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Abstract

Abstract

Non-alcoholic fatty liver disease (NAFLD) encompasses a wide range of liver diseases, where
excessive hepatic lipid accumulation is a common factor. It is highly prevalent worldwide, and
is associated with an elevated risk of developing more severe liver diseases, as well as
cardiovascular and renal diseases, such as the formation of kidney stones. The aim of this
study was to identify and investigate lipid-associated metabolic and functional alterations in
steatotic livers and hepatocytes. For this purpose, a mouse model of NAFLD, the leptin
deficient ob/ob mouse, was implemented and its steatotic phenotype investigated. In vitro
induction of steatosis was established in HepG2 cells and in primary mouse hepatocytes to
more directly study the consequences of lipid accumulation. Macrovesicular steatosis was
confirmed in the hepatocytes of ob/ob mice as well as in the in vitro steatosis model, and was
manifested by the displacement of nuclei towards the periphery and by a perturbed

autophagy flux, thus recapitulating features of human NAFLD.

To estimate the impact of hepatic lipid accumulation on global gene expression across species,
hepatic genome-wide expression data of human NAFLD, of the leptin deficient ob/ob mouse
model, and of lipid-loaded HepG2 cells were compared. Here, 22 deregulated genes in mouse
and human NAFLD, as well as in the in vitro model of lipid accumulation were identified.
Among the 22 genes, the liver specific AGXT gene, encoding the alanine-glyoxylate
aminotransferase (AGXT), was found to be downregulated. The enzyme AGXT is essential for
the detoxification of glyoxylate to glycine in order to prevent the formation of oxalate, a factor
that increases the predisposition to developing kidney stones. For this reason, further steps
focused on exploring the downregulation of AGXT upon fatty liver as the molecular

mechanism underlying the increased risk of kidney stones in patients with NAFLD.

The steatosis-associated repression of AGXT was validated in a small, independent collection
of primary human hepatocytes, in a Western diet-induced mouse model of NAFLD, and in the
in vitro steatosis model of primary mouse hepatocytes, as well as in an additional hepatic cell
line. In the leptin deficient ob/ob mouse model, the repression of Agxt was accompanied by a
reduced hepatic glycine concentration and by a slightly increased urinary oxalate excretion.
These observations implied physiological consequences of the decreased expression of Agxt
due to the reduced glyoxylate detoxification capacity in this mouse model of NAFLD.

Moreover, cultivated ob/ob hepatocytes produced more oxalate upon treatment with the
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glyoxylate precursor hydroxyproline compared to the ob/+ hepatocytes, and thus suggested

an increased susceptibility towards hydroxyproline levels in steatosis.

The downregulation of AGXT in fatty liver was associated with hypermethylation of its
promotor in steatotic primary human and murine hepatocytes. This indicated a possible
methylation-dependent regulation of AGXT expression in vivo. The in vitro model of steatosis
was not able to recapitulate this feature, suggesting alternative mechanisms of transcriptional

downregulation of AGXT.

Altogether, the present study describes the hepatic steatosis-dependent deregulation of the
glyoxylate detoxification pathway via AGXT repression. It could demonstrate that the lipid-
dependent downregulation of AGXT in hepatocytes can result in increased generation of
oxalate, and thus susceptibility for renal calcium oxalate deposits. It is the first known report,
identifying the downregulation of AGXT as a missing molecular link between fatty liver and

the increased risk of kidney stones in patients with NAFLD.
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Zusammenfassung

Zusammenfassung

Die nichtalkoholische Fettlebererkrankung (non-alcoholic fatty liver disease, NAFLD) umfasst
eine Bandbreite von Lebererkrankungen, die eine exzessive hepatische Lipidakkumulierung
gemeinsam haben. Weltweit ist die Pravalenz von NAFLD hoch und sie ist nicht nur mit der
Entstehung ernsterer Lebererkrankungen assoziiert, sondern auch mit kardiovaskuldren und
renalen Erkrankungen, wie Nierensteinen. Das Ziel dieser Studie war es, lipid-assoziierte
metabolische und funktionelle Veranderungen in steatotischen Lebern und Hepatozyten zu
identifizieren und zu untersuchen. Zu diesem Zweck wurde das Leptin-defiziente ob/ob-
Mausmodell fir NAFLD herangezogen und sein steatotischer Phanotyp wurde analysiert. Des
Weiteren wurde ein in vitro—-Steatosemodell in HepG2-Zellen und primaren Maushepatozyten
etabliert, um die direkten Konsequenzen von Lipidakkumulation zu untersuchen.
Makrosteatose wurde sowohl in Hepatozyten von ob/ob-Mausen, also auch in solchen des
in vitro-Steatosemodells bestatigt und durch die Deplatzierung des Zellkerns in die Peripherie

sowie den gestorten Autophagiefluss, beides Merkmale der humanen NAFLD, verdeutlicht.

Um den Einfluss hepatischer Lipidakkumulation auf die globale Genexpression
spezieslibergreifend abzuschatzen, wurden genomweite Expressionsdaten von humaner
NAFLD, von dem Leptin-defizienten ob/ob-Mausmodell und von steatotischen HepG2-Zellen
miteinander verglichen. Dabei wurden 22 Gene identifiziert, die sowohl in muriner und
humaner NAFLD als auch durch Lipidakkumulation im in vitro-Modell dereguliert wurden.
Unter diesen Genen wurde die Herabregulierung des leberspezifischen AGXT-Gens, das die
Alanin-Glyxoylat-Aminotransferase (AGXT) codiert, beobachtet. Das Enzym AGXT ist essentiell
fiir die Detoxifizierung von Glyoxylat zu Glycin, um die Bildung von Oxalat vorzubeugen. Oxalat
ist ein Faktor, der die Anfalligkeit fir die Entstehung von Nierensteinen erhoht. Aus diesem
Grund wurde der weitere Fokus dieser Dissertation auf die steatose-bedingte
Herabregulierung von AGXT, als moglicher Mechanismus fir das erhohte Risiko von

Nierensteinen in NAFLD-Patienten, gelegt.

Die steatose-assoziierte Repression von AGXT wurde sowohl in einer kleinen, unabhéngigen
Sammlung primdrer humaner Hepatozyten und in einem Western diet-Mausmodell von
NAFLD, als auch in den in vitro-Steatosemodellen von primaren Maushepatozyten und einer
weiteren Leberzelllinie bestatigt. Die Agxt-Herabregulierung in dem ob/ob-Mausmodell ging

mit einer reduzierten hepatischen Konzentration von Glycin und einer leichten Erhohung der
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taglichen renalen Oxalatausscheidung einher. Diese Beobachtungen deuteten auf
physiologische Konsequenzen der verminderten Agxt-Expression, durch eine reduzierte
Glyoxylatdetoxifizierungskapazitat, in dem ob/ob-Mausmodell hin. Darlber hinaus
produzierten kultivierte Hepatozyten der ob/ob-Maus, nach Behandlung mit dem
Glyoxylatvorlaufer Hydroxyprolin, mehr Oxalat als die Kontrollhepatozyten der ob/+-Maus.

Dies deutete eine erhohte Empfindlichkeit gegeniliber Hydroxyprolin bei Lebersteatose an.

Die reduzierte Expression von AGXT in der Fettleber ging mit der Hypermethylierung seines
Promotors in steatotischen primaren humanen und murinen Hepatozyten einher. Das wies
auf eine mogliche methylierungsabhangige Regulation der AGXT-Expression in vivo hin. Das
in vitro-Steatosemodell war nicht in der Lage dieses Merkmal zu rekapitulieren und deutet
somit an, dass es alternative Mechanismen fiir die transkriptionelle Herabregulierung von

AGXT gibt.

Zusammengefasst beschreibt die vorliegende Studie die lebersteatose-bedingte Deregu-
lierung der Glyoxylatdetoxifizierung durch AGXT-Repression. Sie konnte zeigen, dass die
lipidabhangige Herabregulierung von AGXT in Hepatozyten zu einer vermehrten Bildung von
Oxalat fiihren kann und dadurch die Suszeptibilitat flr renale Calciumoxalatablagerungen
erhoht. Es ist die erste bekannte Untersuchung, die die verminderte Expression von AGXT als
fehlende molekulare Verbindung zwischen der Fettleber und dem erhohten Risiko von

Nierensteinen in Patienten mit NAFLD identifiziert.
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1. Introduction
1.1 Epidemiology of non-alcoholic fatty liver disease

Non-alcoholic fatty liver disease (NAFLD) encompasses a spectrum of fatty liver diseases
ranging from simple steatosis to steatohepatitis, fibrosis and cirrhosis that can ultimately lead
to hepatocellular carcinoma (Bugianesi et al. 2002; Powell et al. 1990; Schaffner and Thaler
1986). The main feature of NALFD is the excessive accumulation of fat in the liver, which is
defined by steatosis in more than 5% of the hepatocytes (European Association for the Study
of the Liver 2016). In order to diagnose NAFLD, secondary causes of hepatic lipid
accumulation, such as heavy alcohol consumption, steatogenic medication, virus infection and
hereditary disorders need to be excluded (Chalasani et al. 2012). The European Association
for the Study of the Liver (EASL) defined heavy alcohol consumption with respect to NAFLD as
the daily intake of more than 30 g of pure ethanol for men and 20 g pure ethanol for women
(Ratziu et al. 2010). Furthermore, the American as well as the European Association for the
study of the Liver have placed NAFLD into the two distinct categories: non-alcoholic fatty liver
(NAFL) and non-alcoholic steatohepatitis (NASH). NAFL represents simple hepatic steatosis
with no signs of inflammation or hepatocellular injury; whereas, NASH covers the spectrum of
more severe liver diseases, including inflammation with or without fibrosis the in presence of
hepatic steatosis (Chalasani et al. 2012; European Association for the Study of the Liver 2016).
Worldwide, NALFD is a major underlying feature of liver diseases and the most common cause
for elevated liver enzymes (Vernon et al. 2011; Younossi et al. 2016). Importantly, NAFLD, in
particular NASH, is associated with increased overall mortality compared to the general
population (Adams et al. 2005; Ong et al. 2008). Furthermore, patients suffering from NASH
exhibit elevated liver-related mortality (Ekstedt et al. 2006; Matteoni et al. 1999; Stepanova
et al. 2013).

1.1.1 Prevalence of NAFLD

Assessing the prevalence of NAFLD in the general population is difficult, because it is highly
variable, and depends on the method applied for diagnosis and on the studied population.
The current gold standard to diagnose NAFLD is a biopsy of the liver; an invasive procedure
that is not feasible for screening entire populations. Nevertheless, in studies investigating the

potential of living individuals to donate liver they found a NAFLD prevalence of 10% in Korea
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and of 20% in the USA when the degree of steatosis was set above 30%, diagnosed by liver
biopsy (Lee et al. 2007; Marcos et al. 2000). Ultrasound is one of the most widely-used, non-
invasive diagnosis method to diagnose NAFLD, which revealed a prevalence between 17% in
India and 46% in the USA (Vernon et al. 2011). Younossi and co-workers reported that the
global NAFLD prevalence is 25% based on imaging techniques to diagnose NAFLD. Although
NAFLD is quite common, only a small subgroup suffers from NASH. It is estimated that 7-30%
of all NAFLD patients have NASH, which indicates an overall prevalence between 1.5% and

6.5% (Younossi et al. 2016).

Interstingly, ethnicity also has an enormous impact on NAFLD’s frequency. Hispanics are
reported to have the highest prevalence, followed by white and African Americans (Browning
et al. 2004). The genetic variation 1148M of the PNPLA3 gene, encoding the patatin-like
phospholipase-3/adiponutrin, is strongly associated with increased hepatic fat content. This
particular mutation is most common in Hispanics and is a potential explanation for the

ethnicity differences with regard to NAFLD (Romeo et al. 2008).

1.1.2 NAFLD is associated with the metabolic syndrome

NAFLD is more prevalent in patients with existing metabolic disorders compared to those in
general population (Vernon et al. 2011). Usually, several metabolic disorders occur
simultaneously and are defined as the metabolic syndrome, which includes abdominal
obesity, dyslipidemia, raised blood pressure and insulin resistance (Expert Panel on Detection
Evaluation and Treatment of High Blood Cholesterol 2001). Obese patients undergoing
bariatric surgery have increased prevalence of NAFLD, ranging from 63% (Boza et al. 2005) up
to over 90% (Machado et al. 2006; Ong et al. 2005). Furthermore, elevated body mass index
(BMI) and waist circumference are associated with the presence of NAFLD (Bedogni et al.

2005).

Insulin resistance is related to NAFLD (Marchesini et al. 1999) and accumulation of hepatic
liver fat is closely associated to hepatic, muscle and adipose tissue insulin resistance in obese
persons (Korenblat et al. 2008). In addition, patients with type Il diabetes have a higher
prevalence of NAFLD, which was associated with obesity, hypertriglyceridemia and high to

normal alanine aminotransferase levels (Leite et al. 2009).

In brief, obesity and insulin resistance, as well as type Il diabetes are closely related to NAFLD.
For that reason, NAFLD is sometimes considered as a hepatic manifestation of the metabolic

2
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syndrome (Fotbolcu and Zorlu 2016; Marchesini et al. 2001). This assumption is however
controversially discussed. Smits and colleague performed a confirmatory factor analysis of
cross-sectional data, derived from the Third National Health and Nutrition Examination
Survey, NHANES Il (National Center for Health Statistic 1994), and 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 Progression of NAFLD

Simple steatosis and NASH can develop into more severe types of liver diseases. Simple
steatosis, if it progresses, is reported to progress very slowly (Pais et al. 2011; Teli et al. 1995;
Wong et al. 2010). For instance, a new study, investigating the progression of/to fibrosis from
NAFL and NASH, reported that simple steatosis increases the fibrosis stage every 14 years,
whereas NASH has a progression rate that correspond to one fibrosis stage every seven years

(Singh et al. 2015).

Fat accumulation in the liver is a main feature of NAFLD as described in Chapter 1.1. There are
several mechanisms underlying this lipid accumulation, such as the oversupply of fatty acids
and their assembly into triglyceride (Postic and Girard 2008). Fatty acids arise from several
sources, including their release upon the lipolysis of adipose tissue, diet, and hepatic de novo
synthesis of fatty acids, which are then esterified to glycerol (Donnelly et al. 2005). In addition
to the increased production of lipids/triglycerides, decreased degradation of fatty acids as well
as reduced excretion of hepatic very low density lipoprotein (VLDL) containing triglycerides

can also contribute to the accumulation of lipids (Postic and Girard 2008).

It is currently controversial whether lipid accumulation, i.e. simple steatosis, always occurs
before NASH and thus symbolizes the initiation of the development of NASH. Day and
colleague proposed the so called “two hit” hypothesis in 1998, by suggesting that the
development of fatty liver is the so-called “first hit”, which increases the susceptibility of the
liver to “second hits”. These two hits result in hepatocyte injury, and consequently in
inflammation of the liver (Day and James 1998). Examples of second hits are lipid peroxidation,
reactive oxygen species, free fatty acids, and the release of Tumour necrosis factor a (TNFa)
(Day 2002; Day and James 1998). However, this theory fails to explain why simple steatosis, in

contrast to NASH, rarely progresses to more severe liver disease. Therefore, multiple hit
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hypotheses have been proposed that try to explain the complexity of NAFLD progression
(Figure 1.1), accompanied with the suggestion to consider simple fatty liver and NASH as two

separate diseases (Buzzetti et al. 2016; Tilg and Moschen 2010).

Genetic and epigenetic factors
TAdipose tissue
Adipokines . Adipocyte dysfunction
Dietary factors

Obesity

TLipolysis ~ 1 serum cholesterol r
Insulin resistance

~ 1 serum FFAs

NAFLD

Gut
microbiome

<

TLPS
T permeability

(Inflammasome)

Figure 1.1: Multiple hit hypothesis for the development of NAFLD (modified from Buzzetti et al. 2016).

1.2.1 Hepatic lipid accumulation and insulin resistance

The accumulation of triglycerides may not always indicate a hepatotoxic event, but can
represent a hepatoprotective process by which cells deal with excessive free fatty acids
(Dowman et al. 2010). Mouse models with increased capacity to form triglycerides are more
protected from systemic inflammation (Koliwad et al. 2010); whereas, mice with impaired

triglyceride synthesis show more liver damage and inflammation (Yamaguchi et al. 2007).

As mentioned above, NAFLD and NASH are closely linked to peripheral insulin resistance
(Sanyal et al. 2001), which is characterized by increased insulin release due to decreased
insulin sensitivity. Elevated insulin levels influence lipid metabolism, for example, insulin
stimulates hepatic de novo lipogenesis by the activation/overexpression of the transcription
factor sterol regulatory element-binding protein-1c (SREBP-1c), which in turn regulates the
transcription of lipogenic genes (Horton et al. 2002; Shimano et al. 1999). In addition, insulin
does not suppress lipolysis in adipose tissue as under normal conditions and the efflux of free

fatty acids to the liver increases (Lewis et al. 2002). Elevated levels of free fatty acids are
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strongly associated with increased expression of the pro-inflammatory cytokine TNFa, which

may explain the fatty acid-mediated hepatic lipotoxicity (Feldstein et al. 2004).

1.2.2 Gut microbiota-dependent release of endotoxins

The gut microbiota is another widely discussed parameter in NAFLD and its progression
(Buzzetti et al. 2016). The blood supply of the liver comes mainly from the portal vein (70% -
75%), and thus represents an important link between the intestine and the liver. Thus, the
liver is exposed to various intestinal metabolites and nutrients (Abdel-Misih and Bloomston
2010). The composition of the gut microbiota is strongly dependent on the diet of the host
(Wu et al. 2011). NASH patients have a higher prevalence of small intestinal bacterial
overgrowth accompanied by elevated serum values of TNFa (Wigg et al. 2001). Additionally,
NASH patients seem to have an increased susceptibility for gut leakage (Farhadi et al. 2008).
Both observations were confirmed in NAFLD patients in a study conducted by Miele and
colleagues, who explained that the higher permeability may be due to a disruption of
intercellular tight junctions in the intestine (Miele et al. 2009). Bacterial overgrowth in
combination with the elevated permeability of the gut may together increase the exposure of
the liver to gut-derived endotoxins, consisting of lipopolysaccharides (LPS). Recent studies
support this by showing increased serum levels of endotoxins in terms of NAFLD than in

controls (Harte et al. 2010; Wong et al. 2015).

Mouse models of NAFLD, namely mice on high fat diet and genetically obese leptin deficient
mice exhibit increased plasma levels of endotoxins, which were reduced upon antibiotic
treatment also accompanied with change of gut microbiota (Cani et al. 2008). LPS are thought
to play an important role in the progression of NASH, mediated by an increase in the
expression of Toll like receptor 4 (TLR4) as well as CD14. TRL4 is predominantly expressed in
cells of the immune system, especially in macrophages and dendritic cells (Medzhitov et al.
1997), and recognizes LPS most likely after LPS binds to its co-receptor CD14 (da Silva Correia
et al. 2001). Stimulation of TLR4 activates the production of pro-inflammatory cytokines, such
as TNFa, Interleukin-1 (alpha and beta) and interleukin-6 (1I-6) (Luster et al. 1994; Medzhitov
2001). Rivera and colleagues demonstrated that Kupffer cells - liver resident macrophages -
and TLR4 have an immense impact on NAFLD progression. The authors showed that Kupffer
cell depletion, as well as the absence of TLR4 attenuate hepatic inflammation and injury in a

diet-induced model of NASH (Rivera et al. 2007).
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1.2.3 Pro- and anti-inflammatory signalling in NAFLD

LPS is not the only TLR4 trigger. Free fatty acids are also able to stimulate TLR4 in adipose
tissue, which results in increased levels of TNFa and Interleukin 6 (1I-6) (Shi et al. 2006). Both
hepatic and serum levels of TNFa, as well as the expression of the TNFa receptor are elevated
in patients suffering from NASH with severe fibrosis (Crespo et al. 2001). Moreover, increased
expression as well as plasma concentrations of II-6 are found in NASH patients, but not in
patients with simple steatosis (Wieckowska et al. 2008). These findings suggest an important

role of pro-inflammatory cytokines in the pathogenesis of NAFLD.

In addition to pro-inflammatory cytokines, adipose tissue also releases anti-inflammatory
adipokines, such as adiponectin (Tilg and Moschen 2006). Adiponectin’s main anti-
inflammatory functions include the suppression of the synthesis of TNFa (Yokota et al. 2000)
and interferon-y (IFNy), as well as the induction of the production of anti-inflammatory
cytokines, such as interleukin-10 (II-10) in leukocytes (Wolf et al. 2004). Furthermore,
adiponectin stimulates B-oxidation of fatty acids in rat hepatocytes and the downregulation
of the above-mentioned transcription factor SREBP-1c, altogether leading to the reduction in
de novo lipogenesis (Tilg and Moschen 2006). Serum levels of adiponectin are markedly
decreased in obese patients (Arita et al. 1999). Interestingly, the concentration of adiponectin
increases upon weight loss, with a concomitant decrease in Il-6 levels, suggesting a cytokine-
dependent regulation of adiponectin (Bruun et al. 2003). Also, an earlier study reported that
patients with type Il diabetes presented with a marked decrease of adiponectin levels which
were restored upon weight loss (Hotta et al. 2000). Moreover, the hepatic expression of
adiponectin and its receptors were found to be reduced in NASH patients but not in patients
with simple steatosis (Kaser et al. 2005). Another study reported a negative correlation
between the plasma concentration of adiponectin and the hepatic triglyceride content as well
as insulin resistance (Bugianesi et al. 2005). However, no correlation was observed with the
severity of NAFLD, indicating that the severity of NAFLD was not associated with reduced
levels of adiponectin (Bugianesi et al. 2005). In contrast, Musso and colleagues found a strong
association between the degree of hypoadiponectinemia and the severity of NASH, suggesting
lower levels of adiponectin in advanced fibrosis (Musso et al. 2005). In agreement, treatment
with pioglitazone, a peroxisome proliferator—activated receptor y (PPARy) agonist, increased

the plasma levels of adiponectin in NASH patients and led to a histological improvement of
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NASH (Belfort et al. 2006). Altogether, these findings indicate that a decreased expression of

adiponectin is associated with NAFLD and may play a role in the progression of NAFLD.

1.2.4 Mitochondrial abnormalities and dysfunction

Prior work has shown that NAFLD patients have increased B-oxidation and hepatic oxidative
stress, which is only observed in NASH mitochondria with defective structures as well as
megamitochondria (Caldwell et al. 1999; Sanyal et al. 2001). Moreover, the activity of the
mitochondrial respiratory chain enzyme complex is decreased in livers of NASH patients
(Pérez-Carreras et al. 2003). Augmented B-oxidation leads to increased delivery of electrons
to the mitochondrial respiratory chain, caused by decreased activity of the chain, which
impairs proper transfer of electrons. This altogether contributes to an increased formation of
reactive oxygen species (ROS), and in particular the formation of superoxide anion radicals
(Pessayre and Fromenty 2005; St-Pierre et al. 2002). ROS can directly damage the
mitochondrial DNA, and disturb the mitochondrial respiratory chain by damaging its
polypeptides. Furthermore, it increases the degree of lipid peroxidation that contributes to
the oxygen imbalance and ROS, which in turn stimulates the hepatic production of TNFa that
can lead to hepatocyte cell death (Pessayre et al. 2001). Accumulation of free cholesterol
within hepatic mitochondria has been shown to result in the depletion of mitochondrial
glutathione, and consequently to the increased susceptibility of hepatocytes to TNF signalling
in steatohepatitis (Mari et al. 2006). Mitochondria dysfunction/abnormality is strongly
associated with NAFLD, but it is still not clear whether this is a consequence of or a

contributing factor towards the progression of NAFLD.

1.2.5 Activation of the unfolded protein response

The unfolded protein response (UPR) is another mechanism, which has been discussed to play
arole in the progression of NAFLD (Tilg and Moschen 2010). UPR is triggered by the disruption
of endoplasmic reticulum (ER) homeostasis, namely ER stress, which results from the
accumulation of misfolded proteins, elevated secretory protein production, or imbalanced
redox status (Kaufman 2002). Additionally, ER stress might be responsible for insulin
resistance/hyperinsulinemia in obesity since its alleviation by drug treatment improved insulin
sensitivity and glucose homeostasis in obese and diabetic mice (Ozcan et al. 2006). Several
studies reported an activation of the UPR during NAFLD. For example, Puri and co-workers

reported in 2008 an increase in phosphorylation of Eif2a in NAFLD patients, which leads to an
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arrest in the translational protein synthesis, as part of the UPR. However, the authors were
not able to show the recovering mechanism of UPR in these patients, perhaps due to
continued ER stress. In addition, NASH was found to be associated with c-Jun N-terminal
kinase (JNK) activation (Puri et al. 2008a), with comparable results obtained in a mouse study
from Rinella and colleagues. Here, NASH was induced in diabetic mice by a methionine-
choline-deficient diet and the persistent activation of Eif2a in form of its phosphorylation,

indicative of UPR, as well as activation of INK were reported (Rinella et al. 2011).

1.2.6 Genetic and epigenetic factors

Genetic predisposition seems to have influence on the severity of NAFLD (Vernon et al. 2011).
Carriers of the aforementioned polymorphism in the PNPLA3 gene encoding the protein
variant 1148M have a higher risk for developing NAFLD accompanied with necroinflammation
and fibrosis (Valenti et al. 2010). In agreement, the polymorphism of TM6SF2 is not only
associated with increased hepatic lipid content (Kozlitina et al. 2014), but also with advanced

fibrosis/cirrhosis (Liu et al. 2014).

Epigenetics is a further discussed mechanism involved in the progression of NAFLD (reviewed
by Lee et al. 2017). There are several ways in which epigenetic alterations may influence the
liver with regard to lipid accumulation and the pathogenesis of NAFLD. Briefly, epigenetic is a
phenomenon that has enormous impact on the expression of genes without changing the
sequence of DNA bases. One of the most studied epigenetic modification is the methylation
of DNA; these methylations occur at the C5 position of cytosine residues next to guanine, so
called CpG sites, catalysed by DNA methyltransferases (DNMTs) (Tollefsbol 2011). DNA
methylation in the regulatory region of a gene is usually accompanied by the downregulation
or silencing of that gene (Cedar 1988). Murphy and colleagues proposed that a different
methylation pattern might distinguish mild from advanced NAFLD, where in general less CpG
sites are methylated in advanced NAFLD compared to mild NAFLD (Murphy et al. 2013). DNA
methylation is influenced by diet (Tollefsbol 2011). Diets that are deficient in methyl donors
like folate reduce the DNA methylation in the liver leading to hepatic lipid (da Silva et al. 2014).
Interestingly, liver biopsy samples from NALFD patients before and after weight loss due to
bariatric surgery show that NAFLD-related DNA methylation are partially reversible (Ahrens et
al. 2013).
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In addition to DNA methylation, histone modifications as well as microRNAs are also proposed
to be relevant in the pathogenesis of NAFLD (Lee et al. 2017). Histone modifications are
important for the regulation of chromatin structure and function, which affects DNA related
processes, e.g. gene transcription (Herceg and Murr 2011). Deviant histone modifications are
associated and involved in the development of insulin resistance that leads to steatosis (Lee
et al. 2014; Ling and Groop 2009). An imbalance between histone acetylation and histone
deacetylation may be an underlying cause for the progression of NAFLD to hepatocellular

carcinoma (Tian et al. 2013).

MicroRNAs are short endogenous RNA sequences, which regulate gene expression by
degradation or repression of targeted mRNAs (Ambros 2004). In NAFLD, aberrant profiles of
microRNAs are found and specific microRNAs are involved in the progression from steatosis

to more sever forms of NALFD (Ferreira et al. 2014).

1.3 Autophagy and NAFLD

Autophagy is a conserved mechanism by which misfolded proteins as well as damaged
organelles are degraded, and was recently identified as a regulator of lipid metabolism (Singh
et al. 2009). Recent studies have also implicated autophagy in NAFLD (Gonzalez-Rodriguez et
al. 2014; Kwanten et al. 2014). Degradation in autophagy is a dynamic process comprising the
engulfment of cargo and the formation of double-membraned autophagosomes, and their
subsequent fusion with the lysosome (Xie and Klionsky 2007). The actual degradation of the
cargo occurs in a fusion product called the autolysosome. Autophagy is important in the
maintenance of cellular homeostasis in order to avoid accumulation of damaged organelles,

long lived proteins, and lipid droplets (Singh et al. 2009; Xie and Klionsky 2007).

The relationship between autophagy and NAFLD is two-sided. On the one hand, inhibition of
autophagy causes accumulation of triglycerides and lipid droplets indicating a lipolytic
function of autophagy; on the other hand, abnormally high levels of intracellular lipids impair
autophagy-related clearance of lipids (Singh et al. 2009). Potential reasons for the impaired
clearance include an altered lipid composition of the membrane, which reduces the fusion
capacity of the autophagosomes with the lysosomes upon long lipid stimulation (Koga et al.
2010), or inhibited acidification of autophagosomes that prevents degradation (Inami et al.

2011).
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Upon lipid stimulation in a rat model, a biphasic behaviour of autophagy was reported by
Papackova and co-workers in 2012. A short term challenge with increased lipid supply
stimulated the autophagic flux; whereas, long term treatment with a high fat diet led to a
blockage of the autophagic flux (Papackova et al. 2012). Moreover, hepatic autophagy was
impaired in both genetic and diet induced mouse models of NAFLD (Inami et al. 2011; Singh
et al. 2009; Yang et al. 2010), as well in patients with NAFLD (Gonzalez-Rodriguez et al. 2014).
In patients, the autophagic flux was shown to be decreased during steatosis (Kashima et al.

2014); a dysfunction that correlated with hepatic inflammation (Fukuo et al. 2014).

Interestingly, previous studies have reported a connection between the compromised
autophagy and elevated levels of ER stress in human and murine NAFLD (Gonzalez-Rodriguez
et al. 2014; Yang et al. 2010). Autophagy and ER stress are tightly linked because ER stress

induces autophagy for cell survival (Ogata et al. 2006).

Hyperinsulinemia has also been reported together with elevated ER stress during suppressed
autophagy (Liu et a