system as described before (Chapter 2.2.2.2). On the next day, the cells were treated with 1 

ml of 3.16 mM, 10 mM, 31.6 mM hydroxyproline, 3.16 mM, 10 mM, 31.6 mM glycolate and 

with 1 ml of 0.316 mM, 1 mM and 3.16 mM glyoxylate for 48 h at 37°C and 5% CO2. All 

concentrations of the different substances were diluted in full media. After 48 h of incubation, 

the supernatants and protein extracts were collected and stored at -80 °C. 

2.2.10.3 Hydroxyproline and THFA treatment of primary hepatocytes from ob/+ and ob/ob 
mice 

Primary mouse hepatocytes of ob/ob and ob/+ mice were isolated and cultivated in 6-well 

plates for 24 h as described in chapter 2.2.2.2. After 24 h, the hepatocytes were incubated 

with 0.5 ml William’s E medium with additives (full media) containing 10 mM tetrahydrofuroic 

acid (THFA) for 1 h at 37°C and 5% CO2. THFA is a known inhibitor of proline dehydrogenase 2 

(Prodh2) which catalyses the first step of the hydroxyproline breakdown (Adams and Frank 

1980; Zhang et al. 2004). Thereafter, 0.5 ml of either 6.32 mM, 20 mM or 63.2 ml of 

hydroxyproline diluted in full media was mixed with 10 mM THFA and added on top of the 

present 0.5 ml 10 mM THFA. This leads to a 1:2 dilution of the hydroxyproline concentrations 

while the THFA concentration remains the same. Thus, the cells wells were incubated with 

3.16 mM, 10 mM and 31.6 mM hydroxyproline accompanied by 10 mM THFA for 48 h at 37°C 

and 5% CO2. Afterwards, the supernatants were collected on ice and frozen at -80 °C. The cells 

were washed with 1xPBS and protein extracts were collected as described in chapter 2.2.6.1. 

2.2.10.4 Oxalate precursor treatment of primary hepatocytes from western diet mice 

Isolated primary hepatocytes from normal chow and western diet mice were cultured in 6 well 

plates in a collagen sandwich on top system as described before (Chapter 2.2.2.2). On the next 

day, the cells were treated with 1 ml of 3.16 mM, 10 mM and 31.6 mM hydroxyproline and 

glycolate and with 1 ml of 0.316 mM, 1 mM and 3.16 mM glyoxylate for 48 h at 37°C and 5% 

CO2. All concentrations of the different substances were diluted in full media. After 48 h of 

incubation, the supernatants and protein extracts were collected and stored at -80 °C. 

2.2.10.5 Oxalate precursor treatment of primary hepatocytes from Agxt-/- mice 

Primary hepatocytes from Agxt-/- and aged matched wild type mice were cultivated as outlined 

in Chapter 2.2.2.2. After 24 h, the hepatocytes were treated with different concentrations of 

hydroxyproline, glycolate and glyoxylate. The treatment was carried out exactly as described 

in Chapter 2.2.10.2. Finally, supernatants and protein extracts were collected and stored at -

80 °C. 

2.2.10.6 Oxalate precursor treatment of primary human hepatocytes 

Primary human hepatocytes were thawed and cultivated in 6 well plates for 24 h as described 

in Chapter 2.2.2.3. The treatment of primary hepatocytes from different donors with oxalate 
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precursors was performed in the same way as described in the previous chapter (2.2.10.2). 

Thereafter, the supernatants and protein extracts were collected and stored at -80 °C. 

2.2.10.7 Oxalate precursor treatment of primary human hepatocytes with in vitro steatosis 

Primary human hepatocytes were plated and as described in Chapter 2.2.2.2 and Chapter 

2.2.2.3. After the second collagen layer polymerised, in vitro steatosis was induced as outlined 

in Chapter 2.2.8. After 72 h, hepatocytes were treated with 1 ml of 3.16 mM, 10 mM and 31.6 

mM hydroxyproline and glycolate and with 1 ml of 0.316 mM, 1 mM and 3.16 mM glyoxylate 

for 48 h at 37°C and 5% CO2. All concentrations of all substances were dissolved in all three 

media variants: FM, 0.1667 mM BSA and 1 mM OA/0.1667 mM BSA. 48, supernatants and 

protein extracts were collected. 

2.2.11 Glucagon treatment of ob/+ and ob/ob mice in vivo and in vitro 

2.2.11.1 Injection of glucagon into ob/+ and ob/ob mice  

Nine mice were put into single cages overnight prior to the treatment with full access to food 

and water. On the next day, three mice of each genotype were intraperitoneally injected with 

3 µg/g body weight glucagon or PBS, which served as a vehicle control. After the injections, 

the mice were put back into their single cages and had again access to food. After 3 h the mice 

were sacrificed, and liver tissue was collected for qRT-PCR and immunoblot analyses.  

2.2.11.2 Treatment of primary hepatocytes from ob/+ and ob/ob mice with glucagon 

Primary hepatocytes were isolated from ob/+ and ob/ob mice and cultivated in a collagen 

sandwich on top system as described in Chapter 2.2.2.2. After 24 h of cultivation, the primary 

hepatocytes were washed two times with William’s E medium without additives and treated 

with 10 nM and 100 nM glucagon for 15 min, 30 min, 45 min, 1 h, 3 h, 6 h and 24 h. RNA and 

protein extracts were collected for each time point for qRT-PCR and immunoblot analyses.  

2.2.12 Glucagon treatment of 6 weeks western diet mice in vivo and in vitro 

2.2.12.1 Glucagon injection in 6 weeks WD-fed and NCD-fed mice 

Prior to the treatment, six mice of 6 weeks WD-fed, and six mice of 6 weeks NCD-fed mice 

were starved overnight with access to water. Thereafter, three mice of each group were 

injected intraperitoneally with either 3 µg/g body weight glucagon or PBS, which served as a 

vehicle control. The mice were put back into their cages and had no access to food. After 3 h 

the mice were sacrificed, and liver tissue was collected for qRT-PCR and immunoblot analyses.  

2.2.12.2 Glucagon exposure of primary hepatocytes from 6 weeks WD-fed and NCD-fed mice 

Primary hepatocytes were isolated from 6 weeks WD-fed and NCD-fed mice and cultivated in 

a collagen sandwich on top system as described in Chapter 2.2.2.2. The glucagon treatment 

and collection time points were identical with the experiment in primary hepatocytes from 
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ob/+ and ob/ob mice (Chapter 2.2.11.2). After each time point, RNA and protein extracts were 

collected.  

2.2.13 Glucagon treatment of primary mouse hepatocytes with in vitro steatosis 

Primary mouse hepatocytes were isolated from wild type mice and cultivated in a collagen 

sandwich on top system as described in Chapter 2.2.2.2. After the second collagen layer 

polymerised, in vitro steatosis was induced as outlined in Chapter 2.2.8. After 72 h, all 

hepatocytes were treated with 10 nM glucagon, which was dissolved in all of three media 

variants (FM, 0.1667 mM BSA and 1 mM OA/0.1667 mM BSA). After 30 min, 1 h, 3 h, 6 h and 

24 h of exposure, protein and RNA extracts were collected for each time point for 

immunoblotting and qRT-PCR analysis. 

2.2.14 Treatment of primary human hepatocytes with glucagon 

Primary human hepatocytes from LonzaTM were cultivated in a collagen sandwich on top 

system as described in Chapter 2.2.2.3. After 24 h, the hepatocytes were treated with 10 nM 

glucagon for 30 min, 1 h, 3 h, 6 h and 24 h. extracts for RNA and protein isolation were 

collected after each time point and analysed via qRT-PCR and immunoblots, respectively.  

2.2.15 Transduction of primary ob/+ and ob/ob hepatocytes with adeno-associated viral 
particles  

Adeno-associated vector particles were generated by VectorBuilder. The particles contained 

either a pAAV-CMV-EGFP or a pAAV-CMV-mitochondrial Agxt vector. The human 

cytomegalovirus (CMV) promoter has been shown to be active in a wide range of cell types 

and is the most commonly used promoter in mammalian expression plasmids (Xia et al. 2006). 

Isolated primary hepatocytes of ob/+ and ob/ob mice were cultivated in a collagen sandwich 

on top system (Chapter 2.2.2.2) for 24 h at 37°C and 5% CO2. Subsequently, 0.85 x 105 cells 

were incubated with 105 and 5 x 105 genome copies (GC)/cell of viral particles with the pAAV-

CMV-EGFT and pAAV-CMV-mAgxt constructs dissolved in full medium for 24 h at 37°C and 5% 

CO2 for the first experiment. All further experiments were conducted with and 5 x 105 genome 

copies (GC)/cell of viral particles (n=5). On the next day, the cells were rinsed with William’s E 

medium without additives and treated with 10 mM and 31.6 mM hydroxyproline in full 

medium for 72 h at 37°C and 5% CO2. Thereafter, supernatants, protein and RNA extracts were 

collected in order to measure the hydroxyproline induced oxalate excretion, and the protein 

and mRNA expression of Agxt, respectively.  

2.2.16 Quantification of oxalate and glycolate by Liquid Chromatography Tandem Mass 
Spectrometry 

Oxalate and/or glycolate concentrations in urine samples (acidified), in plasma or cell 

supernatants (in serum-free medium) was quantified by LC-MS/MS as described before 

(Schriewer et al. 2017) with modifications. During this thesis, a LC-MS/MS system consisting 

of a QTrap5500 mass spectrometer coupled to a Shimadzu Prominence LC20 XR system was 
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used. Urine samples were diluted accordingly, while cell culture supernatants and plasma 

samples remained and were first subjected to precipitation to remove proteins. Oxalate and 

glycolate were quantified by using 13C-labelled internal standards (Cambridge Isotope 

Laboratories, Inc.). The mobile phase consisted of 0.1% formic acid in water (v/v) and 

acetonitrile post column. The flow rate was set to 0.2ml/min and the injection volume was 30 

µL. For ionisation, electrospray ionisation in negative mode was used. Analytes were 

fragmented by a collision gas and its product ions were analysed. Measurements and 

quantifications were carried out by the IfADo core unit of Analytical Chemistry (Dr. Jörg 

Reinders).  

2.2.17 Colorimetric quantification of creatinine in urine 

Creatinine is a product of muscle metabolism and excreted by the kidneys (Skorecki et al. 

2015). The excreted creatinine amount is often used as a benchmark for the concentration of 

urine. In this thesis, the urinary creatinine concentration was used to normalise the excreted 

oxalate amount since the daily excreted urine volumes differed. Urinary creatinine was 

determined via the Jaffé reaction (Jaffe 1886). Creatinine reacts with picric acid under alkaline 

conditions and forms an orange complex with a maximum absorbance at 492 nm. Urine 

samples were diluted accordingly in distilled water and mixed with basic picric acid solution. 

Murine urine was diluted 1:20 with ultrapure water in a 1.5 ml tube, mixed and centrifuged at 

6000xg for 5 minutes to remove potential fine particles. The supernatants were transferred 

to new tubes. Creatinine standards were prepared in water at a concentration range from 0 

mg/ml to 70 mg/ml. 50 μL of each standard and sample were pipetted to a well of a 

transparent 96 microtiter plate with flat bottom. Moreover, 50 μL of two control urines (1:50 

diluted) with different creatinine concentrations were used as a quality control. 10 ml of 0.25 

M NaOH-solution were mixed with 4.365 mM picric acid. 200 μL of this alkaline picric acid 

solution were added to each well and incubated in the dark for 45 min. Next, the absorbance 

at 492 nm was measured in a microplate reader (Tecan Infinite 200PRO plate reader) and a 

calibration curve was used for quantification. 

2.2.18 Histologic staining of paraffin embedded tissue 

2.2.18.1 Fixation and paraffin embedding of tissue 

After the collection in histological cassettes, liver and kidney tissues were fixed in 4% PFA at 

4 °C for two days. The cassettes were shortly rinsed with sterile 1xPBS and then incubated in 

1xPBS at 4 °C for two additional days ahead of the embedding of the tissue in paraffin. Tissue 

infiltration with paraffin was carried out with the STP120 processor (Thermo Fisher Scientific). 

During the process the tissues were first dehydrated with an ethanol gradient, incubated in 

xylene and finally infiltrated with paraffin. Detailed procedure information is listed in the Table 

2.21. 

Table 2-21: Programme for paraffin infiltration of tissue 

Step  Solution  Time [min]  
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1  70% Ethanol  30  
2  70% Ethanol  60  
3  90% Ethanol  30  
4  90% Ethanol  30  
5  99% Ethanol  30  
6  99% Ethanol  35  
7  99% Ethanol  60  
8  Xylol  30  
9  Xylol  35  
10  Xylol  60  
11  Paraffin Histowax  80  
12  Paraffin Histowax  105  

Thereafter, the tissues were embedded in paraffin with the Microm HM450 automated 

embedding device. 4 μm-thick formalin-fixed paraffin-embedded liver and kidney tissue 

sections were used for tissue staining and immunohistochemistry. Sections were obtained 

with a feather blade type N35HR in a HM 450 Sliding Microtome (Thermo Fisher Scientific). 

The tissue sections were mounted on glass slides during a 20 min incubation at 60 °C. Before 

usage, the tissue slides were stored at 4 °C. 

2.2.18.2 Haematoxylin and eosin staining 

Tissue sections were deparaffinised in Roti®-Histol four times for 10 min before being rehydrated 
through a decreasing ethanol gradient (5 min in 100%, 95%, 90%, and 70% each) to ultrapure 
water. Next, the slides were incubated in freshly filtered haematoxylin for 5 min. The tissue was 
blued under running tap water for 10 min. Hereafter, the sections were stained with freshly 
filtered 1 % Eosin Y for 3 min, then shortly rinsed in ultrapure water and dehydrated through an 
increasing ethanol gradient (70%, 90%, 95%, 2x100%, 5 s each), ending in Roti®-Histol. Last, the 
tissue was mounted on a glass slide with Entellan®. The optical microscope Olympus BX41 was 
used for imaging.  

2.2.18.3 Immunohistochemistry using Avidin-Bioting-Complex (ABC) method  

Antibody based immunohistochemistry (IHC) can be used to visualise specific antigens, mainly 

proteins, directly on tissue. IHC was used to identify the distribution of different enzymes of 

the glyoxylate metabolism.  

The paraffin slides were deparaffinized and rehydrated as described previously. Once fixed, 

proteins can be cross linked to formaldehyde leading to a weak or negative signal. In order to 

unmask the proteins, the sections were heated up in citrate buffer (10 mM, pH=6.0) for two 

times à seven minutes. After the slides cooled down, they were washed in 1xPBS two times 

for 5 min each. Endogenous peroxidase and background signals were blocked by treatment 

with 3% H2O2 in 1xPBS. The slides were washed thrice with 1xPBS for 5 min each and 

subsequently blocked with 3% BSA/3% Tween80 in 1xPBS in a humidified chamber for 60 min 

at room temperature. Next, the specific antibody was diluted in 0.3% BSA/3% Tween80 in 1xPBS 
appropriately (see Table 2.22) and the tissue samples were incubated over night at 4 °C in a 
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humidified chamber. On the next day, the tissue sections were washed three times à 5 min in 
1xPBS to completely remove the primary antibody. The secondary antibody against rabbit was 

mixed with blocking reagent, both from the ABC kit, in 2 ml 1xPBS and added onto the slides 

for 30 min at room temperature. Then, the samples were washed again three times à 5 min in 

1xPBS. Avidin (reagent A) and biotinylated horseradish peroxidase (reagent B) were mixed 

with 2 ml 1xPBS and incubated onto the samples for 30 min at room temperature. Again, the 

slides were washed three times à 5 min in 1xPBS. Five drops of 3, 3’-diaminobenzidine (DAB) 

were mixed with two drops H2O2 and two drops of buffer solution in 5 ml water; this solution 

was added onto the slides for 2 – 10 min until the development of a brown colour. Next, the 

samples were washed for 5 min under running tap water before they were stained with 

haematoxylin for 2 min. The haematoxylin solution was removed, and the slides were washed 

in running tap water for 10 min. The samples were dehydrated by an increasing ethanol 

gradient (70%, 90%, 95%, 2x100%, 5 s each), followed by Roti®-Histol before mounted with 

Entellan®. For imaging, the optical microscope (Olympus BX41) was used. 

Table 2-22: Dilutions of primary antibodies used for IHC 

Antibody  Host  Dilution  
anti Agxt  Rabbit  1:1000  

2.2.19 Methylation analysis of Agxt promoter 

The methylation analysis of the Agxt promoter was performed by Dr. Nina Gasparoni of the 
genetic/epigenetic research group of Prof. Jörn Walter at Saarland University. 

2.2.19.1 Sample preparation 

Five million isolated primary mouse hepatocytes were transferred to a reaction tube and 

centrifuged for 1 min at 4 °C and 400xg. The supernatant was discarded, and the cell pellet 

was carefully washed with 1xPBS. The samples were centrifuged again at the same conditions 

and the supernatants were again discarded while the cell pellet was snap frozen in liquid 

nitrogen. The cells were stored at -80 °C prior to transporting them on dry ice to the Saarland 

University.  

2.2.19.2 Targeted deep sequencing  

In order to validate DMRs targeted deep sequencing was performed. Therefore, genomic DNA 

was treated with bisulphite using the EZ-DNA Methylation Gold kit (Zymo Research). The 

bisulphite treated DNA was amplified via PCRs with specific forward and reverse primers. 

Amplicons were generated by using fusion primers which contained a 3’ sequence-specific 

part and a universal 5’-part with the nucleotide sequences for Illumina sequencing. The 

sequences of the specific Agxt fusion primers and conditions are listed below (Table 2.23). 

Next, the PCR products were separated on a 1.2% agarose gel and purified with Ampure XP 

beads (Beckman Coulter) by following the manufacturer’s protocol. In the next step, the 

purified products were measured with the Qubit Fluorometer (Qubit HS-Kit, Thermo Fisher 

Scientific) and diluted to 4 nM. NGS tags were completed by a second PCR and a final clean-
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up step. Afterwards, the samples were diluted to 10 nM, pooled and sequenced on an Illumina 

MiSeq (Illumina v3 chemistry, 2 × 300 bp paired end). Next, the raw data was extracted and 

pre-processed. Data analysis was performed with BiQHT and in-house R scripts of the research 

group at Saarland University (Lutsik et al. 2011). The number of cytosine and thymine at CpG 

positions were quantified, showing methylated and unmethylated cytosines in the Agxt 
promoter, respectively. Hereby, the methylation status of the Agxt promoter could be 

determined.  

Table 2-23: Primer sequences used to. F: Forward primer, R: Reverse primer, Temp.: Annealing temperature, X: 
sample-specific barcode sequences. 

DMR Target 
region 

Primer sequence (5’ – 3’) Temp. 
(°C) 

Agxt (1) mm10: 
chr1: 
93134656
- 
93135047 

F: GTGTAATGTGTTTTGGTGAAATTTATTTT  
R: ACTTCTTCAAAAATCAAAAAACAAATACC  

54 

Agxt (2) mm10: 
chr1: 
93135215
- 
93135618  

F: TTGATAATAAAAGGGTTGGAGAAATAGG  
R: ACTTCTTCAAAAATCAAAAAACAAATACC  

58 

Universal 
primer 
tags 
(fusion 
primer) 

 F: TCTTTCCCTACACGACGCTCTTCCGATCT 
R: GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

 

2nd PCR 
primers 

 F: CAAGCAGAAGACGGCATACGAGATXXXXXXGTGAC 
TGGAGTTCAGACGTGTGCTCTTCCGATCT 
R: AATGATACGGCGACCACCGAGATCTACACXXXXXXT 
CTTTCCCTACACGACGCTCTTCCGATC  

 

 

 

2.2.20 Paediatric NAFLD cohort 

A collection of liver biopsies with biopsy-proven NAFLD and corresponding 24 h urine samples 

from overweight and obese children and adolescents (aged 10-17 years) was available from 

the Charité in Berlin (Hudert et al. 2019). The liver biopsies were evaluated and scored by 

pathologists by using the histological scoring system for non-alcoholic fatty liver disease 

(NAFLD) by the NASH clinical Research Network (NASH CRN). The scoring of steatosis, lobular 

inflammation and hepatocellular ballooning was included in this method. In order to obtain 



Materials and methods   51 

the NAFLD activity score (NAS), the scores from the different features were aggregated. 

Acidified 24 h urine samples were collected from 31 patients, whereas one sample was 

excluded due to under-collection. For analysis, age-related reference for non-

pathophysiological urinary excretion as well as body surface area (BSA) information were 

considered (normal value of oxalate excretion in 24-hour urine sample: <0.50 

mmol/1.73m2/day for all ages; normal values of oxalate/creatinine molar ratio: <70-82 

mmol/mol for 5-14 years and <40 mmol/mol for >16 years) (Hoppe 2012). The BSA was 

calculated as BSA = SQR [Bw (kg) x Ht (cm)/3600]. 

2.2.21 Statistics 

All experiments were performed with three or more biological replicates if stated differently. 

In order to determine significant differences between groups an unpaired t test, two sided 

was used. P values of <0.05 were considered statistically significant. All data are shown as 

mean ± standard deviation (SD), except for plasma/urine where data are shown as mean ± 

standard error of the mean (SEM). The calculations were performed using GraphPad PRISM 7.
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3 Results 

In a previous study, the downregulation of AGXT in steatosis has been validated in primary 

human hepatocytes, in the liver and hepatocytes of ob/ob mice, in the liver of a western diet 

mouse model, as well as in in vitro steatosis of primary mouse hepatocytes and Huh7 cells 

(Chapter 1.81.; Gianmoena 2017). In order to obtain a better overview of the steatosis 

associated alterations within the glyoxylate metabolism, further enzymes of the metabolism 

were analysed. The peroxisomal enzyme Hao1 was shown to be downregulated on mRNA level 

in the liver of ob/ob mice. Since Hao1 catalyses the oxidation of glycolate to glyoxylate, this 

suggests a lower ability of ob/ob mice to generate peroxisomal glyoxylate (Gianmoena 2017). 

Moreover, in steatotic human hepatocytes the mRNA expression of GRHPR, which converts 

glyoxylate to glycolate within the mitochondria and in the cytosol, was significantly reduced 

compared to non-steatotic hepatocytes. The detoxification in steatotic human hepatocytes 

seemed to be impaired in the peroxisomes and additionally in the mitochondria. The 

consequences of these alterations remained unclear (Gianmoena 2017). Furthermore, DNA 

methylation analysis revealed a hypermethylation of the AGXT promoter in isolated 

hepatocytes of ob/ob mice, as well as in steatotic human hepatocytes. This was validated by 

amplicon sequencing with specific primers for the Agxt promoter. Since promoter 

hypermethylation is associated to a decreased gene expression, this illustrated a possible 

explanation for the downregulation of AGXT in steatotic conditions (Gianmoena 2017). 

3.1 Ldha mRNA expression is elevated in ob/ob mice 

In recent studies, Ldha has been reported as a possible target for reducing hepatic oxalate 

production and preventing calcium oxalate crystal depositions in mouse models of primary 

hyperoxaluria (Lai et al. 2018; Wood et al. 2019). Therefore, the expression of Ldha was 

analysed in ob/ob mice in order to explore whether Ldha might contribute to the steatosis 

associated increased hepatic oxalate production in these mice. Quantitative real-time PCR 

(qRT-PCR) revealed an upregulation of the Ldha mRNA expression by a fold change of 1.56 ± 

0.17 in the livers of ob/ob mice compared to ob/+ mice (n=5; Fig. 3.1 A). However, this could 

not be confirmed on protein level (Figure 3.1 B). Since the elevated Ldha mRNA expression is 

not reflected on protein level, the role of Ldha in steatosis associated hepatic oxalate 

production might be not relevant in ob/ob mice.  
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Figure 3.1: Upregulation of Ldha mRNA expression in ob/ob mouse liver. QRT-PCR showed elevated Ldha mRNA 
expression in the liver of ob/ob mice compared to ob/+ (n=5). Eif2a was used as endogenous control (A). This 
could not be confirmed on protein level via immunoblotting. The means ± SD are shown. *** p < 0.001. 
Student’s t test, unpaired, two sided. 

3.2 Increased oxalate excretion due to hydroxyproline treatment in 
hepatocytes of ob/ob mice can be attributed to Agxt downregulation 

In a previous work (Gianmoena 2017), primary hepatocytes from ob/ob and ob/+ mice were 

treated with the oxalate precursors glycolate, hydroxyproline and glyoxylate in order to 

analyse the influence of the gene expression changes observed in ob/ob mice (including the 

downregulation of Agxt) on their capacity to metabolise oxalate precursors and to detoxify 

glyoxylate. Primary ob/ob hepatocytes excreted increased amounts of oxalate when treated 

with hydroxyproline compared to ob/+ hepatocytes (Gianmoena 2017). 

3.2.1 Primary ob/ob hepatocytes from male and female mice excrete more oxalate upon 
hydroxyproline treatment  

The oxalate precursor challenges were repeated during this thesis in order to confirm the 

observed increased susceptibility of ob/ob hepatocytes towards hydroxyproline. 

Furthermore, it was investigated whether female ob/ob hepatocytes display the same results 

or react in a very different way. The precursor treatments were conducted as described in 

Chapter 2.2.10.2. Oxalate and glycolate levels in the supernatants were measured with LC/MS-

MS.  

Primary ob/ob hepatocytes from male mice excreted more oxalate than ob/+ hepatocytes 

upon treatment with 31.6 mM hydroxyproline (ob/ob with 31.6 mM: 17.30 ± 5.11 nmol/mg 

protein; ob/+ with 31.6 mM: 7.93 ± 1.80 nmol/mg protein) while the other precursors 

increased the oxalate excretion in both ob/+ and ob/ob hepatocytes to the same extent (Fig. 

3.2 A). This confirmed the results from the previous study (Gianmoena 2017). Additionally, the 

hepatocytes from male ob/ob mice produced more glycolate when treated with 10 mM (2.39 

± 1.55-fold change) and 31.6 mM hydroxyproline (2.73 ± 0.99-fold change) compared to ob/+ 
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hepatocytes whereas glyoxylate exposure increased the glycolate excretion to the same 

extent in both genotypes (Fig. 3.2 B). 

Figure 3.2: Oxalate precursor challenge of primary hepatocytes from male ob/+ and ob/ob mice. Primary 
hepatocytes of male ob/ob mice excreted higher amounts of oxalate when treated with 31.6 mM 
hydroxyproline compared to ob/+ hepatocytes. Glycolate and glyoxylate exposure enhanced the oxalate 
excretion in both genotypes to the same extent (A). Hydroxyproline treatment resulted in elevated glycolate 
excretion from ob/ob hepatocytes compared to ob/+ while glyoxylate increased the glycolate release in ob/+ 
and ob/ob hepatocytes without any differences between the two groups (B). The means ± SD are shown. * p 
< 0.05, ** p < 0.01. Student’s t test, unpaired, two sided. 

In female mice, treatment with 10 mM (11.77 ± 2.15 nmol/mg protein) and 31.6 mM 

hydroxyproline (13.93 ± 1.40 nmol/mg protein) resulted in an increase oxalate excretion of 

ob/ob hepatocytes compared to wildtype (wt) control hepatocytes (10 mM hydroxyproline: 

7.70 ± 0.78 nmol/mg protein; 31.6 mM hydroxyproline: 7.33 ± 1.20 nmol/mg protein; Fig. 3.3 

A). Glyoxylate and glycolate treatment elevated the oxalate excretion in both wt and ob/ob 
female hepatocytes without any differences between the genotypes (Fig. 3.3 A). Further, 

exposure to 31.6 mM hydroxyproline led to higher glycolate excretion from female ob/ob 

hepatocytes compared to wt controls. Glyoxylate challenge gradually increased the glycolate 

excretion to the same extent in both genotypes (Fig. 3.3 B). These results mirrored the ones 

obtained from male ob/ob and ob/+ hepatocytes. Moreover, there were no pronounced 

differences in oxalate and glycolate excretion due to the treatments of the different 

precursors when comparing male to female control hepatocytes, except for a slightly higher 

generation of oxalate from glycolate in males. This may be explained by a previously reported 

male-predominant expression of Hao1 (Breljak et al. 2015). 
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Figure 3.3: Treatment of primary hepatocytes from female wt and ob/ob mice with oxalate precursors. 
Exposure to glyoxylate and glycolate increased the oxalate excretion in ob/+ and ob/ob mice to the same extent 
whereas hydroxyproline treatment led to higher oxalate excretion from ob/ob hepatocytes compared to ob/+ 
(A). Glycolate excretion was higher in ob/ob hepatocytes when treated with 31.6 mM hydroxyproline 
compared to ob/+ hepatocytes. Glyoxylate treatment increased glycolate excretion to the same extent in both 
genotypes (B). * p < 0.05, ** p < 0.01. Student’s t test, unpaired, two sided. 

These results confirmed the increased susceptibility of ob/ob male hepatocytes towards 

hydroxyproline regarding oxalate and glycolate excretion which was further verified in female 

ob/ob hepatocytes. Since the expression of enzymes catabolising hydroxyproline to glyoxylate 

was not altered, the elevation in oxalate production of ob/ob hepatocytes due to 

hydroxyproline treatment can be interpreted as the consequence of the Agxt downregulation. 

Altogether, the hydroxyproline catabolism seems to be the critical pathway leading to 

enhanced oxalate and glycolate generation in the hepatocytes of male and female ob/ob mice.  

3.2.2 Treatment of primary ob/+ and ob/ob hepatocytes with hydroxyproline influences 
protein expression of Agxt and Hao1 

Whether the treatment of primary hepatocytes with oxalate precursors influences the 

expression of Agxt and Hao1 on protein level was investigated via immunoblotting. In control 

ob/+ hepatocytes, protein levels of Agxt were increased by the treatment with 31.6 mM 

hydroxyproline (0.91 ± 0.05 Agxt/b-actin-ratio) compared to the non-treated control cells 

(0.69 ± 0.09 Agxt/b-actin-ratio). However, Agxt expression in ob/ob hepatocytes was not 

altered by hydroxyproline (Fig. 3.4 B). The treatment with glycolate and glyoxylate did not 

influence Agxt protein expression neither in ob/+ nor in ob/ob hepatocytes (Fig. 3.4 A, C). On 

the other hand, the Hao1 protein expression in ob/+ cells was elevated by all hydroxyproline 

concentrations. However, exposure of ob/ob hepatocytes to hydroxyproline did not lead to 

an increase of Hao1 protein expression (Fig. 3.4 E). The glyoxylate and glycolate challenges 

increased the density of the Hao1 protein band on the immunoblots but densitometrical 

analysis revealed no statistical significance due to high standard deviations for both genotypes 

(Fig. 3.4 D, F). Furthermore, the downregulation of Agxt and Hao1 in ob/ob hepatocytes can 
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be seen (Fig. 3.4 B, C, and E). The combination of the lower Agxt protein levels and the missing 

increase upon hydroxyproline treatment in ob/ob hepatocytes might further contribute to the 

higher susceptibility of ob/ob hepatocytes towards hydroxyproline.  

 

Figure 3.4: Influence of oxalate precursor exposure on Agxt and Hao1 protein expression in primary ob/+ and 
ob/ob hepatocytes. Glycolate challenge (A) and glyoxylate treatment (C) did not influence Agxt protein 
expression while the highest hydroxyproline concentration slightly elevated Agxt protein levels in ob/+ 
hepatocytes (B). Hao1 protein expression was not significantly influenced by glycolate and glyoxylate 
treatment (D + F) but hydroxyproline increased Hao1 protein levels in ob/+ and ob/ob hepatocytes (E). The bar 
graphs above each immunoblot represents the densitometric quantification of the corresponding blot below. 
Glc = glycolate; Hyp = hydroxyproline; Glx = glyoxylate. The means ± SD of three independent experiments are 
shown. * p < 0.05, ** p < 0.01, *** p < 0.001 for comparison between treated and non-treated (FM) cells. # p < 
0.05, ## p < 0.01 for comparing ob/ob and ob/+. Student’s t test, unpaired, two sided.  

3.2.3 Inhibition of Prodh2 in hydroxyproline challenged primary hepatocytes leads to 
reduced oxalate production 

The importance of the hydroxyproline pathway in the glyoxylate metabolism in primary ob/+ 

and ob/ob mice was analysed further. Therefore, the proline dehydrogenase 2 (Prodh2), which 

catalyses the first step in hydroxyproline catabolism (Adams and Frank 1980), was inhibited in 

primary ob/+ and ob/ob by using tetrahydrofuroic acid (THFA), a known Prodh2 inhibitor 

(Zhang et al. 2004). THFA replaces the nitrogen atom in proline and hence prevents opening 

of the ring during the enzymatic reaction. The experiment was conducted as described in 

Chapter 2.2.10.3. Oxalate levels in the supernatants were measured by LC/MS-MS and 

adjusted by protein content of the same sample (Fig. 3.5).  



Results  57 

The treatment with hydroxyproline increased the oxalate excretion in ob/+ and ob/ob 

hepatocytes as reported before (Fig. 3.5, (Gianmoena 2017). The oxalate production of ob/ob 

(22.57 ± 2.33 nmol oxalate/mg protein) hepatocytes was significantly higher compared to ob/+ 

(14.96 ± 1.96 nmol oxalate/mg protein) when treated with 31.6 mM hydroxyproline, showing 

the already mentioned higher susceptibility of ob/ob hepatocytes towards hydroxyproline 

(Gianmoena 2017). Furthermore, the treatment with 10 mM THFA led to a significantly 

decreased oxalate excretion for all hydroxyproline concentrations in ob/+ hepatocytes 

compared to the corresponding samples without THFA (black bar, Fig. 3.5). This effect of THFA 

could be observed in ob/ob hepatocytes treated with 31.6 mM hydroxyproline (without THFA: 

22.57 ± 2.33 nmol oxalate/mg protein; with 10 mM THFA: 16.6 ± 2.87; nmol oxalate/mg 

protein; Fig. 3.5). Remarkably, the THFA treatment lowered the oxalate excretion to the level 

of ob/+ hepatocytes. These results underpin the crucial role of the hydroxyproline catabolism 

in ob/ob hepatocytes. The inhibition of hydroxyproline breakdown leads to a decreased 

production of mitochondrial glyoxylate which is detoxified by mitochondrial Agxt or Grhpr (Wu 

et al. 2011; Fargue et al. 2018). Without THFA treatment, the ob/ob hepatocytes were not 

able to detoxify glyoxylate efficiently due to the Agxt downregulation, and therefore produced 

more oxalate than ob/+ hepatocytes. Due to the THFA-mediated inhibition of mitochondrial 

glyoxylate production, ob/ob hepatocytes decreased their oxalate production to the same 

extent as ob/+ hepatocytes. Therefore, this result supports the hypothesis that the insufficient 

mitochondrial Agxt might be the reason for the increased oxalate production of ob/ob 

hepatocytes upon hydroxyproline exposure.  

 

Figure 3.5: THFA treatment lowers oxalate production from hydroxyproline catabolism in primary ob/+ and 
ob/ob hepatocytes. Hydroxyproline led to elevated oxalate excretion in ob/+ and ob/ob hepatocytes, while 
the oxalate production of ob/ob hepatocytes was higher compared to ob/+ when treated with 31.6 mM 
hydroxyproline. Oxalate excretion was decreased upon treatment with 10 mM THFA for all used 
hydroxyproline concentrations in ob/+ hepatocytes. This effect could also be observed for ob/ob hepatocytes 
upon treatment with the highest hydroxyproline concentration. THFA = tetrahydrofuroic acid. The means ± SD 
are shown. * p < 0.05, ** p < 0.01 for comparison of with and without THFA treatment. ## p < 0.01 for 
comparison between ob/+ and ob/ob. Student’s t test, unpaired, two sided. 
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3.2.4 Rescuing Agxt expression in ob/ob hepatocytes reduced hydroxyproline-derived 
oxalate excretion 

To further investigate the contribution of the Agxt downregulation to the increased 

hydroxyproline-derived oxalate excretion from ob/ob hepatocytes, primary hepatocytes from 

ob/+ and ob/ob mice were transduced with adeno-associated viral particles containing either 

a pAAV-CMV-EGFP control vector or a pAAV-CMV-mAgxt vector (n=5) which enables 

expression of mitochondrial Agxt. The transduction was performed as described in Chapter 

2.2.15. The Agxt expression was verified with qRT-PCR and immunoblotting.  

Agxt mRNA levels showed a trend to increase upon pAAV-CMV-mAgxt transduction in both 

ob/+ and ob/ob hepatocytes (Fig. 3.6 A). Immunoblots revealed an upregulation of Agxt 

protein expression in ob/ob but surprisingly not in ob/+ hepatocytes (Fig. 3.6 B). This was 

confirmed in immunoblots from all five independent experiments (data not shown). Hence, it 

seems like ob/+ hepatocytes may translate the Agxt mRNA less efficiently. This data does not 

differentiate whether this is a general or Agxt specific problem.  

 

Figure 3.6: Agxt expression in pAAV-CMV-mAgxt transduced primary hepatocytes from ob/+ and ob/ob mice. 
Agxt mRNA expression was elevated upon transduction with pAAV-CMV-Agxt in ob/+ and ob/ob hepatocytes 
(n=5; A). Representative immunoblot from the first experiment showing the upregulation of Agxt protein 
expression in ob/ob hepatocytes which were transduced with pAAV-CMV-mAgxt. Protein expression of Agxt 
was not altered by pAAV-CMV-mAgxt transduction in ob/+ hepatocytes. Transductions were carried out with 
105 and 5 x 105 genome copies (GC)/cell of viral particles (B).  

Oxalate measurements in the supernatants showed that ob/ob hepatocytes, which were 

transduced with the pAAV-CMV-mAgxt containing viral particles, displayed a significantly 

reduced oxalate excretion when exposed to 31.6 mM hydroxyproline compared to pAAV-

CMV-EGFP transduced hepatocytes (Fig. 3.7). Thus, overexpressing Agxt in ob/ob hepatocytes 

reduced the production of oxalate after hydroxyproline catabolism. This effect was not 
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observed in ob/+ hepatocytes (Fig. 3.7). This suggests, that the mitochondrial Agxt expression 

is pivotal for preventing hydroxyproline-derived oxalate production within primary 

hepatocytes of ob/ob mice.  

 

Figure 3.7: Oxalate levels in the supernatants of primary hepatocytes from ob/+ and ob/ob which were 
transduced with pAAV-CMV-mAgxt and pAAV-CMV-EGFP after metabolising of hydroxyproline (n=5). Primary 
hepatocytes from ob/ob mice (B) exhibited a reduced oxalate excretion after 31.6 mM hydroxyproline exposure 
when transduced with pAAV-CMV-mAgxt compared to pAAV-CMV-EGFP. This was not observed in primary 
hepatocytes from ob/+ mice. The means ± SD are shown. ** p < 0.01. Student’s t test, unpaired, two sided.  

3.3 Impact of dietary hydroxyproline in ob/+ and ob/ob mice in vivo 

The consequences of a deregulated glyoxylate metabolism upon hydroxyproline treatment in 

hepatocytes of ob/ob mice have been studied in vitro. Whether these results can be confirmed 

in vivo was studied next. Also, the question whether hydroxyproline leads to increased oxalate 

production by the liver and increased oxalate levels in the urine of ob/ob mice needed to be 

clarified. Finally, also a potential damage and calcium oxalate stone formation in kidney tissue 

was analysed as well.  

For this purpose, ob/ob and ob/+ mice were either fed a normal chow diet (NCD) or a 

hydroxyproline enriched diet (1% Hyp) for 10 days (n=5). Parameters like water intake, food 

intake and body weight were recorded daily. After seven days, 24 h urine sample were 

collected as outlined in Chapter 2.2.4 for three consecutive days. Again, food and water intake, 

as well as the urine volume were recorded daily. Afterwards, the mice were put back into 

normal cages and were sacrifice the next day. Tissue from the liver and kidney was collected 

for histological staining, mRNA and protein expression analyses, as well as triglyceride content 

measurements. Plasma was collected from the portal vein, hepatic vein and the right heart 

chamber for oxalate measurements in order to understand the hepatic inflow and outflow of 

oxalate as well as the systemic plasma oxalate concentration (Fig. 3.8). Urinary and plasma 

oxalate levels were analysed by LC/MS-MS. 
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Figure 3.8: Schematic illustration of experimental design for hydroxyproline enriched diet in ob/+ and ob/ob 
mice. Experimental design and time course for hydroxyproline challenge in vivo in ob/+ and ob/ob mice (n=5; 
A). Scheme showing different approaches for analysing possible consequences of hydroxyproline enriched diet 
(B). 

3.3.1 Basic parameters of NCD-fed and 1%Hyp-fed ob/ob and ob/+ mice  

All ob/ob mice displayed elevated body weight, liver weight and an increased liver to body 

weight ratio compared to their lean counterparts (Fig. 3.9 A). The hepatic triglyceride levels 

were significantly elevated in the ob/ob mice compared to ob/+ (Fig. 3.9 B). None of these 

parameters were influenced by the 1% Hyp diet neither in ob/+ nor in the ob/ob mice. The 

ob/ob mice showed an elevated food consumption (6.07 ± 1.55 g/day for ob/ob NCD) 

compared to ob/+ mice (4.38 ± 0.49 g/day for ob/+ NCD), in agreement with their reporter 

hyperphagia (Mayer et al. 1953; Garthwaite et al. 1980). The amount of consumed food was 

not influenced by the 1% Hyp diet, neither in ob/+ (4.07 ± 0.52 g/day) nor in ob/ob mice (5.79 

± 1.05 g/day; Fig. 3.9 C). The water intake did not differ between the genotypes. In the case of 

ob/ob mice the 1% Hyp diet (5.17 ± 0.8 mL/day) led to a decreased water consumption 

compared to ob/ob on NCD (6.12 ± 0.6 mL/day; Fig. 3.9 C). Further, the urine volume of ob/ob 

mice were increased by 3- (ob/ob NCD vs. ob/+ NCD) and 2- fold (ob/ob 1% Hyp vs. ob/+ 1% 

Hyp) compared to their lead counterparts on the same diet. The higher urine volume in the 

ob/ob mouse groups was reflected by the decreased urinary creatinine concentration 
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Creatinine contents in ob/+ and ob/ob were not impacted by dietary hydroxyproline (Fig. 3.9 

C). Since the amount of creatinine excretion per day (mg/24 h) was not different between the 

groups (data not shown), the elevated urine volume and decreased creatinine concentrations 

in ob/ob mice suggest an increased water excretion.  

 

Figure 3.9: Basic parameters of ob/+ and ob/ob mice fed with normal chow diet and 1% Hyp diet. Body weight, 
liver weight and liver to body weight ratio were increased in ob/ob mice fed with NCD and 1% Hyp (A). Elevated 
triglyceride levels in ob/ob livers compared to ob/+ (B). 1% Hyp diet did not impact parameters depicted in A - 
C) The food intake and urine volume were higher in ob/ob mice independently of their diet. Creatinine 
concentrations were decreased in ob/ob mice compared to ob/+ and not influenced by the diet in both 
genotypes. There was no difference in water intake when comparing ob/ob to ob/+. Ob/ob mice on 1% Hyp 
diet exhibit a lower water intake compared to NCD. The means ± SD are shown. * p < 0.05, ** p < 0.01, *** p < 
0.001. Student’s t test, unpaired, two sided. 

3.3.2 Hydroxyproline leads to a higher urinary oxalate excretion in ob/+ and ob/ob mice 

The urinary oxalate excretion was analysed by LC/MS-MS measurements in 24 h-urine 

collected on three consecutive days from ob/+ and ob/ob mice which were fed either a NCD 

or 1% Hyp diet (n=5; Fig. 3.10). The oxalate concentration was normalised for the daily urinary 

creatinine excretion or the 24 h-urine volume in order to determine the oxalate/creatinine 

ratio as well as the 24 h oxalate excretion, respectively. The hydroxyproline enriched diet 

caused increased urinary oxalate excretion in ob/+ (542.6 ± 18.40 mg oxalate/g creatinine) 

and ob/ob mice (942.4 ± 55.64 mg oxalate/g creatinine) compared to ob/+ NCD (126.6 ± 3.99 

mg oxalate/g creatinine) and ob/ob NCD (230.1 ± 10.47 mg oxalate/g creatinine). 

Furthermore, the ob/ob plus 1% Hyp group exhibited significantly elevated urinary oxalate 

amounts compared to 1% Hyp-fed ob/+ mic (Fig. 3.10) even after adjustment for the higher 

food and hydroxyproline intake of ob/ob mice (data not shown). These results were also 
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observed when normalising the oxalate levels for the 24 h-urine volume (Fig. 3.10). 

Additionally, the hyperoxaluria of ob/ob mice which was observed in a previous study could 

also be confirmed for these animals (Fig. 3.10). Taken together, this data shows the ability of 

hydroxyproline metabolism to impact urinary oxalate excretion in both genotypes, but this 

effect is stronger in ob/ob mice due to the deregulated hepatic glyoxylate metabolism.  

 

Figure 3.10: Urinary oxalate levels in the 24 h-urine of ob/+ and ob/ob fed either a normal chow or 1% Hyp 
diet. The urinary oxalate concentrations were measured by LC/MS-MS and normalised for the daily creatinine 
excretion or 24 h-urine volume. For both normalisations, the 1% Hyp diet resulted in significantly elevated 
urinary oxalate excretion in ob/+ and ob/ob mice compared to the corresponding NCD groups. Also, the ob/ob 
plus 1% Hyp group displayed higher urinary oxalate levels compared to the ob/+ plus 1% Hyp group for both 
normalisations. The means ± SEM are shown. ** p < 0.01, *** p < 0.001. Student’s t test, unpaired, two sided. 

3.3.3 Plasma concentration of oxalate is elevated in 1%-Hyp-fed ob/ob mice 

As already introduced, plasma from the portal vein and hepatic vein was collected from each 

mouse to analyse the rate of oxalate flowing into and out of the liver, respectively. Also, the 

oxalate concentration in the plasma obtained from the right heart chamber was collected to 

analyse the systemic oxalate levels in the different groups of mice. Measurements with 

LC/MS-MS revealed a significantly increased oxalate concentration in the plasma obtained 

from the hepatic vein of 1% Hyp-fed ob/ob mice (41.53 ± 4.04 µM) compared to the other 

groups (ob/+ NCD: 18.05 ± 3.82 µM; ob/+ 1% Hyp: 18.55 ± 1.83 µM; ob/ob NCD: 22.53 ± 3.9 

µM; Fig. 3.11). Adjustment of these values to the higher Hyp intake of ob/ob mice did not alter 

the results (data not shown). Further, the ratio of the hepatic oxalate outflow (hepatic vein) 

to the inflow into the liver (portal vein) was also elevated in the ob/ob plus 1% Hyp group (Fig. 

3.11). These results suggest that, the steatotic liver of ob/ob mice produce more oxalate in 
vivo only when challenged with dietary hydroxyproline. This is consistent with the in vitro 

results from previous studies (Gianmoena 2017). A systemic increase of oxalate was not 

observed (Fig. 3.11). This might be due to a dilution of the blood from hepatic vein by venous 

blood from the general circulation. Additionally, the renal excretion of oxalate might also play 

a role.  
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Figure 3.11: Oxalate concentrations in the plasma obtained from portal vein, hepatic vein and right heart 
chamber of ob/+ and ob/ob mice fed with NCD or 1%Hyp. Increased oxalate concentration could be observed 
in the plasma from hepatic vein of ob/ob mice fed a 1% Hyp diet compared to the other groups. Also, the 
oxalate ratio of hepatic to portal vein was significantly enhanced in the same group. The means ± SEM are 
shown. * p < 0.05, ** p < 0.01. Student’s t test, unpaired, two sided. 

3.3.4 Expression of glyoxylate metabolism enzymes in 1% Hyp-fed mice 

Whether the hydroxyproline enriched diet influences the hepatic and renal gene expression 

of glyoxylate metabolism enzymes was analysed via qRT-PCR and/or immunoblotting in the 

liver and kidney tissue of ob/+ and ob/ob mice.  

3.3.4.1 Expression of hepatic glyoxylate metabolism enzymes is influence by dietary 
hydroxyproline 

The already mentioned deregulations in Agxt, Hao1 and Ldha in the livers of ob/ob mice 

compared to ob/+ were further confirmed in these animals (Fig. 3.12 A). There were no 

changes detected in the mRNA levels of Grhpr, Prodh2 and Hoga1 between the genotype (Fig. 

3.12 B). Furthermore, the 1% Hyp diet did not influence the gene expression of Hao1, Ldha, 

Grhpr, Prodh2 and Hoga1 in both genotypes. However, the dietary Hyp slightly decreased the 

Agxt mRNA in the livers ob/ob fed 1% Hyp compared to ob/ob mice on NCD (fold change of -

1.3 ± 0.19; Fig. 3.12 A). 
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Figure 3.12: Gene expression of glyoxylate metabolism enzymes in livers of ob/+ and ob/ob fed a NCD and 1% 
Hyp diet. The mRNA expression of Agxt and Hao1 was decreased and Ldha mRNA levels were increased in both 
ob/ob groups. The 1% Hyp diet decreased Agxt mRNA levels in the livers of ob/ob but did not impact the 
expression of Hao1 or Ldha (A). There were no changes detected in the mRNA levels of Grhpr, Prodh2 and 
Hoga1 between the genotypes and the hydroxyproline enriched diet did not influence the mRNA expression 
of these genes (B). Eif2a was used as endogenous control. n=5 for all groups. The means ± SD are shown. * p < 
0.05, ** p < 0.01, *** p < 0.001. Student’s t test, unpaired, two sided. 

The protein levels of Agxt were decreased in the livers of both dietary ob/ob groups. The 1% 

Hyp diet not affect Agxt protein expression neither in ob/+ nor in ob/ob mice (Fig. 3.13 A). The 

hepatic downregulation of Hao1 protein expression in ob/ob mice was also confirmed for 

these animals. As already seen in vitro in primary ob/+ hepatocytes (Fig. 3.4), the protein levels 

of Hao1 increased in the livers of ob/+ mice upon hydroxyproline (0.34 ± 0.03 Hao1/Gapdh 

ratio for NCD vs. 0.55 ± 0.03 Hao1/Gapdh-ratio for 1% Hyp). Additionally, dietary 

hydroxyproline enhanced the Hao1 protein levels also in vivo in the liver of ob/ob mice with 

1% Hyp (0.49 ± 0.06 Hao1/Gapdh-ratio) compared to ob/ob mice on NCD (0.16 ± 0.02 

Hao1/Gapdh-ratio; Fig. 3.13 B). Furthermore, densitometric analysis of Ldha protein levels 

revealed no differences when comparing the phenotypes but a slight downregulation by 1% 

Hyp diet in the livers of ob/+ mice (0.37 ± 0.04 Ldha/Gapdh ratio for NCD vs. 0.3 ± 0.02 

Ldha/Gapdh-ratio for 1% Hyp; Fig. 3.13 C).  

The hydroxyproline induced upregulation of Hao1 accompanied by the missing effect on Agxt 

expression leads to an enhanced Hao1 to Agxt ratio in the livers of ob/ob fed the 1% Hyp diet. 

This might result in a higher glyoxylate production and a decreased detoxification, 

subsequently leading to elevated hepatic oxalate levels. The decreased protein expression for 

Ldha in ob/+ mice plus 1% Hyp group might be due to an increased glyoxylate detoxification 

to glycolate via Grhpr in the mitochondria. The slight 1% Hyp-triggered downregulation of 
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Agxt mRNA in the livers of ob/ob mice could not be confirmed on protein levels, and hence 

might not be physiologically relevant.  

 

Figure 3.13: Protein expression of glyoxylate metabolism enzymes in the livers of ob/+ and ob/ob mice fed 
either a NCD or 1% Hyp diet. The Agxt protein levels were significantly decreased in the livers of both ob/ob 
diet groups. b-Actin was used as loading control (A). Dietary hydroxyproline elevated hepatic protein levels of 
Hao1 in ob/+ and ob/ob mice. Gapdh was used as loading control (B). Densitometric analysis showed no 
difference between ob/ob and ob/+ in the protein expression of Ldha, a slight decrease was observed in the 
livers of 1% Hyp fed ob/+ mice. Gapdh was used as loading control (C). The means ± SD are shown. * p < 0.05, 
** p < 0.01, *** p < 0.001. Student’s t test, unpaired, two sided. 

3.3.4.2 Renal expression of hydroxyproline catabolism enzymes in ob/ob mice 

The influence of obesity and a 1% Hyp diet on the mRNA expression of glyoxylate metabolism 

enzymes in the kidneys of ob/+ and ob/ob mice was analysed via qRT-PCR. The mRNA 

expression of Grhpr, Hao1 and Agxt did not differ in the kidneys of ob/ob mice compared to 

ob/+. Contrary, alterations in mRNA expression were detected for Prodh2 and Hoga1. The 

expression of Prodh2 was upregulated in the kidney tissue of ob/ob mice (2.01 ± 0.36-fold 

change) compared to ob/+, while 1% Hyp diet did not influence the Prodh2 mRNA level neither 

in ob/+ nor in ob/ob mice (Fig. 3.13). Hoga1 mRNA expression was not altered in the kidney of 
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ob/ob mice compared to ob/+ when fed a normal diet but it was upregulated by 1% Hyp diet 

in ob/ob mice (approx. 1.3-fold) compared to ob/ob mice on a normal chow diet (Fig. 3.14).  

Hoga1 and Prodh2 catalyse the first and the last step of mitochondrial hydroxyproline 

breakdown, respectively (Wu et al. 2011). Hence, upregulation of Hoga1 due to 

hydroxyproline ingestion in the kidneys of ob/ob but not ob/+ mice suggests that the dietary 

hydroxyproline may not be completely catabolised in the livers of ob/ob mice. Furthermore, 

the upregulation of Prodh2 in the kidneys ob/ob mice indicate an enhanced production of 

mitochondrial glyoxylate out of hydroxyproline catabolism in the kidneys of ob/ob.  

 

Figure 3.14: Expression Prodh2 and Hoga1 in the kidney of NCD-fed and 1% Hyp-fed ob/+ and ob/ob mice. The 
mRNA expression of Prodh2 was elevated in the kidney of ob/ob mice but not influenced by 1% Hyp diet in 
none of the genotypes. Hoga1 mRNA expression was upregulated by 1% Hyp diet in the kidney of ob/ob mice 
but not in ob/+ mice. The means ± SD are shown. * p < 0.05, *** p < 0.001. Student’s t test, unpaired, two 
sided. 

3.3.5 The hydroxyproline-enriched diet does not lead to histopathological alterations of 
the liver and kidney tissue  

In order to study possible effects of dietary hydroxyproline in connection with the steatosis-

related alterations of glyoxylate metabolism in the liver and kidneys of ob/ob mice, paraffin 

embedded tissue slides were stained with haematoxylin and eosin (H&E). The hydroxyproline-

enriched diet did not impact the tissue structure of neither liver nor kidney (n=5; Fig. 3.15). 

Furthermore, cooperation partners from Munich (Prof. Hans-Joachim Anders) performed 

Pizzalato staining to investigate whether enhanced urinary oxalate levels after consumption 

of dietary hydroxyproline lead to the formation of calcium oxalate stones in the kidneys. 

However, no calcium oxalate deposits found in any of examined mice have been detected 

(data not shown).  
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Figure 3.15: Representative images of the H&E staining of liver and kidney tissue of ob/+ and ob/ob mice fed 
either NCD or 1% Hyp. The hydroxyproline enriched diet did not influence the structure of neither liver nor 
kidney tissue in ob/+ and ob/ob mice. Hepatic steatosis was confirmed in both ob/ob dietary groups. Scale bars 
represent 50 µm. 

3.4 Feeding a Western-type diet leads to expression and epigenetic 
alterations in the hepatic glyoxylate metabolism 

Since the pathophysiology of NAFLD and NASH is strongly complex and comprised of a lot of 

different features, there are different mouse models to investigate NAFLD that recapitulate 

different histopathological and physiological characteristics of human NAFLD progression 

from steatosis to HCC (Lau et al. 2017). The ob/ob mouse model applied so far is a genetic 

model useful for studying simple steatosis but does not capture the development of NAFLD to 

NASH by an unhealthy lifestyle and diet (Ingalls et al. 1950; Zhang et al. 1994; Friedman et al. 

1995). In order to understand whether a diet-induced steatosis also impacts the glyoxylate 

metabolism, the livers of mice, which were fed a western diet (WD) for 6, 12, 18, 24 and 30 

weeks, were analysed in a previous study (Gianmoena 2017). It was shown that WD-induced 

steatosis lead to a decrease in Agxt, Hao1 and Hoga1 mRNA levels for 6-, 18- and 30-weeks 

Western diet while the expression of Grhpr was not influenced by the diet-induced steatosis 

(Gianmoena et al., not published). Moreover, urinary oxalate excretion was not elevated in 30 

weeks WD-fed mice (Gianmoena 2017). 

In this thesis, mice were fed a WD for 6 weeks and compared to aged matched controls which 

were fed a NCD (n=5). It could be shown that the mRNA (fold change: 1.43 ± 0.16) and protein 

expression of Ldha was significantly elevated in WD mice compared to NCD controls (Fig. 3.16 

A, B). Further, immunoblotting confirmed a downregulation of Agxt protein expression in 6 

weeks WD mice (Fig. 3.16 B). This data suggests an increased hepatic oxalate production in 

the livers of WD mice.  
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Figure 3.16: Protein and mRNA expression of Ldha and Agxt in 6 weeks WD mice. The expression of Ldha was 
elevated in 6 weeks WD mice on mRNA (A) and protein level (B). The downregulation of Agxt could be shown 
on immunoblotting for 6 weeks WD mice (B). The means ± SD are shown. ** p < 0.01, *** p < 0.001. Student’s 
t test, unpaired, two sided. 

In a former project, the IfADo participated in the German Epigenetic Programme (DEEP) in 

order to identify epigenetic alterations in NAFLD. DNA methylation was analysed by reduced 

representation bisulphite sequencing (RRBS) and revealed an Agxt promoter 

hypermethylation in the primary hepatocytes of ob/ob mice compared to ob/+. This 

observation was validated by targeted deep sequencing using specific primers for the Agxt 
promoter (Gianmoena et al., not published; Gianmoena 2017). For this work, isolated 

hepatocytes from 6 weeks WD mice and the aged matched NCD controls were analysed for 

DNA hypermethylation. Targeted deep sequencing showed that the promoter region Agxt(2) 

displayed a slightly higher methylation degree in the hepatocytes of WD mice (Fig. 3.17). 

Moreover, the position of one cytosine within the Agxt(2) amplicon co-localised with a half-

site cAMP response element (CRE; Fig. 3.17).  

All in all, these results show that the diet-induced steatosis in 6 weeks WD-fed mice leads to 

similar alterations in the glyoxylate metabolism as in ob/ob mice. Furthermore, the steatosis 

associated hypermethylation of the Agxt promoter can be observed in both mouse models. 
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Figure 3.17: Hypermethylated Agxt promoter in steatotic hepatocytes of 6 weeks WD mice. Representative 
pattern maps of methylated CpG sites (red) in the promoter region of murine Agxt in hepatocytes of NCD and 
WD mice and the corresponding average % methylation values (n=3). Integrative Genomics Viewer showing 
the localisation of Agxt in the genome and the position of the two amplicons with the corresponding CpGs. A 
CRE sequence overlaps with the CpG at the third position in the Agxt(2) amplicon. The means ± SD are shown. 
* p < 0.05. Student’s t test, unpaired, two sided. 

3.5 Increased hepatic oxalate production results in systemic oxalaemia and 
not in hyperoxaluria 

Since the alterations within the glyoxylate metabolism of 6 weeks WD-fed mice were similar 

to ob/ob mice and hinted towards an increased hepatic oxalate production, possible 

physiological consequences in 6 weeks WD-fed mice were studied in the next steps. 

3.5.1 Feeding a western diet for six weeks does not lead to hyperoxaluria 

In order to examine urinary oxalate excretion, 6 weeks WD-fed and NCD-fed mice (n=5) were 

put into metabolic cages for three consecutive days and 24 h urine was collected every 

morning. Body weight, food intake, water intake and urine volume were recorded. 

Additionally, urinary creatinine levels were quantified (Fig. 3.18). As expected, the body 

weight of WD-fed mice was significantly increased compared to the NCD control mice (Fig. 

3.18 A). Surprisingly, there were no differences in the food intake between the groups. On the 

other hand, WD-fed mice displayed a decreased water consumption compared to the control 

group (NCD; Fig. 3.18 A). The 24 h urine volume and daily creatinine excretion were not altered 

in the WD-fed mice despite the reduced water intake (Fig. 3.18 B).  
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Figure 3.18: Basic parameters of 6 weeks WD-fed and NCD-fed mice during urine collection (n=5). An increased 
body weight of the WD-fed mice was observed while the daily food intake did not differ compared to NCD-fed 
control mice. Water consumption was significantly impaired in the WD group with respect to the NCD mice (A). 
The daily urinary volume (24 h urine) and creatinine excretion displayed no differences between the two 
dietary groups (B). The means ± SD are shown. *** p < 0.001. Student’s t test, unpaired, two sided 

The 24 h urine samples were diluted accordingly, measured by LC/MS-MS and normalised for 

the urinary creatinine content and for the 24 h urine volume. In both analyses, the 6 weeks 

WD-fed mice did not exhibit an increased urinary oxalate excretion compared to their lean 

counterparts (NCD; Fig. 3.19). This data show that altered glyoxylate metabolism in WD mice 

does not result in higher urinary oxalate excretion. This is contrary to ob/ob mice and not fully 

understood.  

 

Figure 3.19: Urinary oxalate excretion in 6 weeks WD-fed and NCD-fed mice normalised for creatinine levels 
and 24 h urine volume (n=5). No changes were observed in the daily urinary oxalate excretion between WD-
fed and NCD-fed mice. The means ± SEM are shown. Student’s t test, unpaired, two sided. 

3.5.2 Oxalate plasma concentration is elevated in the right heart chamber and hepatic vein 
of western diet mice 
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In the next step, it was studied whether the alterations within the glyoxylate metabolism of 6 

weeks WD-fed mice result in changed hepatic oxalate excretion into the blood. Therefore, five 

mice on WD for 6 weeks and five aged-matched NCD controls were sacrificed and plasma 

samples were collected from the portal vein, hepatic vein and right heart chamber to monitor 

the plasma oxalate concentrations for hepatic inflow, outflow and the systemic oxalate levels, 

respectively.  

LC/MS-MS measurements showed no difference between WD-fed and NCD-fed regarding the 

oxalate levels in samples collected from the portal vein (Fig. 3.20). On the contrary, the WD-

fed mice displayed significantly elevated oxalate concentrations in the hepatic vein (29.74 ± 

2.59 µM oxalate) and the right heart chamber (33.98 ± 4.64 µM oxalate) compared to the 

NCD-fed controls (hepatic vein NCD: 19.36 ± 1.01 µM oxalate; right heart chamber NCD: 23.06 

± 0.78 µM oxalate; Fig. 3.20). Additionally, the ratio of hepatic outflow to inflow of oxalate 

(hepatic vein/portal vein) was increased in 6 weeks WD-fed mice compared to the NCD group 

(Fig. 3.20). These results indicate that the altered glyoxylate metabolism in 6 weeks WD-fed 

mice results in an elevated hepatic oxalate production and excretion into the hepatic vein, 

leading to a systemic oxalaemia.  

 

Figure 3.20: Plasma oxalate concentrations in 6 weeks WD-fed and NCD-fed mice. Oxalate levels are 
significantly elevated in plasma samples from the hepatic vein and right heart chamber of 6 weeks WD-fed 
mice. No changes were found in samples from the portal vein of the WD group compared to NCD. The ratio of 
the oxalate levels in the hepatic vein to those in the portal vein was significantly elevated in the WD-fed mice. 
Each group consisted of five mice (n=5). The means ± SEM are shown. * p < 0.05, ** p < 0.01. Student’s t test, 
unpaired, two sided. 

3.6 Primary hepatocytes from 6 weeks WD-fed mice display increased 
susceptibility towards hydroxyproline 
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The 6 weeks WD-fed mice displayed similar expression changes in the hepatic glyoxylate 

metabolism like ob/ob mice (Chapter 3.4). Whether these changes affect the hepatic 

glyoxylate detoxification function of WD-fed mice was investigated by treating isolated 

hepatocytes from 6 weeks WD-fed and NCD-fed mice with different concentrations of the 

oxalate precursors hydroxyproline, glycolate and glyoxylate for 48 h (Chapter 2.2.10.4). 

Oxalate and glycolate levels in the supernatants were measured via LC/MS-MS and normalised 

for protein content of the corresponding sample. 

3.6.1 Hydroxyproline leads to increased oxalate production in primary hepatocytes from 
6 weeks WD-fed mice 

The treatment with glycolate and glyoxylate resulted in a concentration-dependent increase 

of oxalate excretion from WD and NCD hepatocytes without differences between the two 

groups (Fig. 3.21 A). Oxalate levels in the supernatants were also elevated upon 

hydroxyproline exposure in both groups whereas the WD hepatocytes produced a significantly 

higher amount of oxalate when treated with 10 mM hydroxyproline (NCD with 10 mM 

hydroxyproline: 5.14 ± 1.22 nmol/mg protein; WD with 10 mM hydroxyproline: 11.93 ± 2.37 

nmol/mg protein; Fig. 3.21 A). Glycolate levels in the supernatant were also quantified. The 

highest glyoxylate concentration led to a strong increase of glycolate excretion of WD and NCD 

hepatocytes without difference between the groups (Fig. 3.21 B). On the other hand, already 

the lowest hydroxyproline concentration resulted in an elevated glycolate excretion in both 

groups while increasing hydroxyproline concentrations did not lead to further increase of 

glycolate. However, the hydroxyproline-derived excretion of glycolate was significantly higher 

in WD hepatocytes for all used hydroxyproline concentrations compared to NCD (Fig. 3.21 B). 

Therefore, similar to ob/ob hepatocytes, the WD hepatocytes are more susceptible to 

hydroxyproline compared to the NCD control hepatocytes. Since, the expression of enzymes 

which are active in the hydroxyproline catabolism are not altered in the livers of 6 weeks WD-

fed mice, the enhanced oxalate and glycolate excretion from WD hepatocytes upon 

hydroxyproline treatment are attributed to impaired glyoxylate detoxification resulting from 

Agxt downregulation. Exogenously added glyoxylate and glycolate is probably converted by to 

glycolate and/or oxalate by Grhpr and Ldha already in the cytosol, which is not affected by the 

Agxt downregulation.  
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Figure 3.21: Oxalate precursor challenges on primary hepatocytes of 6 weeks WD-fed and NCD-fed mice. All 
three precursors resulted in an elevated oxalate excretion in both groups, while hydroxyproline led to higher 
oxalate excretion in WD hepatocytes compared to NCD (A). Glyoxylate treatment increased glycolate excretion 
in both groups. Hydroxyproline challenge enhanced the glycolate excretion of WD hepatocytes significantly 
stronger than in NCD hepatocytes (B). The means ± SD are shown. * p < 0.05 ** p < 0.01, *** p < 0.001 for 
comparison between WD and NCD. Student’s t test, unpaired, two sided. 

3.6.2 Influence of precursor challenges on protein expression of primary hepatocytes from 
WD-fed mice 

The effects of oxalate precursors on the oxalate and glycolate excretion in cultivated primary 

hepatocytes from 6 weeks WD-fed and NCD-fed prompted the question whether the exposure 

to these substances might have an impact on the protein expression of Agxt and Hao1. 

Therefore, the protein extracts from primary hepatocytes which were exposed to oxalate 

precursors (Chapter 3.6.1) were analysed via immunoblotting. The signals were quantified by 

densitometrical analysis (Fig. 3.22).  

The exposure to glycolate and hydroxyproline did not alter the Agxt protein expression neither 

in WD nor in NCD hepatocytes (Fig. 3.22 A + B). Only the highest glyoxylate concentration 

slightly increased the protein levels of Agxt in NCD hepatocytes compared to the untreated 

control (Fig. 3.22 C). Remarkably, the immunoblotting revealed a decreased Hao1 protein 

expression in the untreated hepatocytes of 6 weeks WD mice (0.34 ± 0.09 Hao1/b-Actin ratio) 

compared to the NCD controls (0.38 ± 0.02 Hao1/b-Actin ratio; Fig. 3.22 E). This was not 

expected, since a previous analysis had revealed no differences in Hao1 mRNA levels in the 

liver tissue of 6 weeks WD compared to NCD mice. This suggest that, immunoblotting with 

isolated hepatocytes serve more specific results regarding the expression of glyoxylate 

metabolism enzymes within hepatocytes since other cell types in the liver tissue might 

influence the protein signal. Furthermore, the treatment with all used concentrations of 

glycolate and hydroxyproline elevated the Hao1 protein levels in both WD and NCD 
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hepatocytes (Fig. 3.22 D + E). The incubation with 1 mM and 3.16 mM glyoxylate significantly 

increased the Hao1 protein expression in the hepatocytes of NCD mice. This effect was only 

significant for 1 mM glyoxylate in the case of WD hepatocytes (Fig. 3.22 F). Like in the steatotic 

ob/ob hepatocytes, the protein expression of Agxt could not be altered by hydroxyproline 

treatment, whereas Hao1 protein levels were significantly elevated in WD and NCD 

hepatocytes. This shifted Hao1 to Agxt ratio and the downregulation of Hao1 in WD 

hepatocytes might explain the elevated glycolate excretion in the supernatant of WD 

hepatocytes compared to NCD controls (Fig. 3.22 B).  

 

Figure 3.22: Agxt and Hao1 protein expression in primary hepatocytes of 6 weeks WD-fed and NCD-fed mice 
treated with oxalate precursors. The bar graphs above each western blot represents the densitometric 
quantification of the corresponding blot below. Agxt protein levels were elevated by 3.16 mM glyoxylate in 
NCD hepatocytes (C) whereas Hao1 protein expression was increased by all precursors in both WD and NCD 
hepatocytes (D-F). Glc = glycolate; Hyp = hydroxyproline; Glx = glyoxylate. The means ± SD are shown. * p < 
0.05, ** p < 0.01, *** p < 0.001 for comparison between treated and non-treated (0 mM) cells. # p < 0.05, ## p 
< 0.01 for comparing WD and NCD. Student’s t test, unpaired, two sided. 

3.7 Agxt deficiency is sufficient for increased hepatic and urinary oxalate 
excretion 

Whether the increased hepatic oxalate production and excretion can be attributed to the 

missing glyoxylate detoxification by Agxt was investigated in primary hepatocytes of Agxt 

knockout mice (Agxt-/-). Agxt-/- mice were obtained from Prof. Dr. Eduardo Salido who kindly 

allowed our group to use these mice for our research purposes. Generation of the Agxt-/- mice 

as described in detail and already published (Salido et al. 2006a). 

3.7.1 Agxt-/- hepatocytes excrete more oxalate when exposed to oxalate precursors 
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Primary hepatocytes were isolated from Agxt-/- mice and from aged-matched wild type (wt) 

controls and plated in a collagen sandwich on top system as described before (Chapter 

2.2.2.2). The oxalate precursor treatments are specified in Chapter 2.2.10.5. Oxalate and 

glycolate levels in the supernatants were measured by LC/MS-MS and normalised for the 

corresponding protein content. Immunoblotting showed the Agxt deficiency on protein level 

(Fig. 3.23).  

 

Figure 3.23: Immunoblotting of primary hepatocytes from wt and Agxt-/- mice. Agxt protein expression is not 
detectable via immunoblotting in primary hepatocytes from Agxt-/- mice. Agxt KO = Agxt knockout, wt = wild 
type 

The lowest (3.16 mM) and highest (31.6 mM) concentrations of glycolate provoked a 

significantly higher oxalate excretion from Agxt-/- hepatocytes compared to the wt controls 

(Fig. 3.24 A). All hydroxyproline concentrations increased oxalate concentrations in the 

supernatants of Agxt-/- hepatocytes compared to wt (Fig. 3.24 A). Moreover, glyoxylate 

challenge elevated oxalate production in both genotypes while 0.316 nM glyoxylate resulted 

in a higher oxalate excretion from Agxt-/- hepatocytes compared to wt (Fig. 3.24 A). 

Additionally, glycolate excretion upon hydroxyproline challenge was elevated in both 

genotypes but significantly higher in the supernatants of Agxt-/- hepatocytes for all 

hydroxyproline concentrations compared to wt controls (Fig. 3.24 B). Glyoxylate treatment 

increased glycolate excretion to the same extent from hepatocytes of both genotypes (Fig. 

3.24 B).  

These results show Agxt that deficiency is responsible for the elevated oxalate and glycolate 

excretion in response to hydroxyproline treatment as well as for the increased oxalate 

excretion upon glycolate exposure. The fact that only the lowest concentration of glyoxylate 

resulted in a higher oxalate excretion from Agxt-/- hepatocytes and there was no difference 

between the genotypes in glycolate excretion when exposed to glyoxylate treatment might 

be due to the cytosolic glyoxylate conversion to oxalate or glycolate by Ldha and/or Grhpr, 

respectively. Since glyoxylate treatment elevated oxalate and glycolate excretion from 

hepatocytes of both genotypes to the same extent, exogenously added glyoxylate seems not 

to reach the peroxisomes or mitochondria where Agxt is located and is therefore not affected 

by the Agxt deficiency. Furthermore, these results show that a complete knockout of Agxt 
leads to an increased susceptibility towards all three oxalate precursors in contrast to an Agxt 
downregulation in ob/ob hepatocytes which resulted in the excretion of higher oxalate 

amounts only when treated with hydroxyproline. 
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Figure 3.24: Oxalate precursor challenge in primary hepatocytes from Agxt-/- mice and wt controls. Glycolate 
and hydroxyproline treatment increased oxalate excretion from primary hepatocytes of Agxt-/- mice compared 
to wt controls (A). Oxalate excretion was increased by glyoxylate exposure in both genotypes, while 0.316 mM 
glyoxylate led to higher oxalate concentrations in the supernatants of Agxt-/- hepatocytes compared to the wt 
controls (A). Glycolate excretion upon hydroxyproline was significantly higher in Agxt-/- hepatocytes for all used 
hydroxyproline concentrations compared to wt controls (B). Glyoxylate treatment increased the glycolate 
excretion in both genotypes to the same extent (B). Agxt KO = Agxt knockout; wt = wild type. The means ± SD 
are shown. * p < 0.05, ** p < 0.01, *** p < 0.001 for comparison between wt and Agxt KO. Student’s t test, 
unpaired, two sided. 

3.7.2 Elevated plasma and urinary oxalate concentrations in Agxt-/- mice 

In order to examine whether Agxt-/- mice exhibit increased hepatic and urinary oxalate 

excretion, plasma samples from the right heart chamber and 24 h urine samples from three 

consecutive days were collected and oxalate levels were measured by LC/MS-MS. Agxt-/- mice 

displayed increased oxalate levels in the plasma samples compared to wt mice, suggesting an 

increased hepatic oxalate production due to Agxt deficiency (Fig. 3.25 A). Moreover, both the 

concentration of oxalate in urine and the total 24-hour urinary oxalate excretion were 

significantly increased in Agxt-/- mice (Fig. 3.25 B), which has already been reported before 

(Salido et al. 2006). This suggests that hepatic Agxt deficiency is responsible for the increase 

hepatic and urinary oxalate excretion in vivo, resulting in hyperoxaluria and oxalaemia.  

.  
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Figure 3.25: Plasma and urinary oxalate levels are elevated in Agxt-/- mice. Oxalate levels are elevated in the 
plasma from the right heart chamber (A) and in 24 h urine samples (B) of Agxt-/- mice compared to wt controls. 
The means ± SEM are shown. * p < 0.05, ** p < 0.01, *** p < 0.001. Student’s t test, unpaired, two sided. 

3.8 Steatosis grade correlates with urinary oxalate excretion in obese children 
and adolescents 

In a next step the translational relevance of the findings in the NAFLD mouse models was 

investigated by analysing oxalate excretion in human NAFLD. In a previous study, the 

correlation between reduced AGXT expression and increased TAG content in primary human 

hepatocytes (PHHs) from steatotic and healthy donors was reported (Gianmoena 2017). AGXT 

mRNA expression inversely correlated with increasing TG content in PHHs and when stratified 

into low and high TAG content, the AGXT mRNA expression was significantly lower in PHHs 

with a high TAG content (Gianmoena 2017). In addition to AGXT, GRHPR and HOGA1 mRNA 

expression also displayed an inverse correlation with the TG content in PHHs, indicating 

steatosis-associated alterations in the human glyoxylate metabolism involving all three 

primary hyperoxaluria linked genes (Gianmoena 2017).  

Whether these alterations exhibit physiological consequences in human NAFLD patients was 

investigated in a cohort of overweight or obese children and adolescents with biopsy proven 

NAFLD recruited at the Charité Berlin from which corresponding 24 h urine samples were 

available (n=30; Chapter 2.2.20). Urinary oxalate levels were measured via LC/MS-MS and 

normalised to the urinary creatinine content and to the body surface area (BSA). The 

percentage steatosis positively correlated with the urinary oxalate to creatinine ratio (rho = 

0.366, p = 0.047) as well as with the total amount of excreted oxalate when corrected for BSA 

(rho = 0.427, p = 0.019; Fig. 3.26). There was no association of the daily urinary oxalate 

excretion with fibrosis, inflammation, ballooning or NAFLD activity score (NAS) observed. 

These results suggest that also in human NAFLD the hepatic fat accumulation is the key factor 

leading to increased urinary oxalate excretion.  
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Figure 3.26: Urinary oxalate levels of overweight or obese children and adolescents with biopsy proven NAFLD. 
Scatter plots showed that hepatic percentage steatosis positively correlated with the oxalate to creatinine and 
24 h oxalate to BSA ratio of the corresponding donors. The Spearman correlation coefficient and corresponding 
p-values are shown 

3.9 Primary human hepatocytes excrete more oxalate from glycolate than 
from hydroxyproline 

The results obtained in the children NAFLD cohort indicated a relationship between steatosis 

and oxalate excretion but due to missing information on dietary habits the source of oxalate 

could not be identified. Therefore, the response of primary human hepatocytes (PHHs) 

towards oxalate precursor treatments was analysed in the following experiment. To this aim, 

primary human hepatocytes purchased from Lonza, BioIVT or obtained from the University of 

Leipzig were treated with hydroxyproline, glycolate and glyoxylate as described in Chapter 

2.2.20.6. Oxalate and glycolate levels in the supernatants were measured by LC/MS-MS and 

normalised for the protein content of the corresponding sample. The results obtained from 

female donors Hum4229, Hum 4108, Hum181761 and IPH and the male donors L1, L2 and IAN 

are depicted in Figure 3.27 and 3.28, respectively.  

When exposed to 10 mM, 31.6 mM and 100 mM glycolate, female donors displayed a 

significantly elevated oxalate excretion compared to the untreated controls. The highest 

glycolate concentrations increased oxalate expression by an approximately 5-fold change 

compared to the untreated controls (Fig. 3.27 A). Interestingly, treatment with only 31.6 mM 

hydroxyproline slightly increased oxalate levels in the supernatants of the female hepatocytes, 

whereas all other hydroxyproline concentrations did have an effect. Further, all used 

glyoxylate concentrations significantly enhanced the oxalate excretion in from the primary 

hepatocytes of female donors compared to the untreated control (Fig. 3.27 A). Glycolate 

excretion was significantly increased by all three hydroxyproline concentrations (Fig. 3.27 B) 

and the treatment with 3.16 mM and 10 mM glyoxylate could markedly increase the glycolate 

levels in the supernatants compared to untreated hepatocytes (Fig. 3.27 B).  
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Figure 3.27: Oxalate precursor challenge in PHHs from female donors (n=4). Oxalate excretion was significantly 
increased by all glycolate concentrations, while hydroxyproline did not influence oxalate production in female 
PHHs. Glyoxylate elevated the oxalate excretion in a concentration dependent manner (A). Glycolate levels in 
the supernatant of female PHHs significantly increased upon hydroxyproline exposure in a concentration 
dependent manner. Treatment with 3.16 mM and 10 mM glyoxylate markedly elevated the glycolate levels in 
the supernatant of female PHHs (B). The means ± SD are shown. * p < 0.05, ** p < 0.01, *** p < 0.001. Student’s 
t test, unpaired, two sided. 

In male donors, the oxalate excretion into the supernatant were significantly elevated upon 

100 mM glycolate treatment by 2.4-fold compared to the untreated controls whereas 

hydroxyproline challenge failed to increase the oxalate production. Further, glyoxylate 

exposure increased the oxalate excretion into the supernatants of male donors in a 

concentration dependent manner (Fig. 3.28 A). There was a trend in increasing glycolate levels 

upon treatment with increasing hydroxyproline concentrations. However, this was not 

significant. Glyoxylate treatment increased the glycolate excretion concentration dependently 

(Fig. 3.28 B).  
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Figure 3.28: Oxalate precursor challenge in PHHs from male donors (n=3). Increased oxalate excretion was 
measured upon treatment with 100 mM glycolate. Hydroxyproline did not influence the oxalate production in 
male PHHs. Treatment with glyoxylate elevated the oxalate levels in the supernatant of male PHHs in a 
concentration dependent manner (A). Glycolate levels tend to gradually increase upon hydroxyproline 
treatment. 3.16 mM and 10 mM glyoxylate significantly enhanced the glycolate excretion in male PHHs (B). 
The means ± SD are shown. * p < 0.05, ** p < 0.01. Student’s t test, unpaired, two sided. 

These results show, that PHHs are more susceptible to glycolate towards oxalate production 

than to hydroxyproline like in primary mouse hepatocytes. The difference to primary mouse 

hepatocytes probably arises from the exclusive peroxisomal localisation of AGXT in the human 

liver while murine Agxt localised in the mitochondria and peroxisomes (Takada and Noguchi 

1982; Birdsey et al. 2004). Furthermore, the analysed female donors seem to be more 

sensitive towards glycolate treatment, since they produced 5-fold more oxalate from 100 mM 

glycolate compared to the male donors, which displayed a fold-change of 2.4. Moreover, the 

female donors excrete more oxalate from glyoxylate (10 mM glyoxylate females: 22-fold; 10 

mM glyoxylate males: 10.6-fold). Also, the fold-change in glycolate excretion upon 

hydroxyproline and glyoxylate is higher in female donors compared to male donors. 

Altogether, these findings suggest a gender difference in the glyoxylate metabolism in PHHs. 

This has to be validated with more experiments on more female and male donors.  

3.10 Agxt transcription in response to glucagon in the livers and primary 
hepatocytes of ob/+ and ob/ob mice 

Various studies over the years have reported an upregulation of mitochondrial Agxt 

expression by glucagon in rats and mice as described in Chapter 1.6.1. Li and colleagues 

reported that the promoter sequence of the mouse Agxt gene contains a CRE sequence, which 

is known to respond to glucagon. Also, they showed that an intraperitoneal (IP) injection of 3 

µg/g body weight of glucagon for 3 h increased the level of the mitochondrial Agxt transcript 

in mouse liver (Li et al. 1999). In a previous work, it was reported that the Agxt promoter is 

hypermethylated in the isolated hepatocytes of ob/ob mice (Gianmoena 2017). Interestingly, 
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the CRE sequence in the promoter sequence of mitochondrial Agxt lies within the 

hypermethylated region (Li et al. 1999). Whether this might influence the responsiveness of 

Agxt towards glucagon stimulation in ob/ob mice was investigated next. 

3.10.1 Agxt mRNA expression in response to glucagon injection is impaired in the livers of 
ob/ob mice  

To analyse the possible consequences of the hypermethylation at the CRE sequence on the 

transcriptional response of Agxt to glucagon, ob/+ and ob/ob mice were injected 

intraperitoneally with 3 µg/g body weight glucagon or PBS (Chapter 2.2.11.1). After 3 h the 

mice were sacrificed, and liver tissue was collected for immunohistochemistry, qRT-PCR and 

immunoblot analyses (Fig. 3.29). 

 

Figure 3.29: Experimental set up for glucagon treatment in ob/+ and ob/ob mice. IP injection of 3 µg/g body 
weight glucagon or 1xPBS into ob/+ and ob/ob (n=3). Mice were sacrificed after 3 h and liver tissue was 
collected for immunohistochemistry, qRT-PCR and immunoblotting. Mice were not starved prior or during this 
experiment. 

Analysis of Agxt mRNA levels in the livers of glucagon treated ob/+ and ob/ob mice revealed 

an 11.27 ± 3.10-fold upregulation of Agxt mRNA in response to glucagon in ob/+ mice. This 

confirmed previous results (Li et al. 1999). On the other hand, the mRNA expression of Agxt 
was not significantly enhanced by glucagon treatment in the livers of ob/ob mice (2.90 ± 1.72-

fold change; Fig. 3.30). The missing response of Agxt mRNA expression upon glucagon 

treatment in the livers of ob/ob might be due to the hypermethylated CRE sequence in the 

Agxt promoter 
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Figure 3.30: QRT-PCR analysis of Agxt mRNA expression in the livers of glucagon treated ob/+ and ob/ob mice. 
Agxt mRNA levels were significantly upregulated in response to glucagon in the livers of ob/+ but not of ob/ob 
mice. Eif2a was used as an endogenous control. The means ± SD are shown. ** p < 0.01. Student’s t test, 
unpaired, two sided. 

Next, the response of Agxt to glucagon in the livers of ob/+ and ob/ob was analysed on protein 

level via immunoblotting and immunohistochemistry (Fig. 3.31). No elevation of Agxt protein 

expression could be detected neither in immunoblotting (Fig. 3.31 A) nor in the 

immunohistochemical staining (Fig. 3.31 B). This shows that 3h after glucagon stimulation the 

enhanced transcription of mitochondrial Agxt is not yet followed by enhanced translation. 

 

Figure 3.31: Analysis of Agxt protein expression in the livers of glucagon treated ob/+ and ob/ob mice and the 
vehicle controls. Densitometric analysis of the immunoblot showed no increase of Agxt protein expression 
upon glucagon treatment (A). Representative pictures of paraffin-embedded liver slides from glucagon treated 
ob/+ and ob/ob mice and the corresponding vehicle controls. No changes in Agxt expression could be observed 
(B). Scale bars represent 50 µm. The means ± SD are shown. *** p < 0.001. Student’s t test, unpaired, two sided. 

3.10.2 Phosphorylation of Creb does not increase upon glucagon treatment in the livers of 
ob/+ and ob/ob mice 
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One possible explanation for the decreased transcriptional upregulation of Agxt in response 

to glucagon in ob/ob mice could be that the glucagon signalling pathway is compromised in 

these mice. A key signalling protein is Creb, which becomes phosphorylated by the PKA as part 

of glucagon signalling. Therefore, to investigate the glucagon pathway in in the livers of ob/+ 

and ob/ob mice, the phosphorylation status of Creb was analysed via immunoblotting (Fig. 

3.32). The ratio of phosphorylated Creb (pCreb) to b-Actin and total Creb (tCreb) to b-Actin 

was determined by densitometric analysis in order to calculate the pCreb/tCreb ratio.  

Protein levels of total Creb were stable upon glucagon treatment in ob/+ and ob/ob mice 

compared to the vehicle controls (Fig. 3.32). Surprisingly, a slight decrease in pCreb/Creb ratio 

was observed in the livers of glucagon treated ob/+ mice (1.93 ± 0.04 pCreb/tCreb-ratio) with 

respect to the vehicle controls (3.13 ± 0.58 pCreb/tCreb-ratio; Fig. 3.32). Densitometrical 

analyses did not display any changes in pCreb/tCreb ratio upon glucagon treatment in the 

livers of ob/ob mice (Fig. 3.32). These data show no increase on the phosphorylation status of 

Creb in the liver of ob/+ and ob/ob mice in response to glucagon possibly due to a small animal 

number and interfering signal from different cell types within the liver tissue.  

 

Figure 3.32: Immunoblotting and corresponding densitometrical analysis of phosphorylated and total Creb in 
the livers of glucagon treated ob/+ and ob/ob. A slight decrease in phosphorylated Creb in the livers of glucagon 
treated ob/+ mice was detected whereas no changes upon glucagon treatment were observed in ob/ob mice. 
No changes in the protein levels of total Creb were observed in both genotypes. pCreb = phosphorylated CRE 
binding protein; tCreb = total CRE binding protein. The mean ± SD is show. * p < 0.05. Student’s t test, unpaired, 
two sided.  

3.10.3 Time course of Agxt mRNA expression in glucagon treated primary hepatocytes from 
ob/+ and ob/ob mice 
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Whether the missing glucagon stimulated Agxt mRNA expression could also be confirmed in 
vitro was addressed next. Therefore, ob/+ and ob/ob hepatocytes were treated with 10 nM 

and 100 nM glucagon as described in Chapter 2.2.11.2. For qRT-PCR analysis the fold changes 

were calculated relative to the non-treated control of every collection time point.  

Glucagon treatment of ob/+ hepatocytes resulted in a significant increase of Agxt mRNA levels 

after 3 h for 100 nM (2.18 ± 0.67 fold change), after 6 h for both 10 nM (3.31 ± 0.54 fold 

change) and 100 nM glucagon (3.25 ± 0.55 fold change) and after 24 h for 10 nM glucagon 

(3.96 ± 0.78 fold change) compared to the untreated control of each time point, respectively 

(Fig. 3.33 A). The higher glucagon concentration (100 nM) did not lead to a further increase 

on the mRNA levels of Agxt in the hepatocytes of ob/+ mice (Fig. 3.33 A). However, expression 

of Agxt upon glucagon treatment was not significantly elevated in the hepatocytes of ob/ob 

mice at any analysed time point (Fig. 3.33 A). Furthermore, after 6 h of glucagon exposure 

ob/+ hepatocytes exhibited significantly higher Agxt mRNA levels than ob/ob hepatocytes for 

10 nM and 100 nM glucagon and after 24 h for 10 nM glucagon (Fig. 3.33 A). Since 100 nM 

glucagon did not show a stronger effect on the Agxt mRNA expression, only the impact of 10 

nM glucagon on the Agxt protein expression was analysed via immunoblotting (Fig. 3.33 B). 

Densitometrical analysis revealed no impact of glucagon on the protein expression of Agxt 

neither in ob/+ nor in ob/ob hepatocytes (Fig. 3.33 B). This data confirms the results observed 

in vivo (Chapter 3.10.1) and shows a time course of the effect of glucagon on the induction of 

Agxt mRNA expression in control hepatocytes in vitro, that is not shared by hepatocytes from 

steatotic mice.  
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Figure 3.33: Agxt mRNA and protein expression in glucagon treated ob/+ and ob/ob mice in a time course. QRT-
PCR analysis revealed an upregulation of Agxt mRNA after 3 h for 10 nM, after 6 h for 10 nM and 100 nM 
glucagon and after 24 h for 10 nM glucagon in ob/+ hepatocytes compared to Agxt mRNA levels of untreated 
hepatocytes at the corresponding time points. No increase of Agxt mRNA expression was observed in ob/ob 
hepatocytes, whereas the Agxt mRNA levels in ob/+ hepatocytes were significantly higher after 6 h for both 
glucagon concentrations and after 24 h for 10 nM compared to the corresponding ob/ob hepatocytes (A). No 
changes in Agxt protein levels in response to glucagon were observed neither in ob/+ nor in ob/ob hepatocytes 
for any time point (B). The means ± SD are shown. ** p < 0.01 for comparison to untreated hepatocytes at the 
corresponding time points. # p < 0.05, ## p < 0.01 for comparing ob/ob and ob/+. Student’s t test, unpaired, 
two sided.  

3.10.4 Phosphorylation of Creb in response to glucagon decreases earlier in ob/ob 
hepatocytes 

In order to understand the differential upregulation of the Agxt transcript in response to 

glucagon in the cultivated hepatocytes of ob/+ and ob/ob mice, the glucagon signalling 

pathway was investigated. For this purpose, the phosphorylation of Creb in response to 

glucagon treatment of primary ob/+ and ob/ob hepatocytes was analysed via immunoblotting 

and subsequent densitometrical analysis.  

Glucagon treatment (10 nM) was able to elevate the phosphorylation of Creb in both ob/+ and 

ob/ob hepatocytes already after 15 min of exposure (Fig. 3.34). The phosphorylation of Creb 
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could be observed until 3 h of treatment in both phenotypes, whereas after 6 h the Creb 

phosphorylation is only detectable in ob/+ hepatocytes and not in ob/ob hepatocytes. 

Densitometrical analysis from three independent experiments revealed the pCreb/tCreb ratio 

of ob/ob hepatocytes after 6 h of glucagon treatment to be significantly lower compared to 

ob/+ hepatocytes. After 24 h, the Creb phosphorylation was not observable in both genotypes 

(Fig. 3.34). No changes were observed in the protein expression of total Creb in both 

genotypes in response to glucagon treatment or due to time effects (Fig. 3.34). This suggests 

that the activation of the glucagon signalling pathway leads to Creb phosphorylation in both 

ob/+ and ob/ob hepatocytes to a similar extent until 3 h after stimulation but the 

phosphorylation declines faster in steatotic ob/ob hepatocytes. Although the underlying 

mechanism for this observation remain unclear, this may be related to the reduced 

transcriptional upregulation of Agxt after stimulation with glucagon.  

 

Figure 3.34: Representative immunoblots and corresponding densitometrical analysis of pCreb and tCreb in 
glucagon treated ob/+ and ob/ob hepatocytes. Creb phosphorylation is induced by glucagon treatment in both 
genotypes until 3 h of exposure. After 6 h, the phosphorylation of Creb is only detectable in ob/+ and not in 
ob/ob hepatocytes. Glucagon exposure for 24 h did not lead to a Creb phosphorylation in both genotypes. Gluc 
= glucagon; pCreb = phosphorylated Creb; tCreb = total Creb. The means ± SD are shown. * p < 0.05. Student’s 
t test, unpaired, two sided.  

3.10.5 Glucagon treatment in primary ob/+ and ob/ob hepatocytes does not reduce 
hydroxyproline induced oxalate production 
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Takayama and colleagues reported that urinary oxalate excretion in rats, which was elevated 

by an injection of hydroxyproline, was significantly decreased by glucagon stimulated activity 

of mitochondrial Agxt (Takayama et al. 2003; Ichiyama 2011). Whether the simultaneous 

treatment of ob/+ and ob/ob hepatocytes with hydroxyproline and glucagon reduces the 

oxalate excretion was investigated in the next step. Therefore, primary hepatocytes from ob/+ 

and ob/ob mice were exposed to either different concentrations of hydroxyproline or to a 

combination of the different hydroxyproline concentrations together with 10 nM glucagon for 

48 h (Chapter 2.2.10.2 and 2.2.11.2). Oxalate levels were measured by LC/MS-MS and 

normalised for the protein content of the corresponding sample (Fig. 3.35).  

Both concentrations of hydroxyproline increased the oxalate excretion into the supernatant 

of ob/+ and ob/ob hepatocytes (Fig. 3.35 A + B). Treatment with glucagon did not influence 

the hydroxyproline induced oxalate excretion neither in ob/+ nor ob/ob hepatocytes (Fig. 3.35 

A + B). It was expected that the glucagon-induced elevation of mitochondrial Agxt mRNA levels 

lead to an increased detoxification of mitochondrial glyoxylate, and hence result in a reduced 

oxalate excretion. Since glucagon is very unstable, the in vitro system might not be the right 

choice for this experiment. Altogether, these results could not confirm data obtained from 

literature (Takayama et al. 2003; Ichiyama 2011). 

 

Figure 3.35: Hydroxyproline and glucagon challenge in primary hepatocytes of ob/+ and ob/ob mice. 10 mM 
and 31.6 mM hydroxyproline increased the oxalate excretion of ob/+ (A) and ob/ob hepatocytes (B). The 
treatment with 10 nM glucagon did not impact hydroxyproline stimulated oxalate production in neither ob/+ 
nor ob/ob hepatocytes. The means ± SD are shown. * p < 0.05, ** p < 0.01, *** p < 0.01 for comparison of 
hydroxyproline treated to untreated. Student’s t test, unpaired, two sided. 

3.11 Response of Agxt to glucagon in the livers and primary mouse hepatocytes 
from WD-fed mice 

Next, it was investigated whether the weakened response of Agxt mRNA expression to 

glucagon and earlier loss of Creb phosphorylation observed in steatotic ob/ob hepatocytes 

could be confirmed in a WD- induced NAFLD. The Agxt promoter hypermethylation observed 

in hepatocytes of 6 weeks WD-fed mice suggested that the transcription of Agxt in response 
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to glucagon might also be impaired in this model. Therefore, the treatment with glucagon in 

6 weeks WD-fed and NCD-fed mice was conducted as described in Chapter 2.2.12.1 (Fig. 3.36).  

 

Figure 3.36: Scheme of experimental setup of glucagon treatment in 6 weeks WD-fed and NCD-fed mice. The 
mice were put into single cages and starved overnight. Next, 3µg/g body weight glucagon or 1 x PBS (vehicle) 
were injected intraperitoneally into three mice of each group (n=3). The mice were put back into their single 
cages without access to food. After 3 h the mice were scarified, and liver tissue was collected for qRT-PCR and 
immunoblotting.  

3.11.1  Transcriptional response of Agxt mRNA expression towards glucagon in the livers of 
6 weeks WD-fed mice 

The Agxt expression in response to glucagon was analysed via qRT-PCR and immunoblot on 

mRNA and protein level, respectively.  

Glucagon treatment elevated Agxt mRNA levels in the NCD + glucagon (gluc) group by 6.5-fold 

compared and in the WD + gluc by 7-fold compared to the corresponding control groups (Fig. 

3.37 A). Despite the elevated Agxt mRNA, the Agxt protein expression was not influenced by 

glucagon treatment neither in NCD-fed nor in WD-fed mice at this time point (Fig. 3.37 B). In 

contrast to the situation in ob/ob mice, the Agxt mRNA expression in response to glucagon is 

not attenuated in the hepatic steatosis of 6 weeks WD-fed mice. These results suggest, that 

the Agxt promoter hypermethylation in 6 weeks WD-fed mice does not impact the Agxt mRNA 

expression responsiveness towards glucagon treatment.  
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Figure 3.37: Agxt mRNA and protein expression in 6 weeks WD-fed and NCD-fed mice after glucagon treatment. 
Agxt mRNA levels are increased by glucagon treatment by 6.5-fold in 6 weeks NCD-fed and by 7-fold in 6 weeks 
WD-fed mice compared to the corresponding vehicle control groups (A). Densitometric analysis of Agxt 
immunoblot revealed that glucagon treatment did not influence Agxt protein expression in the livers of neither 
6 weeks WD-fed nor NCD-fed mice. Gluc = glucagon. The means ± SD are shown. * p < 0.05, *** p < 0.01. 
Student’s t test, unpaired, two sided. 

3.11.2 Phosphorylation of Creb in the livers of WD-fed mice 

Next, the phosphorylation of Creb in response to glucagon treatment in 6 weeks WD-fed and 

NCD-fed mice was analysed via immunoblotting of liver tissue extracts to better understand 

the contribution of the glucagon signalling pathway in the upregulation of Agxt. At the 

experimental time point analysed (3h after glucagon), the pCreb/tCreb ratio was not 

significantly altered in WD-fed mice compared to NCD-fed mice. Moreover, glucagon 

treatment did not influence the pCreb/tCreb ratio neither in NCD-fed nor in WD-fed mice (Fig. 

3.38).  
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Figure 3.38: Immunoblot and densitometric analysis of pCreb/tCreb ratio in the livers of glucagon treated 6 
weeks WD-fed and NCD-fed mice. The pCreb/tCreb ratio was not altered in WD-fed mice compared to NCD-fed 
controls. Furthermore, glucagon treatment did not impact the pCreb/tCreb ratio in the livers of neither NCD-
fed nor WD-fed mice.  

3.11.3 Time course of Agxt mRNA expression in glucagon-treated primary hepatocytes from 
WD-fed mice 

Next, the Agxt expression in response to glucagon was investigated in a time dependent 

manner in vitro in primary mouse hepatocytes from 6 weeks WD-fed and NCD-fed mice. 

Glucagon treatment was performed like in the description of Chapter 2.2.12.2. For qRT-PCR 

analysis, all mRNA levels are calculated with respect to the untreated full media controls of 

each time point.  

In primary hepatocytes from 6 weeks NCD-fed mice, the Agxt mRNA expression was increased 

upon treatment with 10 nM glucagon after 24 h (3.88 ± 0.85-fold change) and upon 100 nM 

glucagon after 6 h (1.90 ± 0.49-fold change) and 24 h (4.56 ± 1.20-fold change) of exposure 

compared to the untreated controls of the corresponding time points (Fig. 3.39 A). Glucagon 

treatment significantly elevated the Agxt mRNA levels in primary hepatocytes of WD-fed mice 

after 3 h (1.87 ± 0.08-fold change) and 6 h (2.15 ± 0.25-fold change) for 10 nM glucagon and 

after 6 h (2.29 ± 0.01-fold change) and 24 h (2.83 ± 1.03-fold change) for 100 nM glucagon 

compared to the full media controls of the corresponding time points (Fig. 3.39 A). There was 

no difference in glucagon stimulated Agxt mRNA expression between the hepatocytes of NCD-

fed and WD-fed mice (Fig. 3.39 A). Protein expression of Agxt was not altered by 10 nM 

glucagon treatment neither in the hepatocytes of NCD-fed nor WD-fed mice (Fig. 3.39 B). This 

data confirms the results obtained in vivo, where glucagon treatment elevated Agxt mRNA 
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expression in NCD-fed and WD-fed mice to the same extent and had no influence on the Agxt 

protein expression (Chapter 3.11.1).  

 

Figure 3.39: Agxt mRNA and protein expression in response to glucagon in primary hepatocytes of 6 weeks 
NCD-fed and WD-fed mice. Glucagon treatment increased Agxt mRNA expression in NCD hepatocytes after 24 
h of exposure for 10 nM and after 6 h and 24 h for 100 nM glucagon. Agxt mRNA levels were elevated upon 
glucagon exposure after 3 h and 6 h for 10 nM and after 6 h and 24 h of exposure for 100 nM glucagon in WD 
hepatocytes. There was no difference in glucagon induced Agxt mRNA expression between NCD and WD 
hepatocytes (A). Agxt protein expression was not altered by glucagon treatment neither in NCD nor in WD 
hepatocytes (B). Gluc = glucagon. The means ± SD are shown. * p < 0.05, *** p < 0.01 for comparison of 
glucagon treated to untreated hepatocytes at the corresponding time points. Student’s t test, unpaired, two 
sided. 

3.11.4 Phosphorylation of Creb decreases earlier in WD hepatocytes in response to 
glucagon 

The glucagon induced phosphorylation of Creb was investigated in 6 weeks WD-fed mice via 

immunoblotting in order to study possible influences of the Western diet on the glucagon 

pathway. Representative immunoblots of pCreb and tCreb in 6 weeks NCD-fed and WD-fed 

mice and densitometrically determined pCreb/tCreb ratios out of four independent 

experiments are depicted in Figure 3.40 (n=4). 
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Exposure to glucagon resulted in an increased Creb phosphorylation in both groups. However, 

the pCreb/tCreb ratio was significantly lower in WD hepatocytes (0.38 ± 0.12 pCreb/tCreb 

ratio) compared to NCD hepatocytes (1.03 ± 0.43 pCreb/tCreb ratio) after 6 h of glucagon 

treatment (Fig. 3.40). This confirms the observation made in ob/ob hepatocytes in a further 

NAFLD mouse model, and hence the independency of the earlier loss of pCreb 

phosphorylation to the genetic ob/ob model. Hence, this effect seems to be associated with 

hepatic steatosis, but the underlying molecular process remains unclear. Moreover, there 

seems be no connection between the earlier loss in Creb phosphorylation to the glucagon 

stimulated transcriptional response of Agxt in 6 weeks WD-fed mice. 

 

Figure 3.40: Representative immunoblots showing pCreb/tCreb ration in glucagon treated primary hepatocytes 
from 6 weeks WD-fed and NCD-fed mice. The pCreb/tCreb ratio was significantly decreased in WD hepatocytes 
compared to NCD hepatocytes after 6 h of glucagon treatment. Gluc = glucagon. The means ± SD are shown. * 
p < 0.05. Student’s t test, unpaired, two sided.  

3.12 Treatment of primary mouse hepatocytes with oleic acid and glucagon 

Next, it was investigated whether the impaired response of Agxt mRNA expression towards 

glucagon and the earlier dephosphorylation of Creb in steatotic primary mouse hepatocytes 

is caused by the accumulation of lipids itself. For this purpose, in vitro steatosis was induced 

successfully induced in primary mouse hepatocytes which were subsequently treated with 

glucagon (Chapter 2.2.13) The experimental setup is depicted in Figure 3.41.  
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Figure 3.41: Experimental setup for establishing in vitro steatosis in primary mouse hepatocytes combined with 
a subsequent glucagon treatment. The isolated hepatocytes were incubated with control medium (FM), 0.1667 
mM BSA-medium and 1 mM OA-medium for 72 h. Subsequently, the cells were treated with 10 nM glucagon 
for 30 min, 1 h, 3 h, 6 h and 24. Protein and RNA extracts were collected after each time point (A). Pictures 
showing the in vitro steatosis in the primary mouse hepatocytes after 72 h (B). Scale bars represents 200 µm.  

3.12.1 Agxt mRNA expression response to glucagon is impaired by oleic acid treatment 

The response of Agxt mRNA expression towards glucagon treatment in primary mouse 

hepatocytes cultivated in FM-medium (FM + 10 nM gluc), BSA-medium (BSA + 10 nM gluc) and 

OA-medium (OA + 10 nM gluc) was analysed via qRT-PCR. The values are calculated with 

respect to the FM untreated control group for each time point. The mRNA levels of the treated 

groups were compared with the levels of the groups cultivated in the same medium but not 

exposed to glucagon, e.g. OA + 10 nM gluc was compared with the OA group (*). Furthermore, 

in order to evaluate whether the lipid accumulation impacted the responsiveness of Agxt 
mRNA levels to glucagon, the OA + 10 nM group was compared to the FM + 10 nM gluc (#) 

and BSA + 10 nM gluc group (§; Fig. 3.42).  

Glucagon treatment led to a significant elevation of Agxt mRNA levels in the FM + 10 nM gluc 

compared to FM control after 3 h (6.27 ± 1.23-fold change), 6 h (9.49 ± 5.01-fold change) and 

24 h (5.64 ± 0.24-fold change) of glucagon challenge (*). An increase of Agxt mRNA expression 

could also be detected in the BSA + 10 nM gluc group compared to the BSA group after 3 h 

(5.90 ± 2.49-fold change) and 6 h (9.04 ± 2.73-fold change) of glucagon treatment (*), whereas 

Agxt mRNA levels did not response to glucagon in the OA + 10 nM gluc group compared to the 

OA group (Fig. 3.42). Furthermore, BSA itself influenced the Agxt mRNA expression after 24 h, 
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since Agxt mRNA levels increased approximately by 1.8-fold in the BSA + 10 nM gluc group 

compared to the FM + 10 nM gluc group after 24 h of treatment. Importantly, OA treatment 

resulted in a decreased Agxt mRNA expression when treated with glucagon compared to BSA 

+ 10 nM gluc after 30 min, 1 h, 3 h and 6 h of glucagon exposure (§, Fig. 3.44). This effect was 

also observable when comparing OA + 10 nM gluc group to FM + 10 nM gluc after 1 h, 3 h and 

24 h of incubation with glucagon (#; Fig. 3.42). These results suggest, that the accumulation of 

lipids itself, induced by OA/BSA treatment, impairs the responsiveness of Agxt mRNA 

expression towards glucagon.  

 

Figure 3.42: Agxt mRNA expression in response to glucagon in primary mouse hepatocytes with in vitro 
steatosis. Glucagon treatment increased Agxt mRNA levels in the FM + 10 nM gluc group after 3 h, 6 h and 24 
h (*) of exposure compared to FM control and in the BSA + 10 nM gluc group for the 3 h and 6 h (*) time points 
compared to the BSA control group. Agxt mRNA expression was not elevated by glucagon in the OA + 10 nM 
gluc group with respect to the OA group. When compared to FM + 10 nM gluc and BSA + 10 nM gluc, the Agxt 
mRNA expression was decreased in the OA + 10 nM group after 1 h, 3 h, 24 h (#) and 30 min, 1h, 3 h, 6 h (§) of 
glucagon treatment, respectively. Gluc = glucagon. The means ± SD are shown. * p < 0.05, ** p < 0.01, *** p < 
0.001 for comparisons between glucagon treated and untreated groups. # p < 0.05, ## p < 0.01 for comparison 
of FM + 10 nM gluc to BSA + 10 nM gluc and OA + 10 nM gluc. § p < 0.05, §§ p < 0.01 for comparison of BSA + 
10 nM gluc to OA + 10 nM gluc. Student’s t test, unpaired, two sided. 

3.12.2 Treatment with oleic acid leads to earlier loss of Creb phosphorylation in response 
to glucagon 

The phosphorylation of Creb upon glucagon treatment was analysed via immunoblotting to 

investigate whether the OA/BSA-induced steatosis influenced the glucagon signalling 

pathway.  

The pCreb/tCreb ratio was decreased in the OA + 10 nM gluc group compared to FM + 10 nM 

gluc after 1 h and 3 h of glucagon treatment. Interestingly, BSA influenced the Creb 

phosphorylation, since the pCreb/tCreb ratio in the BSA + 10 nM gluc group was elevated only 

after 1 h of glucagon exposure compared to OA + 10 nM gluc, and hence displayed different 

effects than the FM + 10 nM gluc group (Fig. 3.43). This could be due the additional proteins 

added to the cells via BSA. The additional amino acids in combination with glucagon are able 



Results  95 

to prolong gluconeogenesis, and hence the Creb phosphorylation (Aikawa et al. 1972). Taken 

together these result show that the accumulation of lipids in an in vitro steatosis model leads 

to an earlier loss of Creb phosphorylation compared to the FM and BSA control groups in 

primary mouse hepatocytes.  

 

Figure 3.43: Representative immunoblots of pCreb and tCreb in OA-treated primary mouse hepatocytes upon 
glucagon exposure. The accumulation of lipids due to OA/BSA complex treatment leads to an earlier loss of 
Creb phosphorylation compared FM + 10 nM gluc and BSA + 10 nM gluc after 1 h and 3 h and after 1 h of 
glucagon treatment, respectively. Gluc = glucagon; pCreb – phosphorylate Creb; tCreb = total Creb. The means 
± SD are shown. * p < 0.05 for comparing FM + 10 nM gluc to OA + 10 nM gluc. # p < 0.05 for comparing BSA + 
10 nM gluc to OA + 10 nM gluc. Student’s t test, unpaired, two sided. 

3.13 Effects of glucagon treatment on primary human hepatocytes 

In the next step it was studied whether the Agxt mRNA expression and Creb phosphorylation 

in response to glucagon exposure is altered in steatotic PHHs. Therefore, the PHHs from the 
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female donors Hum4229 and Hum4108 were chosen in order to simulate non-steatotic and 

steatotic conditions, since Hum4108 exhibited a 5-fold higher TAG compared to Hum4229 (Fig. 

3.44 A). Glucagon treatment was performed as described in Chapter 2.2.14.  

Glucagon treatment did not influence the AGXT mRNA expression in Hum4108 hepatocytes 

while in Hum4229 the AGXT mRNA levels increased after 24 h of glucagon exposure (Fig. 3.44 

B). This suggests, that the steatotic donor Hum4108 displays an impaired AGXT mRNA 

expression upon glucagon treatment compared to the lean donor Hum4229, which supports 

the results seen in primary mouse hepatocytes. The response of human AGXT expression 

towards glucagon was surprising since the human AGXT gene does not display an CRE 

sequence (Purdue et al. 1991b). The glucagon induced gluconeogenesis might exhibit in 

indirect effect on the expression of AGXT. Whether the difference in AGXT mRNA expression 

responsiveness towards glucagon between the donors is due to the different TAG content 

remains unanswered. Therefore, this experiment has to be repeated with further non-

steatotic and steatotic donor pairs in order to verify this hypothesis.  

 

Figure 3.44: AGXT mRNA expression upon glucagon treatment in PHHs from Hum4229 and Hum4108. Glucagon 
treatment resulted in an elevation of AGXT mRNA levels in Hum4229 after 24 h but did not influence AGXT 
mRNA expression in Hum4108. Gluc = glucagon. 

Whether the phosphorylation of Creb upon glucagon treatment differed between the non-

steatotic Hum4229 and steatotic Hum4108 donor was investigated via immunoblotting 

(Fig.3.45). The pCreb signal in Hum4108 hepatocytes appeared to be weaker after 3 h and 6 h 

of glucagon treatment compared to Hum4229 (Fig. 3.45 A). For a better comparison the 

untreated and treated samples from the time points of 1 h, 3 h and 6 h of both donors were 

analysed on the same membrane (Fig. 3.45 B). The immunoblot showed an impaired pCreb 

signal in Hum4108 hepatocytes after 3 h and 6 h of glucagon treatment and confirmed the 

previously mentioned observation from Fig. 3.45 A. The effect of an earlier loss of Creb 

phosphorylation under steatotic condition seems also to be true for this pair of PHHs. For 

further validation, more experiments with non-steatotic and steatotic pairs of primary human 

hepatocytes have to be done.  
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Figure 3.45: Creb phosphorylation upon glucagon treatment in PHHs from Hum4229 and Hum4108. The signal 
of pCreb appeared to be weaker in Hum4108 after 3 h and 6 h of glucagon treatment compared to Hum4229 
(A). Protein extracts from both donors for the time points 1 h, 3 h and 6 h were analysed on the same 
immunoblot. Again, the pCreb signal in Hum4108 hepatocytes after 3 h and 6 h of glucagon exposure appeared 
to be weaker compared to the corresponding samples of Hum4229. Gluc = glucagon. 
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4 Discussion 

NAFLD is the most common cause of liver disease worldwide and highly relevant due to its 

potential to progress to severe liver diseases such as cirrhosis or hepatocellular cancer (HCC). 

Furthermore, the metabolic syndrome, an increased risk of cardiovascular diseases (Misra et 

al. 2009) and renal diseases, like CKD (Musso et al. 2014b) and urolithiasis (Nam et al. 2016), 

are also strongly associated with NAFLD. The underlying molecular mechanism explaining the 

connection of NAFLD to urolithiasis remained unknown. 

In a previous study, the downregulation of the glyoxylate detoxifying enzyme alanine-

glyoxylate aminotransferase (AGXT) was found to be associated with lipid accumulation in 

NAFLD mouse models, in an in vitro steatosis model as well as in steatotic primary human 

hepatocytes (PHHs). AGXT is essential for preventing excessive formation of oxalate from 

glyoxylate. Patients with primary hyperoxaluria type 1 (PH1) carry mutations in the AGXT gene 

which lead to an insufficient or missing AGXT enzyme activity, and subsequently to an 

accumulation of oxalate within the kidneys which results in the recurrent formation of calcium 

oxalate deposits and severe kidney damage. The downregulation of Agxt in steatotic 

conditions was proposed as one possible mechanism linking NAFLD and the formation of 

calcium oxalate kidney stones. Besides its downregulation, the AGXT promoter was found to 

be hypermethylated upon steatosis in the hepatocytes of ob/ob mice and in steatotic primary 

human hepatocytes (PHHs). Therefore, it was proposed, that the AGXT downregulation in 

steatosis might be caused by the hypermethylation of its promotor (Gianmoena 2017). In 

addition to its role in glyoxylate detoxification, Agxt is reported to play a role in 

gluconeogenesis due to its ability of catalysing the conversion of serine and pyruvate to 

hydroxypyruvate and alanine (Remesy et al. 1983). In line with a role in gluconeogenesis, it 

was shown, that the rodent Agxt gene sequence contains a CRE sequence (Oda et al. 1993; Li 

et al. 1999a), which is bound by the transcription factor Creb in response to glucagon. In 

several studies, glucagon was shown to enhance Agxt mRNA and protein expression as well as 

the Agxt activity in mice and rat (Tsubaki and Hiraiwa 1971b; Fukushima et al. 1978b; Biochem 

1989). Interestingly, the CRE sequence in the Agxt promotor is located within the steatosis-

associated hypermethylated region. Therefore, a working hypothesis was that 

hypermethylation of CRE sequence may prevent transcriptional upregulation of Agxt in 

response to glucagon. 

In the course of this PhD thesis, consequences of the steatosis-associated deregulation of the 

hepatic glyoxylate metabolism were examined in vivo in two different NAFLD mouse models, 

as well as in vitro in cultivated primary mouse hepatocytes isolated from these mouse models. 

These experiments revealed an increased production of oxalate in steatotic hepatocytes after 

catabolism of hydroxyproline. Evidence for a causal role of the Agxt downregulation on 

increased oxalate generation was achieved by rescuing Agxt levels in steatotic hepatocytes via 

adeno-associated virus (AAV)-mediated gene transfer. Analysis of Agxt knockout (Agxt-/-) mice 

confirmed the pivotal role of Agxt deficiency. Moreover, in order to understand potential 



Discussion  99 

consequences of the steatosis dependent hypermethylation in the Agxt promoter, the 

responsiveness of the Agxt expression towards glucagon in steatosis was investigated. In 

addition to the Agxt promoter hypermethylation, a steatosis-associated earlier loss of Creb 

phosphorylation upon glucagon treatment was detected in primary mouse hepatocytes from 

both NAFLD mouse models and in an in vitro steatosis model. This indicated that not only the 

methylation status of the Agxt promoter but also the intensity and duration of the signal 

transduction pathway might play an important role. Finally, the translational relevance of the 

findings in NAFLD mice was studied in a children cohort of NAFLD and in cultivated human 

hepatocytes. The most important findings are discussed below in detail.  

4.1 Alterations in the expression of glyoxylate metabolism enzymes 
predispose to elevated oxalate generation from hydroxyproline 
catabolism 

In order to understand the steatosis-dependent deregulations within the glyoxylate 

metabolism, the expression of glyoxylate metabolism enzymes was analysed on mRNA and 

protein level in ob/ob and 6 weeks WD-fed mice. In addition to the downregulation of Agxt, 
the focus was on upstream enzymes that lead to glyoxylate production both in the peroxisome 

(Hao1) and in the mitochondria (e.g. Prodh2), but also on the Ldha isoform of the lactate 

dehydrogenase, which converts glyoxylate to oxalate. 

A downregulation of Hao1 mRNA and protein levels in ob/ob mice indicated an impaired 

peroxisomal glyoxylate formation. In the mitochondria however, the pathway of 

hydroxyproline catabolism, which leads to the formation of mitochondrial glyoxylate, was not 

downregulated. In combination with a downregulation of Agxt, this subsequently leads to an 

overall increased hepatic oxalate production in the liver of ob/ob mice. The glyoxylate 

metabolism in 6 weeks Western diet-fed (WD-fed) mice displayed slightly different 

alterations. While the downregulation of Agxt on mRNA and protein level in the livers of 6 

weeks WD-fed mice was similar to ob/ob mice, the upregulation of Ldha mRNA and protein 

expression was not observed in the ob/ob mouse model. Also, the downregulation of Hao1 

protein expression could only be detected in primary hepatocytes of 6 weeks WD mice, similar 

to primary hepatocytes from ob/ob mice. However, in summary, the steatosis induced 

alterations of the glyoxylate metabolism in the livers of 6 weeks WD-fed mice predispose for 

an elevated hepatic oxalate production. Furthermore, these results obtained in ob/ob and 

WD-fed mice indicate that changes in glyoxylate metabolism are independent of the NAFLD 

mouse model and can be attributed to the condition of hepatic steatosis. This is supported by 

data from a previous study which showed a downregulation of Agxt, Hao1 and Grhpr upon an 

induction of in vitro steatosis in primary mouse hepatocytes (Gianmoena 2017). These findings 

suggest that triglyceride accumulation within hepatocytes may have a causal role in the gene 

expression changes observed in the glyoxylate metabolism pathway. 

The steatosis-associated altered expression of the glyoxylate metabolism enzymes 

predisposed towards increased hepatic oxalate generation in both NAFLD mouse models. 
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Whether these alterations lead to higher oxalate excretion from steatotic hepatocytes was 

investigated by analysing the oxalate formation from different oxalate precursors. 

Furthermore, it was a major aim of this work to understand possible extrahepatic 

pathophysiological effects of an increased steatosis-associated hepatic oxalate generation in 
vivo.  

A previous study already showed a higher oxalate formation from hydroxyproline catabolism 

in primary ob/ob hepatocytes compared to ob/+ hepatocytes, demonstrating an increased 

susceptibility of ob/ob hepatocytes towards oxalate production from hydroxyproline 

(Gianmoena 2017). This was attributed to the insufficient detoxification of mitochondrial 

glyoxylate due to the steatosis-induced downregulation of Agxt (Gianmoena 2017). By these 

means, the hydroxyproline metabolism was identified as a crucial pathway leading to elevated 

oxalate production in conditions of steatosis (Gianmoena 2017). In the present study, the 

steatosis-associated increased susceptibility towards hydroxyproline was confirmed in 

another NAFLD mouse model, since primary hepatocytes from 6 weeks WD-fed mice also 

excreted significantly increased amounts of oxalate and glycolate upon hydroxyproline 

treatment compared to their lean counterparts.  

Consistent with the in vitro results, plasma oxalate concentrations in the hepatic vein of ob/ob 

mice, showing the oxalate excretion out of the liver, were elevated upon hydroxyproline 

enriched (1% Hyp) diet. Daily urinary oxalate excretion was elevated by 1% Hyp diet in both 

genotypes whereas 1% Hyp fed ob/ob mice displayed the highest urinary oxalate 

concentrations. Hence, the livers of ob/ob mice are not able to sufficiently detoxify the 

glyoxylate generated from dietary hydroxyproline. This is likely the consequence of the 

steatosis-induced alterations in glyoxylate metabolism leading to an enhanced hepatic oxalate 

excretion into the plasma and consequently elevated urinary oxalate amounts. This approach 

is of human relevance since dietary meat contains between 0.3 and 0.7 % hydroxyproline and 

gelatine exhibits 9-15 % of hydroxyproline (Miyada and Tappel 1956; Knight et al. 2006). 

It is important to note that the hyperoxaluria observed after consumption of hydroxyproline 

enriched diet did not lead to the development of calcium oxalate deposits within the kidneys 

of ob/ob mice. Hyperoxaluria is expected to have pathophysiological consequences, since 

excess oxalate can accumulate within the kidneys and subsequently might lead to the 

formation of calcium oxalate deposits and ultimately to severe kidney damage (Romero et al. 

2010a). Furthermore, oxalate represents a risk factor for CKD progression (Waikar et al. 2019). 

It has been reported that kidneys of ob/ob mice exhibit an increased susceptibility towards 

glyoxylate-induced crystal formation (Fujii et al. 2013). The lack of urolithiasis in our study may 

be due to the observed increased urine volume of ob/ob mice, which probably results from 

increased glucose levels in the plasma and kidney tubules. This leads to osmotic diuresis 

(Lindström 2007, 2010), which is a reported factor for the prevention of calcium oxalate 

supersaturation (Mulay and Anders 2017). The formation of kidney stones is a highly complex 

process with multiple steps which are affected by multiple aspects beside the oxalate 

concentration (Basavaraj et al. 2007). This is supported by a study from Salido and colleagues, 
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where despite a complete Agxt deficiency and a much stronger hyperoxaluria than in ob/ob 

mice, only half of the analysed Agxt-/- mice developed calcium oxalate urinary stones and just 

a few exhibited calcium oxalate deposits in the kidneys under normal conditions. Severe 

kidney stone disease could only be seen after enhancement of oxalate production by 0.7% 

ethylene glycol administration (Salido et al. 2006a). Agxt is downregulated in hepatic steatosis 

of ob/ob mice, but not completely absent. This might explain the missing calcium oxalate 

kidney stones in ob/ob mice despite the increased hepatic oxalate production and 

hyperoxaluria.  

Increased hepatic oxalate production in 6 weeks WD-fed mice, caused by glyoxylate 

metabolism changes, was reflected in higher plasma oxalate levels in the hepatic vein and 

right heart chamber. In contrast to ob/ob mice, 6 weeks WD-fed mice were not hyperoxaluric. 

The reason for this discrepancy is not fully understood, but hyperoxaluria may perhaps only 

develop when challenged with a dietary precursor. Although no 1% Hyp-enriched diet was 

given to these mice in vivo, the results obtained in cultivated primary hepatocytes isolated 

from 6 weeks WD-fed mice suggest that they may also excrete more oxalate when fed with 

hydroxyproline. Another reason for the lack of hyperoxaluria in this mouse model could be 

changes in endogenous collagen turnover. It has been reported, that not only dietary but also 

tissue collagen turnover-derived hydroxyproline contributes to the daily urinary oxalate 

excretion (Knight et al. 2006b; Li et al. 2016; Fargue et al. 2018). Furthermore, NAFLD is known 

to affect collagen-rich tissues, such as bone and muscle tissue, in human and mice (Lindström 

2007; Abrigo et al. 2016; Poggiogalle et al. 2017). Therefore, NAFLD-induced reduction of lean 

body mass might influence the endogenous hydroxyproline concentrations, and hence lead to 

reduced oxalate excretion. Additionally, a decreased collagen turnover from endogenous 

tissue in PH1 patients has been reported, indicating a complex negative feedback 

mechanism/organ crosstalk which remains not fully understood (Fargue et al. 2018).  

All in all, this work provides evidence for an increased formation of the kidney stone-

promoting factor oxalate in hepatic steatosis. Although, as mentioned before, the formation 

of kidney stones is a highly complex mechanism which consists of multiple steps and is 

influenced by several factors (Basavaraj et al. 2007; Romero et al. 2010b), the increased 

hepatic oxalate production by the steatotic liver may be a key initial event leading to a cascade 

that might result in the formation of kidney stones or worsen a pre-existing kidney disease 

(Einollahi et al. 2013; Musso et al. 2014b; Nam et al. 2016; Mantovani et al. 2018; Qin et al. 

2018; Waikar et al. 2019). 

4.2 Downregulation of Agxt is a key factor for increasing hydroxyproline-
derived oxalate production in hepatic steatosis 

An important goal of this work was to investigate whether the steatosis-induced 

downregulation of Agxt is sufficient to result in an increased oxalate generation from the 

hydroxyproline catabolism. This hypothesis was supported by the fact that the inhibition of 

Prodh2, which catalyses the first and rate-limiting step of hydroxyproline catabolism, reduced 
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the oxalate excretion from primary ob/ob hepatocytes upon hydroxyproline exposure to the 

level of ob/+ control hepatocytes. This emphasises the importance of the hydroxyproline 

pathway as a source of increased oxalate production in ob/ob hepatocytes. In addition, the 

fact that rescuing the Agxt expression in ob/ob hepatocytes also reduced the hydroxyproline-

derived oxalate excretion provided evidence for the causal role of Agxt downregulation in the 

oxalate overproduction of ob/ob hepatocytes. Finally, the phenotype caused by Agxt 
downregulation in steatotic hepatocytes could be compared to that of Agxt-/- mice. A 

complete deficiency of Agxt leads to excessive oxalate production from glycolate and 

hydroxyproline, which are converted to glyoxylate in the peroxisomes and in the mitochondria 

respectively. This is in contrast to a milder phenotype in steatotic hepatocytes, where Agxt 
downregulation only affects detoxification of hydroxyproline-derived glyoxylate. These results 

provided evidence that either only mitochondrial Agxt is downregulated in hepatic steatosis 

or that mitochondrial glyoxylate detoxification is particularly affected by the downregulation 

of Agxt. 

4.3 Steatosis grade correlates with increased urinary oxalate excretion in 
human NAFLD  

In a previous work, the AGXT hypermethylation and downregulation were shown to correlate 

with the TAG content of PHHs isolated from control and steatotic donors (Gianmoena 2017), 

demonstrating an important similarity between human and mouse NAFLD. In this work, the 

significant correlation observed between the daily urinary oxalate and the steatosis 

percentage in a paediatric cohort of biopsy proven NAFLD indicated that also the human 

steatotic liver produces more oxalate. Weaknesses of this study are on the one hand the small 

sample size, and on the other hand the lack of information regarding dietary oxalate 

precursors. 

In order to gain information about the metabolization of glyoxylate precursors by human 

hepatocytes in vitro experiments similar to those with primary mouse hepatocytes were 

performed. Treating PHHs with oxalate precursors showed an increased oxalate production 

from glycolate but not from hydroxyproline. This was in contrast to primary mouse 

hepatocytes, which released oxalate formed from the hydroxyproline catabolism. The 

observed effect results most probably due to high expression of GRHPR in human 

mitochondria, which reduces glyoxylate to glycolate (Salido et al. 2012). In agreement, 

glycolate excretion was increased in human hepatocytes exposed to hydroxyproline. AGXT is 

exclusively localised in peroxisomes in the human liver (Danpure 2006b). Therefore, it is 

possible that reduced expression of AGXT in human steatotic hepatocytes would only affect 

glyoxylate generation in this organelle. So far, the only reaction known to generate glyoxylate 

in the peroxisome is the oxidation of glycolate to glyoxylate by HAO1 (Salido et al. 2012). 

Therefore, to examine the consequences of steatosis in the human hepatocytes, experiments 

with steatotic and non-steatotic donors exposed to glycolate have to be done in the future.  
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4.4 The altered transcriptional response of Agxt to glucagon in steatosis – 
possible mechanisms 

Many studies have shown that the Agxt expression is elevated upon glucagon treatment due 

to the CRE sequence in the Agxt promoter (Rowsell et al. 1969; Tsubaki and Hiraiwa 1971a; 

Fukushima et al. 1978a; Miyajima et al. 1989; Oda et al. 1993; Uchida et al. 1994; Li et al. 

1999a).  

Understanding whether hypermethylation of the Agxt promoter in conditions of hepatic 

steatosis has a causal contribution in the downregulation of Agxt and/or its response to 

glucagon was one focus of this thesis. One hypothesis was that the steatosis-associated Agxt 
hypermethylation of the Cre sequence in the Agxt promoter observed in steatotic hepatocytes 

may repress the binding of the transcription factor Creb, which is activated by the glucagon 

receptor-cyclic adenosine monophosphate-protein kinase A (GCGR-cAMP-PKA) pathway, 

leading to a missing or reduced upregulation of Agxt mRNA expression in response to 

glucagon. To investigate this hypothesis, the transcriptional upregulation of Agxt after 

treatment with glucagon was investigated in both the ob/ob and WD-induced NAFLD mouse 

models both in vivo and in vitro. 

In ob/ob mice, the injection of glucagon did not lead to an increased Agxt mRNA expression in 

contrast to ob/+ control mice, which was confirmed in in vitro experiments in primary 

hepatocytes from ob/+ and ob/ob mice. This indicated a compromised transcriptional 

upregulation of Agxt in ob/ob mice. In contrast, glucagon injection in WD-fed mice resulted in 

an increased Agxt mRNA expression that was comparable to that of NCD-fed mice, and similar 

results were obtained in in vitro experiments. When relating this behaviour to the degree of 

methylation in the Agxt promoter, the average hypermethylation in the analysed promoter 

region was increased by approximately 2.5-fold in ob/ob hepatocytes and 1.5-fold in WD 

hepatocytes compared to their lean counterparts. Hence, the higher methylation in the Agxt 
promoter of ob/ob mice was in agreement with the loss of responsiveness to glucagon, while 

in 6 weeks WD-fed mice the weaker methylation was in line with the successful glucagon-

induced upregulation. This supports the role of the promoter hypermethylation regarding the 

suppression of Agxt mRNA expression in response to glucagon, since the promoter 

hypermethylation may repress the binding of pCreb to the CRE sequence within the Agxt 
promoter and hence impair the Agxt expression.  

Interestingly, in an in vitro steatosis model of oleic acid (OA) -induced lipid accumulation in 

primary mouse hepatocytes, a strongly attenuated transcriptional response of Agxt mRNA to 

glucagon was also observed. While this confirms that the accumulation of lipids in hepatic 

steatosis impairs the Agxt mRNA expression in response to glucagon, the involved mechanism 

in this case may not be a steatosis-associated hypermethylation of the Agxt promoter, since 

de novo DNA methylation could not be induced in primary hepatocytes cultivated in vitro 

(Gianmoena 2017).  
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Considering that the impaired glucagon-induced transcriptional upregulation of Agxt 
observed in steatosis could also arise from a dysfunctional glucagon signalling pathway, the 

phosphorylation of Creb was analysed as a representative for pathway activation. An earlier 

loss of Creb phosphorylation in response to glucagon was observed in the hepatocytes from 

ob/ob and 6 weeks WD-fed mice as well as in the in vitro steatosis model. This attenuated 

glucagon signalling may contribute to the impaired transcriptional upregulation of Agxt in 

ob/ob hepatocytes and in the OA-induced steatosis in vitro. However, in 6 weeks WD-fed mice 

Agxt becomes successfully upregulated by glucagon despite a faster dephosphorylation of 

Creb. This is not yet understood. The molecular mechanism leading to the earlier loss of Creb 

phosphorylation also remains unclear. In literature, GCGR desensitisation and internalisation 

have been extensively discussed as a possible mechanisms driving steatosis associated 

attenuation of the glucagon signalling pathway (Authier et al. 1992; Charbonneau et al. 2005a, 

2007; Krilov et al. 2008, 2011). However, our data suggest that the observed effects arise from 

steatosis-associated alterations downstream of the GCGR. An upregulation of phosphatases 

which dephosphorylate Creb faster in steatotic conditions, a feedback mechanism leading to 

a faster termination of signalling, an inhibition of the adenylate cyclase, an increased 

degradation of cAMP or the suppression of PKA could all be potential underlying mechanism 

explaining the acquired results. 

In control PHHs, the upregulation of AGXT mRNA levels due to glucagon treatment was 

surprising since the human AGXT promoter does not contain a CRE sequence (Purdue et al. 

1991b). Hence, the mechanism of glucagon-induced AGXT upregulation may not be conserved 

between both species. It might result from branches of the glucagon signalling pathway that 

do not involve CREB phosphorylation as well as from increased substrate availability (Jahoor 

et al. 1990; Goldstein and Hager 2018). Interestingly, human hepatocytes with a higher TAG 

content failed to upregulate AGXT in response to glucagon, which was paralleled by an earlier 

lost in CREB phosphorylation. Thus, lipid accumulation affects AGXT in human and mice in a 

similar way. However, additional experiments are needed in order to validate the obtained 

results.  

4.5 Steatosis-associated impaired transcriptional response of Agxt towards 
glucagon might reduce hyperglycaemia 

A further aim of this thesis was to understand the potential physiological consequences and 

benefits resulting from an impaired transcriptional response of Agxt towards glucagon in 

hepatic steatosis.  

Assuming that Agxt plays a role in gluconeogenesis by providing gluconeogenic substrates, it 

can be speculated that the steatosis-induced attenuation of the hepatic glucagon signalling 

meant to upregulate Agxt might be a negative feedback mechanism in order to prevent further 

increase of hepatic glucose production in NAFLD, which is strongly associated with 

hyperglycaemia, insulin resistance, and T2D (Marchesini et al. 1999; Hatziagelaki et al. 2012; 

Williams et al. 2013). Furthermore, the upregulation of Agxt by glucagon in rats has been 
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shown to reduce hydroxyproline-derived urinary oxalate excretion due to the increased 

glyoxylate detoxification (Takayama et al. 2003). All in all, downregulating Agxt may help 

prevent excessive hyperglycaemia but may result in hyperoxaluria.  

Surprisingly, a reduced oxalate production due to the glucagon-induced increase of Agxt 
mRNA expression could not be observed in our in vitro experiments, in which primary 

hepatocytes from ob/+ and ob/ob mice were treated with glucagon and hydroxyproline 

simultaneously. This is most likely due to lack of translation of Agxt protein in response to 

glucagon treatment, since no increase in Agxt protein levels could be detected in cultivated 

hepatocytes in response to glucagon despite higher Agxt mRNA levels. In vitro conditions 

might not be suitable for this experiment due to expressional alterations happening in 

cultivated primary mouse hepatocytes (Godoy et al. 2016). This cultivation-dependent loss of 

hepatic gene expression may be responsible for the less efficient translation of Agxt. 

Importantly, also, after transduction of the viral Agxt construct, ob/+ hepatocytes did not 

display a significant higher Agxt protein expression even though mRNA levels were elevated 

already 24 h after transduction. In conclusion, cultivated primary mouse hepatocytes seem to 

have protein translation difficulties regarding Agxt, which might explain why glucagon 

treatment did not reduce oxalate excretion in hydroxyproline treated primary hepatocytes. 

Furthermore, it might also be possible that the subcellular distribution of the Agxt enzymes 

changes in response to glucagon instead of an overall increase of Agxt protein expression. 

However, the exact underlying molecular reason remains unclear. To circumvent these 

difficulties, experiments in mice should be performed. 

4.6 Future perspectives  

This study has demonstrated that the Agxt downregulation is a key event leading to steatosis-

associated increased hepatic oxalate production from hydroxyproline catabolism, as observed 

in primary hepatocytes from both ob/ob mice (Gianmoena 2017) and Western-diet (WD)-fed 

mice. 

Increased hepatic oxalate production and mild hyperoxaluria have been shown to be 

pathophysiological consequences of the steatosis-linked Agxt downregulation in ob/ob mice, 

which were both further increased by dietary hydroxyproline. Since, rescuing Agxt expression 

in cultivated ob/ob hepatocytes in vitro reduced the oxalate production upon hydroxyproline 

treatment, future in vivo experiments will be necessary to clarify whether the rescue of the 

Agxt expression reverses the hyperoxaluria in ob/ob mice. In addition, rescue experiments by 

adeno-associated virus-(AAV) mediated delivery of Agxt should be conducted in WD-fed mice, 

where the influence of dietary hydroxyproline on the hepatic and urinary oxalate excretion 

still remains to be investigated. This will strengthen the connection between hepatic steatosis 

and increased hepatic oxalated production followed by an elevated urinary oxalate excretion 

via Agxt in the two different NAFLD mouse models.  

One question that was not addressed within this thesis is whether the downregulation of Agxt 
in mouse NAFLD affects both subcellular pools of Agxt, the mitochondrial and the peroxisomal. 
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While the results obtained provide strong evidence for a reduced mitochondrial pool it cannot 

be excluded that also the peroxisomal Agxt is reduced, and hence plays a role in the observed 

pathology. For this purpose, peroxisomal and mitochondrial targeting Agxt constructs will be 

delivered by AAV transduction and the effects regarding the increased hepatic oxalate 

excretion and hyperoxaluria will be studied. Furthermore, this should be combined with a 

hydroxyproline- or a glycolate-enriched diet in order to understand the roles of peroxisomal 

and mitochondrial Agxt towards exogenously added oxalate precursors in vivo in the context 

of NAFLD.  

Although the downregulation of Agxt has been shown in both mouse models of NAFLD 

studied, they differed in the transcriptional response of Agxt to glucagon. Because, in contrast 

to ob/ob mice, an impaired responsiveness of Agxt mRNA expression towards glucagon was 

not observed in 6 weeks WD-fed mice. This was most probably due to the less distinct 

promoter hypermethylation in WD-fed mice compared to ob/ob mice. Therefore, studying 

both Agxt promoter methylation and the Agxt response towards glucagon in mice that were 

fed with a WD for longer periods of time would be important in order to understand whether 

the hypermethylation of Agxt increases by prolonged diet-induced steatosis and whether this 

is connected to loss of transcriptional regulation by glucagon. Furthermore, the influence of 

NAFLD progression on the transcriptional response of Agxt to glucagon should be investigated, 

since cirrhosis is reported to be associated with impaired glucagon signalling (Keller et al. 

1982).  

Furthermore, it is still unclear by which molecular mechanism the accumulation of lipids leads 

to the downregulation of Agxt in hepatic steatosis. The oversupply of lipids has been reported 

to result in an accumulation of lipotoxic intermediates, which in turn drive the development 

of insulin resistance (Erion and Shulman 2010; Yazıcı and Sezer 2017). It could be possible, that 

lipotoxicity and insulin resistance might lead to the downregulation of Agxt, since in addition 

to glucagon, also insulin is reported to regulate Agxt expression (Miyajima et al. 1989). 

However, this has to be extensively analysed in future experiments, e.g. in our in vitro steatosis 

model. Moreover, the mechanism leading to the steatosis-associated hypermethylation in the 

Agxt promoter still needs to be clarified. DNA methyltransferase 1 (DNMT1) has been reported 

to be increased in obesity (Kim et al. 2015). Therefore, analysing DNMT1 and other DNMTs 

might be a starting point for the purpose of elucidating the key mechanism leading to Agxt 
promoter hypermethylation in hepatic steatosis. Additionally, a transfection assay with a CpG 

free luciferase reporter vector (Klug and Rehli 2006) could be used to analyse whether the 

hypermethylation of the Agxt promoter results in silencing or repression of the Agxt gene 

expression.  

One finding of this study, the altered glucagon signalling pathway, deserves future research 

since it may have important implications in the regulation of hepatic gluconeogenesis and thus 

hyperglycaemia. The underlying mechanism leading to the earlier dephosphorylation of Creb 

in all steatotic conditions studied - in primary hepatocytes from ob/ob and WD-fed mice, in an 

in vitro steatosis model as well as in primary human hepatocytes (PHHs) with an increased 
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triglyceride content - has to be clarified in further experiments by manipulating and 

monitoring different components of the glucagon signal transduction pathway. Finally, the 

physiological consequence for glucose production and the translational relevance of the 

observed attenuated glucagon signalling in hepatic steatosis has to be investigated in human 

NAFLD patients. 

Moreover, PHHs from female donors exhibited a higher susceptibility towards the oxalate 

precursors glycolate and glyoxylate compared to male PHHs. Since, male individuals are more 

likely to develop NAFLD and kidney stone disease (Liang et al. 2014; Ballestri et al. 2017), our 

observations are contrary to the literature. Therefore, the obtained results should be 

confirmed with further PHH donors. Also, it is important to analyse the underlying molecular 

mechanisms leading to the observed gender difference by studying a possible gender-

predominant expression of the different glyoxylate metabolism enzymes. Interventions such 

as inhibition and/or overexpression analyses of e.g. HAO1 and LDHA might help to understand 

the gender difference in the glyoxylate metabolism on a molecular level. Furthermore, 

investigating the influence of sexual hormones like estradiol or testosterone on the expression 

of glyoxylate metabolism enzymes, might also help to elucidate the molecular mechanisms 

underlying the gender differences. Moreover, the impact of lipid accumulation on the oxalate 

production from different oxalate precursors should be investigated in steatotic PHHs or in an 

in vitro steatosis model in future. This should help to identify the glyoxylate precursors that 

sensitize to overproduction of oxalate in human NAFLD. Both male and female hepatocytes 

from NAFLD patients should be studied as well, in order to investigate whether the lipid 

accumulation alters gender differences that are observed in the healthy state. Understanding 

the gender differences in the glyoxylate metabolism in combination with NAFLD is important, 

since female and male individuals with and without NAFLD might need specialised treatments 

against kidney stone disease.  

The analysis in the cohort of overweight and obese children and adolescents showed a positive 

correlation between the steatosis percentage and increased urinary oxalate excretion, 

supporting the connection of human NAFLD to an increased risk of kidney stone formation. In 

order to strengthen this hypothesis, the sample size has to be increased and information 

regarding dietary oxalate precursors have to be collected. Finally, follow-up studies with the 

same participants over the next years would be interesting in order to track the progression 

of NAFLD, and whether this increases the urinary oxalate excretion and the development of 

calcium oxalate deposits.  
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