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CHAPTER 1
INTRODUCTION: HEPATOCELLULAR AUTOPHAGY
IN NON-ALCOHOLIC FATTY LIVER DISEASE (NAFLD)
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ABSTRACT

Autophagy is a mechanism involved in cellular homeostasis under basal and stressed conditions 
delivering cytoplasmic content to the lysosomes for degradation to macronutrients. The 
potential role of autophagy in disease is increasingly recognised and investigated. Nowadays it is 
commonly accepted that autophagy plays a role in hepatic lipid metabolism. Hence, dysfunction 
of autophagy may be an underlying cause of non-alcoholic fatty liver disease (NAFLD). However, 
controversy concerning the exact role of autophagy in the lipid metabolism exists: some 
publications report a lipolytic function of autophagy, whereas others claim a lipogenic function. 
This chapter aims to review of the current knowledge on autophagy in the hepatic lipid 
metabolism, hepatic glucose metabolism and insulin resistance, steatohepatitis and hepatic 
fibrogenesis.

Chapter 1 Introduction 

INTRODUCTION

The term autophagy has been introduced by de Duve et al. over forty years ago [1] to define 
a process of vacuolisation to transport intracellular material to the lysosomes for degradation. 
The knowledge and number of autophagy-related publications increased exponentially in the 
last decade, as the importance of autophagy in (patho)physiology became recognised. Indeed, 
autophagy is progressively acknowledged as an important regulator of intracellular homeostasis. 
Dysfunction of this process has been linked with cardiovascular, respiratory, neurodegenerative 
and metabolic diseases and with cancer [2,3]. 

A growing body of evidence indicates that autophagy and lipid metabolism are correlated. 
Dysfunctional autophagy may therefore contribute to the pathogenesis of non-alcoholic 
fatty liver disease (NAFLD). However, controversies still exist and the exact role of autophagy 
in the hepatic lipid metabolism is not entirely elucidated yet. This chapter aims to give a brief 
introduction to NAFLD and autophagy and subsequently reviews the current knowledge on 
autophagy in NAFLD.

NON-ALCOHOLIC FATTY LIVER DISEASE (NAFLD)

Even though histological features of NAFLD were recognised earlier, the first formal definition was 
introduced in 1980 to describe a small cohort with striking fatty changes with lobular hepatitis 
and focal necrosis, termed non-alcoholic steatohepatitis (NASH) [4]. Since then the concept has 
evolved to the definition of NAFLD, which covers a spectrum of fatty liver without evidence 
for any secondary cause for hepatic fatty liver accumulation, such as alcohol consumption or 
inherited disorders [5]. NAFLD is epidemiologically associated with the metabolic syndrome that 
encompasses obesity, diabetes mellitus, arterial hypertension and dyslipidaemia [6].

The hallmark of NAFLD is macrovesicular fat accumulation in more than 5% of the hepatocytes. 
This accumulation ranges from scarce to panacinar steatosis and usually starts in Rappaport’s 
zone 3 [7]. It is important to distinguish non-alcoholic fatty liver (NAFL, also known as simple 
steatosis) from non-alcoholic steatohepatitis (NASH), which is diagnosed when macrovesicular 
steatosis is accompanied by both hepatocyte ballooning degeneration and lobular inflammation 
[5,7] (Fig. 1.1). 

Simple steatosis is currently still regarded as relative innocent, as it has a slow evolution to 
advanced disease (though a subgroup of fast progressors was identified [8]) and in absence of 
fibrosis mortality does not seem to be increased [9]. Potential consequences might therefore 
mainly be confined to the operative setting [10]. 

Once NASH has established, patients are subjected to an increased risk of hepatic and non-
hepatic co-morbidities and mortality (Fig. 1.1) [6,11,12]. NAFLD is an independent risk factor for 
cardiovascular disease and cardiovascular events are the most important cause of death [12,13]. 
Of all the features of advanced disease, fibrosis appears to be the most predictive for NAFLD-
related outcomes [9,14].
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Since liver biopsy is the current gold standard for diagnosis but cannot be used routinely for 
population-based studies, the current prevalence of NAFLD can only be estimated based on a 
range non-invasive diagnostic methods and/or in highly selected patient groups. The overall 
prevalence in the Western societies is estimated 20-30% for NAFLD, and 3-5% for NASH. Incidence 
has substantially increased in the last decades, and is expected to rise further [6,15]. By 2025, 
NAFLD-related liver disease is anticipated to become the most important indication for liver 
transplantation in the United States of America [16].

With the growing importance of NAFLD, research also increased and led to the formation 
of major research consortia in the United States and Europe [17]. Nevertheless, there are still 
major knowledge gaps concerning the exact pathophysiology behind the development and 
progression of NAFLD. It is generally believed that NAFLD is a very dynamic and multifactorial 
disease, in which different ‘hits’ contribute simultaneously and/or sequentially to the pathogenesis 
of NAFLD [18,19]. Autophagy gained interest recently as one of those potential hits. 

Figure 1.1  Non-alcoholic fatty liver disease (NAFLD) spectrum  NAFLD encompasses a spectrum of fatty 

liver disease ranging from non-alcoholic fatty liver (NAFL, also simple steatosis) to non-alcoholic steatohepatitis 

(NASH). The latter might further evolve to advanced fibrosis and eventually cirrhosis that can be complicated by 

hepatocellular carcinoma (HCC). HCC can also develop outside the setting of cirrhosis. NASH is also associated 

with increased hepatic and non-hepatic co-morbidities and mortality (Adapted from Cohen et al. and Torres et 

al [11,20])

Chapter 1 Introduction 

AUTOPHAGY

Autophagy is derived from the Greek “auto” and “phagos” and literally means “self-eating”. Basal 
autophagy serves as a housekeeper in the continuous turnover of cellular contents, thereby 
removing damaged or dysfunctional cellular contents and supplying substrates for energy 
production. Autophagy can be induced in response to oxidative or metabolic stress [21,22]. 
Starvation is commonly used to induce autophagy in research settings. Moreover, liver tissue and 
hepatocytes are frequently used in research and as such were involved in many major discoveries 
[21].

There are three types of autophagy identified in mammalian cells: macroautophagy, chaperone-
mediated autophagy (CMA) and microautophagy [2,23,24]. In macroautophagy, cytoplasmic 
material (e.g. organelles or protein aggregates) is sequestrated in a double membrane structure, 
the autophagosome (Fig 1.2). This process initiates the formation of a phagophore (also 
known as isolation membrane), which subsequently lengthens to create an autophagosome. 
The autophagosome fuses with a lysosome to form an autolysosome where its content will be 
degraded. When a small portion of cytoplasm is engulfed directly by the lysosome, the term 
microautophagy is used. In CMA, proteins that contain a special targeting motif, recognised 
by the heat shock cognate protein 70 (HSC70) and co-chaperones, will be selectively delivered 
to lysosomes where they are internalised via a lysosomal-associated membrane protein 2A 
(LAMP2A). 

Among the three types of autophagy, macroautophagy (henceforth called autophagy) is 
considered to play the most important role in the pathophysiology of diseases and is well 
studied in recent years. Even though autophagy was initially believed to be a non-selective bulky 
degradation pathway, selective forms such as ‘mitophagy’ (selective autophagy of mitochondria), 
‘peroxiphagy’ (peroxisomes), ‘ribophagy’ (ribosomes) or ‘xenophagy’ (invading microbes) are also 
acknowledged [2,3,24,25].

The formation of autophagosomes is a dynamic and highly regulated process with control 
mechanisms at transcriptional and post-transcriptional level [26]. It is regulated at the molecular 
level by autophagy related (Atg) genes and their products, which form the core machinery of 
autophagy (Fig. 1.2). These genes were originally identified in yeast, but many orthologues in 
higher eukaryotes have been found [27]. 
A central regulator in autophagy is the mammalian target of rapamycin (mTOR) [28]. This protein 
complex inhibits the initiation of autophagosome formation by phosphorylating UNC51-like 
kinase 1 (ULK1). The class I phosphatidylinositol 3-kinase (PI3K)/AKT pathway stimulates mTOR 
in response to growth factors, such as insulin. However, under conditions of low energy status 
the AMP/ATP ratio increases, leading to adenosine 5’-monophosphate-activated protein kinase 
(AMPK) activation and mTOR inhibition, thereby activating autophagy [27,28]. The beclin-1/
VSP34 (a class III PI3K)-interacting complex mediates nucleation of the phagophore [27,28]. 
Two ubiquitin-like conjugated complexes take care of elongation of the formed phagophore 
into an autophagosome: the ATG5-ATG12-ATG16L1 complex and light chain 3-II (LC3-II). An E1-
like protein, ATG7, is a necessary mediator of both conjugation processes, hence an interesting 
target for the study of autophagy [29]. LC3 (also known as MAP1LC3) is the major mammalian 
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orthologue of ATG8 and its active conjugated form, LC3-II, is frequently used as a marker for 
autophagy in studies [30]. For further extensive review of autophagy regulation, we refer to 
Ravikumar et al. [27], Mizushima et al. [24] and Feng et al. [26].
 

Figure 1.2  Macroautophagy  (A) Schematic overview of macroautophagy. Macroautophagy starts with 

the formation of a double-layered membrane, the phagophore (isolation membrane). Phagophore formation 

is regulated by the ULK1 complex (initiation), which is under control of the mammalian target of rapamycin 

(mTOR) complex, and the beclin-1/VSP34 interacting complex (nucleation). Two major ubiquitine-like conjugated 

complexes take care of the elongation of the double membrane: light chain 3 (LC3)-II and ATG5-ATG12-ATG16L1. 

ATG7 is one of the proteins necessary for formation of both elongation complexes. When an autophagosome is 

formed, it will fuse with a lysosome. The inner membrane of the autophagosome and the sequestered cytoplasm 

will be degraded and macromolecules can subsequently be (re-)used. Macroautophagy can be non-selective 

(random uptake of intracellular material) or selective (uptake of specific cargo, e.g. mitochondria, endoplasmic 

reticulum (ER)). (B) Transmission electron microscopy (TEM)-image of a normal mouse liver fasted overnight.  The 

arrows indicate autophagosomes, the arrowheads indicate autolysosomes. N, nucleus. (Adapted from Kwanten 

et al. [31])

Chapter 1 Introduction 

AUTOPHAGY IN LIPID METABOLISM

Singh and colleagues [32] were the first to convincingly correlate autophagy with lipid 
metabolism. They considered it as a novel selective pathway in lipid breakdown and called it 
‘lipophagy’, even though the first clues pointing towards a potential role of autophagy in lipid 
metabolism were already observed three decades earlier [33]. In contrast, Shibata et al. [34] 
claimed that autophagy was necessary for the genesis of lipid droplets (LDs) rather than being 
involved in the breakdown of LDs. Ever since, several papers with supporting evidence for both 
theories have been published. In this section, some common findings will be discussed, followed 
by reviewing both the opposing theories and the contextual alterations of autophagy in lipid 
metabolism.

Common findings in autophagy and lipid metabolism
Despite the contradictory results in the recent literature, some common findings supporting the 
relationship between autophagy and the lipid metabolism in the liver deserve to be mentioned.

First, a close relationship between LDs and LC3 has been demonstrated. A notable portion of 
LC3-positive structures, as demonstrated by immunofluorescence microscopy, co-localised with 
markers for LDs in liver tissue [34] and in cell lines [35–37]. Likewise, immunohistochemistry 
revealed positive LC3B dots localised on the surface of LDs [38]. Co-localisation could also be 
confirmed by LC3 immunogold staining transmission electron microscopy (TEM) and suggests 
a LD-regulating function of autophagy [32,34,35]. This co-localisation was not influenced by 
inhibition of autophagosome-lysosome fusion or knockout of autophagy, suggesting that 
conjugation to the active form of LC3 (LC3-II) occurs on the surface of LDs and not only on 
autophagosomes [32].

Secondly, in NAFLD steatosis is most of the time present in acinar zone 3 [7]. In parallel with 
this histological finding, immunohistochemical staining for autophagy (staining of LC3) is more 
localised around the central veins [38,39]. Zonal distribution of autophagy is also postulated 
from a theoretical point of view, based on findings in glutamine metabolism [40]. It is assumed 
that low rates of autophagy occur in periportal areas and constitutively high levels of autophagy 
pericentrally in well-nourished conditions. This assumption serves as a potential explanation for 
the pattern of steatosis in the liver.

Thirdly, LDs have shown to be associated with lysosomes. Immunofluorescence microscopy 
reveals increased co-localisation of LDs with lysosomal markers such as LAMP1 [32] or lysotracker 
[37] in fat-loaden cells. Co-localisation decreases after inhibiting autophagosome formation 
pharmacologically or by knockdown techniques [32]. 

Autophagy as a lipolytic mechanism
Considering autophagy as a lipolytic mechanism is an attractive theory, because it helps 
explaining the ability of the liver to mobilise free fatty acids (FFA) rapidly, if needed, taking into 
account that hepatocytes have relatively low concentrations of cytosolic lipases [41]. 
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Pharmacological inhibition or knockdown of autophagy (by targeting ATG5) in hepatocytes 
results in an increased hepatocyte triglyceride (TG) level and accumulation of LDs when cultured 
in the presence of an exogenous or endogenous lipid stimulus [32]. It was shown that this 
increase was due to impaired lipolysis (to fuel beta-oxidation) and not to increased TG synthesis. 
Additionally, the opposite happened after pharmacological induction of autophagy: lipid stores 
in hepatocytes decreased. The development of hepatocyte-specific autophagy-deficient mice (by 
targeting Atg7) could confirm the in vitro results. Indeed, these mice develop hepatomegaly with 
increased TG and cholesterol content, compared to their wild-type littermates [32]. Autophagy-
deficient and -competent mice that were starved for 24 h showed an increased presence of TG 
in their livers (the so-called fasting-induced steatosis). In wild-type mice this accumulation was 
less pronounced. Moreover, TEM demonstrated an increase of lysosomes and lipid-containing 
autophago(lyso)somes in the autophagy-competent mice, supporting lipolysis. These findings 
were even more pronounced with prolonged fasting. 

It has been shown that dietary induced obesity induces decreased autophagy flux [42,43]. In these 
mice, as well as in genetically induced obesity ATG7 protein levels were reduced (although the 
mRNA expression was comparable) [42]. Autophagy induction via liver-specific overexpression of 
Atg7 in ob/ob mice [42], or via calcium channel blockers [43], restored autophagy flux, improved 
the metabolic state and reduced steatosis significantly. These findings further support a lipolytic 
function of autophagy. 

When blocking autophagy pharmacologically, a decrease in the oxidation of FFA and in the 
very low-density lipoproteins (VLDL) production was observed, whilst stimulation of autophagy 
resulted in opposite effects [44,45]. In vivo results also showed a change in the distribution of 
lysosomal lipases (LAL) towards the autophagosome fraction after starvation, suggesting an 
increase in the autophagy-mediated lysosomal lipolysis [44]. 

Trafficking of autophagosomes and lysosomes, as well as their interaction, is just modestly 
understood. The Rab guanosine triphosphatases (GTPases) serve as master regulators of 
intracellular membrane traffic [46], and might be involved in the regulation of lipophagy as well. 
Indeed, Rab7 is a fundamental component of both LDs and endolysosomal membranes and 
a central regulator for LD breakdown by autophagy [47]. Dynamin 2, an other GTPase, is also 
involved in the maintenance of lysosomal homeostasis by recycling of the autophagolysosomes. 
Ablation of Dynamin 2 compromised the autolysosomal compartment, with subsequent 
depletion of lysosomes, and inhibited lipophagy [48].

Defects in forkhead box class O (FOXO) transcription factors are linked to steatosis and 
dyslipidaemia [49]. Mice with a liver-specific triple knockout of FOXO1/3/4 (LTKO) demonstrate 
steatosis and hypertriglyceridemia [50]. Reduced autophagy in these mice confirm FOXO1 
mediated regulation of the key autophagy genes [51]. Of note, Atg14 is regulated by the 
FOXO transcription factors 1 and 3. Knockdown of hepatic ATG14 increases hepatic and serum 
TG, whereas overexpression in high-fat diet (HFD) animals decreases steatosis. In LTKO mice, 
overexpression of Atg14 was able to counteract lipid disturbances including steatosis [50]. 
In contrast with these experiments, an increase rather than a decrease of FOXO1 levels was 
described in a small cohort of patients with NASH [52].

Chapter 1 Introduction 

The latest contributions to the knowledge of autophagy regulation were the further unravelling of 
the longer-term transcriptional regulation of autophagy [53]. Of these the transcription factor EB 
(TFEB) seems to be a master regulator of autophagy [54]. TFEB is involved in the lipid metabolism 
as its overexpression inhibits and its suppression induces steatosis, respectively [55]. The effects 
on lipid metabolism were mediated by the stimulation of the peroxisome proliferator-activated 
receptor γ coactivator 1α – peroxisome proliferator-activated receptor α (PGC1α-PPARα) pathway 
as well as by autophagy. Overexpression of TFEB could not counteract steatosis caused by the 
disruption of autophagy, implying dependency of TFEB function on the autophagy mechanism 
[55]. The cAMP response element-binding protein (CREB) is able to promote lipophagy in the 
fasted state via activation of TFEB and transcription of autophagy genes, while the farnesoid X 
receptor (FXR) suppresses many autophagy genes in fed conditions [56]. Likewise, starvation-
induced activation of PPARα impedes the inhibitory effects of FXR on autophagy [57].

It is well known that some antiretroviral drugs used for the treatment of HIV can induce steatosis. 
In an in vitro study, it was shown that the thymidine analogues zidovudine and stavudine 
inhibit the autophagic flux of hepatocytes in a dose-dependent manner, thereby inducing the 
accumulation of lipids and mitochondrial dysfunction [58]. Even though currently only used as 
treatment in a clinical trial [59], glucagon like peptide-1 (GLP-1) analogues were able to reduce 
fat accumulation in vitro and in vivo by the activation of autophagy [60–62], and by the reduction 
of endoplasmic reticulum (ER) stress [60]. Moreover, Roux-en-Y gastric bypass in obese diabetic 
rats was able to improve metabolic parameters and restore hepatic autophagy, correlated with 
increased plasma GLP-1 levels [63].  Carbamazepine and rapamycin induce autophagy and were  
effective in reducing steatosis in models of alcoholic and non-alcoholic fatty liver disease [64]. 
Also caffeine, of which epidemiological data suggest a protective effect on NAFLD, was shown 
to induce autophagy dose-dependently with increased lipid clearance [37,65]. Finally, the 
antioxidants resveratrol [66][67] and tert-butylhydroquinone [68], but also metformin [69] were 
able to attenuate hepatic steatosis by inducing autophagy via activation of AMPK/Sirtuin-1. 

Other possible mechanisms parallel to changes in autophagy that might explain the observed 
effects are formally not excluded, as illustrated by the reduced expression of genes related to ER 
stress and inflammation and increases expression of genes involved in lipid oxidation in zebrafish 
exposed to caffeine [65]. However, seen the alike effects of different compounds, involvement of 
autophagy in lipolysis is at least partially likely.

Very recently the role of autophagy appeared to be even more complex, since CMA emerged to 
control lipid homeostasis. Blockade of CMA induces severe hepatosteatosis, partially explained 
by defective breakdown of key enzymes involved in lipid binding, transport and synthesis [70]. 
Moreover, CMA is required for breakdown of LDs. LDs are covered with perilipins (PLINs), which 
regulate the accessibility of the LD for lipases. PLIN2 and PLIN3 are substrates of CMA, and upon 
fasting they are removed of the LD surface by CMA-mediated processes. After that, the lipid 
droplets are accessible for both cytosolic neutral lipases and for autophagy-mediated lipolysis. 
When CMA is blocked, lipid oxidation decreases and LDs accumulate [71].
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The exact relevance of microautophagy in normal cell physiology remains largely unknown at 
present, but microautophagy might also have a role in lipid breakdown. In a recent paper yeast 
were capable to turn LDs over in lysosomes by a process morphologically resembling autophagy 
and independent of core autophagy proteins [72]. Whether this also holds true for mammalian 
cells, remains to be proven. 

Data in humans are scarce. Studies in human liver tissue are limited partly by experimental 
restrictions, e.g. the impossibility to use specific pharmacologic interventions or to perform 
consecutive biopsies. Some currently used markers, such as LC3, do not allow good identification 
of autophagosomal structures unless the target protein is overexpressed [38]. Moreover, markers 
are a snapshot of a dynamic state and are not able to accurately discern between increased 
autophagy versus decreased degradation of autophagosomes [30,38]. Nonetheless, a small 
immunohistochemical study on post-mortem liver tissue demonstrated decreased LC3 and 
increased sequestosome 1/ubiquitin-binding protein p62 (SQSTM1/p62) staining in relation to 
an increased degree of steatosis, suggesting decreased autophagy in more severe steatosis [39]. 
Likewise, patients with proven NAFLD demonstrate increased numbers of autophagic vesicles 
and immunohistochemical p62 accumulation on their liver biopsy [73]. mRNA and protein 
analysis of liver biopsies were also indicative of an impaired autophagic flux in both NAFL and 
NASH patients [74]. A more in depth analysis with gene set enrichment analysis of liver biopsies 
demonstrated that NASH has distinct patterns, compared to normal livers or NAFL. In these 
livers genes associated with upregulated apoptosis and autophagy were enriched, while ER 
stress and lipogenesis associated genes showed enrichment for downregulation. In NAFL no 
genes were significantly enriched except for an enrichment for upregulation of autophagy [75]. 
This correlation can indicate either upregulation in an attempt to attenuate lipotoxicity and to 
increase lipolysis, or indicates the direct involvement of autophagy in fat accumulation in the 
liver. 

Finally, two clinical observations in patients with NAFLD deserve attention. First, hypothyroidism 
was found to be more frequent in patients with NAFLD [76–78]. Thyroid hormone (T3) is a known 
regulator of the basal metabolism and acts on different mechanisms. Recently, T3 was shown to 
be a powerful inducer of autophagy in vitro and in vivo, and autophagy accounted for a crucial 
portion of T3 stimulated beta-oxidation [36]. As a result, autophagy may provide the explanation 
for this association.

Secondly, patients with NAFL have an increased prevalence of hypovitaminosis D [79]. Vitamin 
D prevents the development of steatosis, whereas knockout of its receptor (VDR) promotes 
steatosis [80]. Others have shown that vitamin D acts as a potent inducer of autophagy [28]. 
Indirectly, these two facts together are in line with lipophagy, but hitherto the hypothesis that 
these effects are directly mediated via autophagy has not been investigated. 

Autophagy as a lipogenic mechanism 
Caenorhabditis elegans is a nematode increasingly used in metabolic research. Its intestine 
fulfils the role of a multifunctional organ reflecting the roles of the liver and adipose tissue [81]. 
Inhibition of autophagy via knockdown of several different genes involved in the autophagy 
process results in a strong reduction of lipid content. Importantly, there were no arguments 
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for altered food uptake or defecation, nor for influenced differentiation of the tissue in case of 
autophagy-deficiency  [82]. 

In fasting conditions, the body’s energy supply is maintained by adaptive mechanisms. As insulin 
levels decrease, lipolysis in the adipose tissue (AT) is no longer inhibited and FFA are released in 
the serum. These FFA are captured by the liver and either used for formation of ketone bodies, 
or temporary stored as TG in LDs [34,83]. In rodents this mechanism may cause substantial 
accumulation of TG in the liver, known as fasting-induced steatosis. C57Bl/6 mice showed to be 
very prone to develop steatosis in fasting conditions [83]. Also in humans, the liver fat content 
increases on imaging (with 1H-magnetic resonance spectroscopy) after 36 h fasting [84]. 

Mice with a hepatocyte-specific autophagy deficiency do not show fasting-induced steatosis as 
compared to wild-type animals. The remaining LDs are much smaller in number and size and the 
total TG content in the liver is lower. This lack of fasting-induced steatosis was first seen in very 
young mice (twenty-two days old), but was subsequently confirmed in eight to twelve week 
old mice [34,38,85]. Autophagy seems therefore implicated in LD formation and growth. The co-
localisation of LC3 (necessary for autophagosome formation) with LDs in starved wild-type mice 
further supports these findings [34]. Likewise to overall nutrient shortage by fasting, mice with a 
one-week dietary protein deficiency develop hepatic steatosis, accompanied by autophagy and 
ER stress. Leucine supplement, a known autophagy-inhibitor, lowered autophagy, ER stress and 
liver TG content [86]

Subsequent in vitro research confirmed these findings in different cell lines (including 
hepatocytes)[35]. Cells subjected to knockdown of LC3 form less LDs and have less TG content 
compared to their controls. Neither FFA uptake, nor TG synthesis or TG breakdown are influenced 
in LC3 knockdown cells, suggesting an impaired ability to preserve synthesised TG within these 
cells [35].

Very recently, an improved metabolic profile was observed in both hepatocyte- or skeletal muscle-
specific autophagy-deficient mice [87]. Adult mice with a deficiency in hepatic autophagy [85,87] 
and fed a control diet show reduced fasting-induced steatosis. Moreover, lipid accumulation did 
not develop [87] or increase [85] after feeding a HFD. Gene expression of proteins involved in 
fatty acid and TG synthesis was lower compared to control littermates. On the other hand, gene 
expression of proteins involved in beta-oxidation and TG secretion was also reduced [85,87]. It is 
not clear whether these findings are epiphenomena or directly involved in preventing steatosis. 
The ‘mitokine’ fibroblast growth factor 21 (FGF21), induced by mitochondrial stress, was held 
responsible as a central mediator of the metabolic alterations [87].

Decreased autophagy has been reported in dietary and genetic models of obesity, whereas 
overexpression of Atg7 had beneficial metabolic effects [42] as discussed above. Nevertheless, 
suppressing ATG7 expression in lean mice increases hepatic glycogen content, but fails to alter 
lipid accumulation in the liver (as well as TG or FFA in serum) [42]. This study is therefore non-
conclusive about a lipolytic or lipogenic function of autophagy.
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Contextual variability of autophagy in lipid metabolism
Besides the duality in autophagy as a lipolytic or lipogenic process, there are also differences 
described depending on its context. In most cases these differences were found in experiments 
supporting autophagy as a lipolytic mechanism.

Based on in vitro experiments, basal autophagy is supposed to be a more important pathway 
for lipid metabolism than induced autophagy [32]. Hepatocytes in culture did not demonstrate 
signs of induced autophagy in response to lipid stimuli. Moreover, in contrast with endogenous 
lipid load, these hepatocytes were unable to adjust the autophagic flow to a sudden increase in 
the external lipid load. In line with this in vitro finding, the external lipid load by prolonged HFD 
decreases the efficiency of autophagy [32,42,45,60]. Intriguingly, detailed follow up of autophagy 
reveals fluctuating levels of autophagy over time. An increased autophagic flux was observed 
after 2 weeks [45] or 4 weeks [88] of HFD, and a decrease was observed after respectively 10 or 
16 weeks of HFD. Other data (only presented in abstract form) suggest that autophagy decreases 
on short term HFD (3 days) and normalises after long term HFD (10 weeks) [89]. Instead of a 
decrease, 8 weeks of a diet high in fat load generates an increase in autophagy [90]. Recently, 
autophagy was shown to behave dynamically with an oscillating damping pattern under HFD, 
probably the consequence of a feedback loop mechanism between mTORC1 and TFEB (X.M. 
Yin, communication at the AASLD 2015 basic science symposium). All together, it seems that 
alterations of autophagy are very dynamic in states of overnutrition.

The term lipotoxicity covers all detrimental effects of fatty acids on the cellular integrity [91,92]. 
Hence, it is not surprising that lipids as such can influence autophagy. Short chain fatty acids 
are able to induce autophagy in vitro [93] as well ω3-fatty acids induce autophagy (mTOR 
independently) in vitro [94]. Unsaturated fatty acids (e.g. oleic acid) stimulate autophagy and 
protect against apoptosis, whilst saturated fatty acids (e.g. palmitic acid) inhibit autophagy and 
promote apoptosis [60,95,96]. Tu et al. saw the opposite effects, with inhibition of autophagy by 
oleic acid and induction by palmitic acid [97]. These conflicting results might reflect differences in 
cell type, concentration and duration of FFA application, but especially emphasise the contextual 
variability of autophagy. 

The impairment of autophagy in case of saturated fatty acids is believed to be a consequence 
of a diminished fusion capacity of autophagosomes with lysosomes [43,98]. Long exposure to 
high lipid concentrations alters the lipid composition of membranes or vesicular compartments, 
so impair their fusion [98]. An other explanation might be an inhibitory effect of increased 
cytoplasmic calcium concentrations via inhibitory effects of saturated fatty acids (SFA) on the 
sarco-ER calcium pump (SERCA) [43].This may explain the altered autophagy after prolonged fatty 
diets. Attenuation of CMA was also observed after lipid challenge [23]. However, some authors 
did not observe an attenuated fusion capacity. Instead they report a decrease in clearance of 
autophagosomes due to a disturbed acidification of lysosomal compartments [99,100] and/or 
down-regulated cathepsin expression [73,99].

Variation of autophagic behaviour has also been reported with respect to tissue type. For example, 
autophagy is indispensable for adipogenesis and transdifferentiation of white AT [101,102], 
contradicting a potential lipolytic function in AT. These findings are in contrast with findings of 
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autophagy in the liver, which mainly claim a lipolytic function of autophagy (as discussed above). 
In addition, an increased level of autophagy in AT of patients with metabolic syndrome or type 2 
diabetes mellitus has been observed [103–105].

Discrepancies and hypotheses 
The role of hepatic autophagy seems to be more complicated than expected and a clear-cut 
explanation for the aforementioned discrepancies in autophagy and lipid metabolism is currently 
lacking [106]. Several hypotheses, however, have been put forward. 

Distinction is made between basal and induced autophagy. Basal autophagy is supposed to be 
the most important type of autophagy in the pathogenesis of NAFLD [32,107]. Most studies are, 
however, performed after total blockage of autophagy, making it difficult to discern between 
the two. A Bcl-2 knock-in model is able to selectively block stimulus-induced (i.e. by exercise or 
starvation) autophagy [108]. These mice have an impaired glucose-uptake during exercise and 
an impairment of the exercise-induced protection against glucose-intolerance and increased 
serum lipid levels caused by HFD. The liver and pancreas morphology did not alter after HFD, 
supporting the importance of basal autophagy in lipid metabolism. Further elucidating the role 
of basal vs. induced autophagy, including the relationship towards the lipid source, may provide 
a possible explanation for the divergent findings in lipid metabolism.

Because autophagy declines with age [109], some concerns were raised about the age of the 
laboratory animals [110]. Sometimes, juvenile rather than adult mice were used in experiments 
[34], which may be less dependent on autophagy. However, additional experiments with younger 
and older mice provide similar results [34,38,85,87], suggesting that the observed differences 
cannot be explained solely by age. 

Secondly, small variances in the mouse strains might be responsible for different outcomes in in 
vivo experiments [87]. This explanation, however, is even so not likely to offer a solution. Most of 
the experiments were performed on a C57Bl/6 background, which is an inbred strain. Moreover, 
tracing back the cited resources of the hepatocyte-specific Atg7 knockout mice that were used, 
leads to the same origin of the mice: Atg7 flox mice (used by [32,38,111–113]) were created by 
Komatsu et al. [29] and albumin-Cre mice (used by [32,38,87,112]) were created by the group 
of Magnuson [114]. Furthermore, in vitro experiments on hepatocyte cell lines also showed 
conflicting results [32,35,58,60]. 
Thirthly, many different methods can be used to examine lipid accumulation and autophagy. 
Liver steatosis can be induced by fasting, by genetic and/or by dietary models. Different 
genetic modifications or pharmacological interventions can also alter autophagy. Moreover, 
in case of genetic interventions different target genes involved in autophagy can be chosen, 
that might be reflected in the results. Whereas papers claiming a lipolytic role use a wide range 
of methods (e.g. in vitro methods, pharmacological intervention, genetic modifications) (see 
above), articles claiming the opposite mainly use in vivo knockout and knockdown models and 
fasting-induced steatosis (see above). However, one of the caveats in knockout models is the 
potential of influencing developmental stages, e.g. transdifferentiation of white adipocytes 
requires autophagy [101,102]. This implies that the observed differences in autophagic lipid 
handling might be due to the method of inducing fat accumulation or an altered maturation of 
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hepatocytes. Moreover, when studying autophagy, it is sometimes difficult to discern whether 
the observed effects are a secondary/adaptive process or directly caused by autophagy [102,115]. 
Compensatory upregulation of other forms of autophagy (e.g. CMA) may modify the observed 
effects [107]. Furthermore, autophagy not only influences lipid metabolism, other organelles and 
cellular systems are also influenced by dysfunctional autophagy and may partly explain observed 
differences in liver metabolism (e.g. ER stress and dysfunctional mitochondria [80,116,117]). 
Disturbance of VLDL production might also be implicated, as autophagy can degrade apoB, 
a necessary protein for the VLDL formation [115]. There even may be non-autophagic (and 
autophagy-independent) functions of ATG-proteins [41,42,118] in lipid metabolism. 

Inversely, lipid metabolism is not solely dependent on autophagy alone. Cytosolic lipases still 
account for a substantial part of the lipolysis [91]. For example, after total blockage of lipolysis by 
diethylumbelliferyl phosphate (DEUP), the cellular TG content increases more than after blocking 
autophagy alone [32]. Additionally, if LD-formation is autophagy-dependent, small LD-like 
bodies are observed on TEM in autophagy-deficient cells, suggesting that the lumenally-sorted 
LD production (i.e. LDs formed out of the ER) is not affected [34]. 

Finally, while the resolution limit of microscopical techniques does not allow to visualise the 
smallest LDs in living cells [119], it is possible that the observed effects of autophagy only 
reflect LD modulation after the formation of LDs. Autophagy might be a dynamically active 
process which controls LD size and the amount of lipotoxic FFA in the cytoplasm. The behaviour 
of autophagy will be context-dependent and drives the main outcome of autophagy in lipid 
metabolism [82,91]. In this perspective, lipolysis and lipogenesis are no longer mutually exclusive 
and in fact co-exist.

AUTOPHAGY IN GLUCOSE METABOLISM AND INSULIN RESISTANCE

The liver plays a central role in glucose metabolism and an impaired insulin signalling is an 
important feature of NAFLD [11]. Autophagy substantially contributes to maintain glucose 
homeostasis. In case of conditional whole-body knockout of Atg7 in adult mice, liver glycogen 
stores were totally depleted and serum amino acids and glycaemia dropped severely when fasted 
and led to death. The underlying cause was a lack of sufficient substrates because of deficient 
autophagy, since liver ketogenesis and gluconeogenesis in the liver stayed intact [120]. 

Similar to whole-body autophagy, hepatic autophagy is necessary to deliver sufficient substrates 
to maintain blood glucose levels in the fasting state [121,122], which is under strict control of 
insulin [121]. Additionally, long-term maintenance of blood glucose levels is dependent on 
growth-hormone stimulated autophagy [122]. Adenoviral overexpression of TFEB, a master 
regulator of autophagy, improves the metabolic syndrome in HFD-fed and ob/ob mice, amongst 
which improved glucose metabolism [55]. 

CMA is also involved in glucose metabolism. Mice with knockout of LAMP2A, necessary for 
internalisation of CMA-dedicated proteins, demonstrated increased levels on glycolysis. As 
a consequence, they exhibit lower blood glucose levels after fasting, have decreased glucose 
tolerance testing and recover less from insulin tolerance testing [70]. 
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The exact interactions between the action of insulin and autophagy, explaining the observed 
alterations in glucose metabolism, are not entirely clarified yet. An overview of the current 
knowledge is given in Figure 1.3.
Insulin stimulates mTOR via the class I PI3K /AKT pathway, and thus inhibits autophagy [2,27]. 
In case of a normal insulin sensitivity of the liver, insulin-dependent stimulation of this pathway 
is a possible mechanism of reduced hepatocellular autophagy in hyperinsulinemic states. 
Furthermore, an alternative pathway was found, which could explain the reduced autophagy in 
case of insulin resistance (IR) [51]. In HFD-induced IR, a downregulation of autophagy was noticed 
due to a reduced FOXO1-mediated expression of key autophagy genes. The authors suggested 
that IR was a consequence of the reduced clearance of dysfunctional/aged mitochondria via 
mitophagy, as oxidative stress and altered mitochondrial integrity (and mass) are related to IR 
[51]. The impact of other dysfunctional organelles on IR was not investigated, but could also 
contribute to these findings.

Reduced autophagy was also linked to IR in a study with HFD and ob/ob mice [42]. In contrast 
to the aforementioned study, IR was not the cause but the result of decreased autophagy. 
Knockdown of autophagy in lean mice induced severe IR, while overexpression of Atg7 in obese 
mice improved the insulin sensitivity and glucose tolerance, decreased the hepatic glucose 
production and decreased steatosis. An increased level of the calcium-dependent protease 
calpain 2, which can cleave several autophagy-related proteins, was observed and was held 
responsible for the decreased protein level of ATG7. The subsequent increase of cellular stress, 
with emphasis on ER stress, might be the mechanism behind the observed IR [42]. 

Hepatic IR appears to be the result of ER stress-mediated processes [116], therefore ER stress 
secondary to decreased autophagy might be a plausible underlying mechanism for IR. 
Intracellular saturated fatty acids can also contribute to IR by an increase in ER stress, but also via 
an ER-stress independent mechanism [116]. On the other hand, ER stress stimulates autophagy 
[27,123], thus autophagy potentially acts as an escape mechanism to prevent cell injury and IR 
in particular.

Recently, Kim et al. [87] described a novel endocrine and metabolic function of autophagy. 
Defective mitophagy causes cellular stress, inducing a stress response regulated by activating 
transcription factor 4 (ATF4), which promotes the expression of FGF21. FGF21 has several 
beneficial metabolic effects in lean and HFD-fed animals including an improved glucose 
tolerance and insulin sensitivity [87,124]. In human subjects, however, a positive correlation was 
observed between plasma FGF21 levels, IR and steatosis [125]. This apparent paradox might 
be explained by the resistance to FGF21 (as with increasing levels of FGF21 less IR is actually 
expected, based on experimental data) or can either be explained by an adaptive increase of 
FGF21 after establishment of IR. In this study, mitochondrial dysfunction is no longer seen as 
detrimental, but rather as beneficial by reducing the fasting-induced steatosis and improving 
glucose metabolism. 

Finally, inhibiting and stimulating effects of protein kinase C (PKC), an important effector enzyme 
in several signal transduction cascades, on autophagy have been described [126,127]. Several 
isoforms of PKC are known and many of them can be activated by diacylglycerol (DG). Insulin 
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resistance is also linked to PKC [128]. As DG is an intermediate as well as a product of lipolysis, 
these findings may indicate an additional crosslink between IR and autophagy. Not all DG is able 
to activate PKC due to differences in stereoisomers. DG produced by lipolysis does not show 
bioactivity, and therefore potential crosstalk is less likely [91,128]. On the other hand, active 
stereoisomers of DG (i.e. 1,2-diacyl-glycerol) can be generated in lipid synthesis and interference 
with insulin signalling can still occur. 

Figure 1.3  The relation between of autophagy and insulin resistance Reciprocal influences are described 

between autophagy and insulin resistance (IR). Reduced autophagy, causes a decrease in blood glucose level and 

is subject to different influences. Growth hormone regulates blood glucose on the long-term via the stimulation 

of hepatic autophagy. Increased levels of calpain 2 can induce IR via the effects of decreased autophagy on 

mitochondria and the endoplasmic reticulum (ER) stress levels. On the other hand, residual insulin sensitivity 

can decrease autophagy due to IR-induced hyperinsulinism via the effects on mammalian target of rapamycin 

(mTOR) and via reduced forkhead box class O 1 (FOXO1). IR is also influenced directly or via modulation of ER 

stress and the mitochondrial function by free fatty acids (FFA). Controversy exists on how autophagy might 

influence the level of lipids and thus FFA. Likewise, the formation of bioactive stereoisomers of diacylglycerol 

(DG), which might induce protein kinase C (PKC) dependent IR, are also dependent on the effects of autophagy 

on FFA. The fibroblast growth factor 21 (FGF21) is produced in response to mitochondrial dysfunction and 

capable of reducing IR. 

Arrows indicate a consequence of a certain alteration. Bar headed arrows denote an inhibition. Double-headed 

arrows present a reciprocal influence. The dashed arrow denotes the uncertain relation between FFA and 

autophagy. * ER stress actually increases autophagy; # Only certain bioactive stereoisomers induce PKC
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AUTOPHAGY AND HEPATOCELLULAR INJURY AND HEPATOCELLULAR CARCINOMA

In some patients, steatosis leads to cellular injury and inflammation (NASH) with a subsequent 
risk for progression to cirrhosis and eventually for hepatocellular carcinoma (HCC) in a subset of 
patients [6]. Because damaged organelles are removed by autophagy, dysfunction of autophagy 
likely will result in cellular injury. In line with this hypothesis, stimulation of autophagy could 
indeed reduce liver injury in animal models of ethanol-induced steatohepatitis [64,129]. 
Carbamazepine-induced autophagy also demonstrated a tendency to reduce cell injury in a 
mouse model of NAFLD [64].

A potential role exists for mitophagy, since mitochondrial dysfunction leads to the production 
of reactive oxygen species (ROS), causes oxidative stress and is involved in the pathogenesis 
of NASH [117]. Many of the aforementioned studies do report damaged mitochondria when 
autophagy is defective [29,38,58,87,95,112]. Defective autophagy was accompanied by an 
increased production of ROS [58][130]. Knockdown of autophagy makes hepatocytes more 
susceptible to cell death caused by menadione-induced oxidative stress [107]. This type of 
cell death is caspase-dependent and activated via the mitochondrial death pathway due to 
c-JUN N-terminal kinase (JNK)/c-JUN overactivation. CMA is upregulated as a compensatory 
mechanism, but fails to overcome the induced oxidative stress. Furthermore, CMA as such also 
provides protection to menadione-induced cell death, but through a different mechanism 
[107]. Comparable to menadione, Tumour necrosis factor (TNF)-induced hepatic injury also 
causes increased cell death, JNK/c-JUN overactivation and activation of the mitochondrial death 
pathway in hepatocyte-specific autophagy-deficient mice. However, primary mitochondrial 
dysfunction followed by oxidative stress or impaired energy homeostasis is not responsible for 
cell injury in this model [111].

The protein p62 selectively guides proteinaceous aggregates to autophagosomes and 
accumulates in autophagy-deficient cells. Presence of this protein contributes significantly to 
hepatocellular injury caused by autophagy deficiency, as double knockouts (DKO) of autophagy 
(Atg7) and p62 have less hepatocyte injury compared to autophagy knockout (Atg7) only 
[113]. However, overexpression of p62 itself was not cytotoxic [131]. The effects of p62 might 
be executed by NF-E2 related factor 2 (NRF2), of which p62 is an endogenous protein inducer. 
Indeed, DKO of Atg7 and nrf2 was able to prevent hepatic injury, similar to the DKO of Atg7 
and p62 [131,132]. This is a paradoxical finding, as NRF2 dependent gene products are known 
to be cytoprotective, but is believed to be the consequence of increased cellular stress due to 
imbalance between increased protein synthesis (NRF2 driven) and reduced breakdown (by 
autophagy) [131]. Of note, despite the alleviation of cellular injury by these DKOs, the observed 
phenotypes cannot be attributed solely to NRF2 activation. A complete abolishment of the 
cellular injury comparable to control levels cannot be achieved neither, as turnover of disturbed 
organelles is still not corrected. 

Autophagy is linked to the inflammatory cytokines in adipocytes. When p62 is knocked out in 
adipocytes, an increased invasion of macrophages and production of pro-inflammatory cytokines 
in AT is observed [133]]. Moreover, knockout of p62 in AT also causes obesity and glucose 
intolerance, whereas knockout of p62 in hepatocytes does not. Whether these inflammatory 
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changes also occurred in liver tissue was not investigated. A direct inhibition of autophagy in 
human or mice adipocytes increases the production of pro-inflammatory cytokines [105] as was 
described in other tissues as well [134]. 

The role of autophagy in tumourigenesis is dual and depends on the stage of tumour development. 
Autophagy acts as a tumour suppressor in normal tissue and prevents the development of 
malignant neoplasia. Once a tumour has developed, autophagy drives survival of tumour cells 
by supplying nutrients [135]. 
Hepatocellular autophagy-deficiency, either by Atg5 or Atg7 knockout, causes the development 
of multiple spontaneous liver tumours [112,130,132,136]. In line with the observed effects of 
the contributing role of p62-NRF2 to cellular injury, DKO of Atg7 and p62 was able to reduce 
tumour size [112], and DKO Atg7 and nrf2 totally abolished tumour formation [132]. Intriguingly, 
all these tumours were not HCCs but hepatocellular adenoma, which are benign tumours. Even 
stimulation with diethylnitrosamine (DEN), an established chemical inducer of HCC, was not able 
to induce HCC in autophagy-deficient livers compared to wild-type livers [130]. The induction 
of several tumour suppressors (e.g. p53) could explain the prevention of carcinogenesis in case 
of autophagy-deficiency [130]. Once HCC has developed in autophagy-competent rat livers, 
differences in autophagy pattern correlate with aggressiveness of the tumours, as determined 
by the marker cytokeratin-19 [137]. For further extensive discussion of the role(s) of autophagy 
in liver tumour biology, we refer to other published reviews [21,138].

AUTOPHAGY IN LIVER FIBROSIS

As stated before, liver fibrosis is the main predictor for long-term outcomes in patients with NAFLD 
[9,14]. Interestingly, hepatocellular autophagy effects liver fibrosis too. In mice with hepatocellular 
autophagy-deficiency, the degree of fibrosis was significantly increased [85,132,139]. This could 
be only an indirect effect considering the protective role of hepatocellular autophagy on liver 
injury and inflammation, which are the driving forces of fibrogenesis [85,139].

Available evidence suggests also an direct elementary role for autophagy in different fibrogenic 
cells [140]. Autophagy seems to provide nutrients to fuel the processes involved in the activation 
of these cells. The hepatic stellate cells (HSCs) are considered major fibrogenic cells in the liver. 
When these cells transdifferentiate from a quiescent state to active myofibroblasts their lipid 
stores become depleted, in HSC typically mainly composed of vitamin A [141]. 

Autophagy in HSC activation was first evidenced in 2011 [142]. In this study, an increased 
autophagic flux was observed during HSC activation. Pharmacological inhibition of autophagy 
inhibited the activation of HSCs. Autophagy also interfered with the LD metabolism after 
stimulation by platelet derived growth factor BB (PDGF-BB), a known mitogen of HSCs, as shown 
by co-localisation of LC3B with LDs. Interestingly, autophagy seems to affect only larger LDs and 
co-localisation disappeared once HSCs were activated.

The importance of autophagy in HSC activation was confirmed in another study using 
pharmacological and genetic tools to inhibit autophagy in vivo and in vitro [143]. The results 
showed an energy-supplying role (via delivery of FFA out of LDs for beta-oxidation) of autophagy 
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needed for the transdifferentiation of HSCs. Administration of oleic acid in autophagy-deficient 
stellate cells could partly restore the activation, but did not augment fibrogenesis in autophagy-
competent cells. 

HSC activation through autophagy activation was very recently ratified in an in vitro model 
using rat HSCs [144]. When hypoxic stress was applied, HSCs increased autophagic flux and got 
activated. Pharmacological intervention and knockdown of autophagy demonstrated that HSC 
activation was autophagy-dependent and mediated by the activation of Ca2+-AMPK-mTOR and 
PKCθ signaling pathways 

In line with the aforementioned results, one may expect an increase in fibrosis when inducing 
autophagy. Paradoxically, reduced hepatic fibrosis is observed after administration of rapamycin, 
a known potent inducer of autophagy. The involvement of autophagy was, however, not 
specifically tested in these studies [145–147]. Rapamycin is known to have a complex mode 
of action. Hence, studies with other autophagy-inducers may clarify whether the rapamycin-
induced reduction in hepatic fibrosis is due to autophagy-related mechanisms. 

AUTOPHAGY AND ER-STRESS

Next to autophagy, cells possess another homeostatic mechanism to protect cells by alleviating 
cellular stress or by inducing cell death under extreme conditions: the unfolded protein response 
(UPR). The UPR is activated in response to the accumulation of unfolded proteins in the ER (ER 
stress) [148,149]. ER stress results from perturbation of the normal protein folding capacity of 
the ER and induces inflammation and oxidative stress [150]. The UPR encompasses three major 
adaptive mechanisms to restore protein homeostasis, named after the respective ER stress 
sensor: ATF6, protein kinase RNA-like ER kinase (PERK) and inositol-requiring enzyme-1α (IRE1α) 
[148].

The UPR and autophagy can function independently, but are dynamically interconnected. The 
classical view is that ER stress induces autophagy in order to restore cellular integrity, though ER 
stress can both induce and inhibit autophagy, even in a selective way [149]. Reciprocal feedback 
also exists, where autophagy influences the turnover of ER and the removal of misfolded proteins 
and hence regulates ER stress [151]. 

Interestingly, impaired autophagy is associated with increased levels of ER stress (mRNA and 
protein levels) in patients with NASH [74]. Gene analysis showed a general enrichment of 
downregulation genes related to the UPR in patients with NASH [75]. However, microarray data of 
the different UPR branches showed a more scattered pattern with both up- and downregulated 
gene expression. Finally, at protein level there were increased levels of X-box binding proteins 
(XBP1s), with congruent increased nuclear staining, and equal levels of phosphorylated to 
unphosphorylated eukaryotic translation initiation factor 2α (EIF2α), JNK, ATF4 and C/EBP-
homologous protein (CHOP) (though with large variability). 
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In a methionine choline deficient diet (MCDD) and HFD model of NAFLD an analogue association 
between impaired autophagy and ER stress was observed [74]. The same authors demonstrated 
the alleviation of ER stress in vitro after induction of autophagy in palmitic acid induced fat-
accumulation. High fructose feeding, a model for diabetes, induces ER stress and reduces 
autophagy after two weeks. Autophagy and ER stress occurred prior to lipid accumulation, 
wherein autophagy preceded ER stress. Vice versa, induction of autophagy could alleviate ER 
stress, restore insulin signalling and reduce liver fat content. [152]

In line with these results, knockdown of Atg7 showed to increase ER stress levels in lean mice, 
while overexpression of Atg7 in obese ob/ob mice showed the opposite [42]. Furthermore, HFD 
induced obesity or in vitro addition of SFA was able to impair autophagy by inhibiting the fusion 
of autophagosomes with lysosomes. This impairment on his turn induced increased ER stress. 
Intriguingly, ER stress in se was not able to inhibit autophagy, but the underlying inhibition of 
SERCA pumps with subsequent rise in cytosolic calcium levels was. Calcium channel blockers 
were able to restore autophagy, ER stress and the metabolic consequences of HFD or SFA [43]. 

Finally, C1q/TNF-Related Protein 9 (CTRP9) is the closest known paralog of adiponectin and also 
thought to serve as an adipokine. CTRP9 has shown in vitro and in vivo to induce hepatocellular 
autophagy, reduce ER stress and subsequently alleviate TG accumulation and apoptosis. The 
reduction of ER stress was independent of direct effects on UPR chaperones and proven to be 
dependent of its actions on autophagy [153]. 

These studies subscribe the reciprocal effects of autophagy on ER stress and their role (albeit 
possibly indirectly) on lipid metabolism. 
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CONCLUSION

The current literature clearly emphasises the importance of autophagy in the liver. Nevertheless, 
when focussing on its role in liver lipid metabolism, controversy still exist with conflicting results 
towards lipolytic or lipogenic features. Moreover, autophagy is a highly dynamic process and 
appears to act in a context- and tissue-specific way. 

Autophagy is not only involved in lipid metabolism but also in glucose metabolism, liver 
fibrogenesis and cellular injury. At a cellular level there is a close interaction with the levels of ER 
stress and the corresponding UPR, another cellular homeostatic defence mechanism. 

Unravelling the exact function of autophagy in the complex pathophysiology of metabolic 
disturbances and NAFLD might make autophagy an interesting target for treatment of the 
metabolic syndrome or for NAFLD. 
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CHAPTER 2

OBJECTIVES OF THE THESIS
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Chapter 2 Objectives

As outlined in Chapter 1, increasing evidence points towards a significant role of hepatic 
autophagy in liver and whole-body lipid metabolism, thus it is potentially implicated in the 
pathophysiology of NAFLD. Nevertheless, the exact role of autophagy seems to be more 
complicated than initially expected, with existence of certain controversies. Therefore, the 
general aims of this thesis are to explore the role of hepatocellular autophagy, with an 
emphasis on lipid and glucose metabolism in the liver, and more specifically its role in the 
pathophysiology of NAFLD.

For this purpose, a new mouse model was successfully introduced in our laboratory. We were able 
to create a mice model with the conditional knockout of autophagy specifically in hepatocytes 
using the Cre-LoxP technique. The essential autophagy-gene Atg7 is knocked out via coupling of 
the Cre-recombinase to the hepatocyte-specific albumin-promotor. A detailed description of the 
mouse model and other methodological aspects is discussed in Chapter 3.

In a first part of this thesis, presented in Chapter 4, the mouse-model is extensively characterised. 
Since the unfolded protein response (UPR) in response to ER stress is an important cellular 
housekeeping mechanism, alongside the housekeeping mechanisms of autophagy, bidirectional 
crosstalk between these processes most likely exist. Therefore, we specifically investigated 
the effects of autophagy-deficiency on the UPR via Western blotting and rt-qPCR of UPR key 
molecules. 

In a second part we examine the effects of hepatocellular autophagy in two different mouse-
models of NAFLD. Chapter 5 describes the findings in a methionine choline deficient diet model 
(MCDD), whereas Chapter 6 describes the findings in a high-fat diet (HFD) model. Besides the 
techniques used to characterise the model, as described in Chapter 3, additional analyses with 
regard to glucose metabolism, in which the liver also plays a central role, are performed in the 
HFD model. Moreover, the effects of the altered liver metabolism on different adipose tissue 
compartments (i.e. brown adipose tissue, visceral and subcutaneous white adipose tissue) are 
also investigated in the HFD model.

Autophagy is known to play a dual role in carcinogenesis; as a housekeeping mechanism it 
primarily has a tumour suppressor function; however, autophagy complements tumour cell 
surviving mechanisms once a tumour is installed. Spontaneous tumours have been described 
in autophagy-deficient mice, hence next to analysis of other cellular homeostatic pathways, we 
investigate whether this also occurs in hepatocyte specific autophagy-deficient livers (Chapter 
6).

In a third part (Chapter 7), we investigate if alterations in autophagy also can be detected 
in patients with NAFLD. Expression patterns of genes related to autophagy and NAFLD were 
analysed on liver biopsy tissue and related to NAFLD-severity. Moreover, potential differences in 
expression in patients re-evaluated after 12 months follow-up were studied, comparing patients 
with successful resolution of NASH after intervention to those without treatment response.  

Finally, the overall results are summarised and discussed (Chapter 8) within the broader context 
of the role of autophagy in metabolism and liver diseases. In addition, we discuss the relevance 
of our data for the clinic and the potential of autophagy as a therapeutic target for the treatment 
of patients. We finally formulate unresolved questions that result from our findings and can 
guide future research.



CHAPTER 3 
MATERIAL AND METHODS



28 29

All mice were kept in the animal facility with a 12:12h light-dark cycle, controlled room 
temperature (22˚C ± 2˚C) and humidity (45-65%) and had free access to their chow and tap water. 
Mice were housed in enriched cages and in accordance with international guidelines.

Mice were sacrificed according to the respective protocols in fed state or when fasted overnight, 
after weighing and anaesthesia with Nembutal® (60 mg/kg i.p.) (Sanofi, Brussels, Belgium). 
Whole blood samples were obtained by intracardiac puncture. Next, the liver was removed and 
random samples were taken for histology (see below). The remaining of the liver as well as the 
heart, kidneys and spleen were snap-frozen in liquid nitrogen and stored at -80˚C until further 
processing. Subsequently, interscapular brown adipose tissue (BAT) and gonadal, perirenal, 
mesenteric and inguinal white adipose tissues (WAT) were identified and dissected [157]. 
Furthermore, the calf muscles were bilaterally isolated and removed [158]. 

All experiments were approved by the Ethical Committee on Animal Experimentation of the 
University of Antwerp (file ECD 2012/40).

Table 3.1  Primer sequences used for genotyping of the mice 

Atg7, autophagy-related gene 7; GFP-LC3, green fluorescent protein – light chain 3 

DIETS

Animals were fed either a specific diet or standard chow (control diet, CD). This standard chow 
(Pavan Service bvba, Oud-Turnhout, Belgium), given in the first two sets of experiments (Chapter 
4 and 5) was replaced by an other standard chow (Sniff Spezialsdiaten GmbH, Soest, Germany) 
for the last set of experiments (Chapter 6) due to a change in supplier. 

Until adulthood (10 weeks of age) all animals were fed standard chow. Afterwards, standard chow 
was maintained or replaced by a specific diet according to the protocol. The methionine choline 
deficient diet (MCDD) (0296043810; MP Biomedicals, Illkirch, France) was given for 3 weeks. The 
high fed diet (HFD) (D12492; Research Diets Inc., New Brunswick (NJ), USA) was given for 16 
weeks.

Gene symbol Forward primer (5’-3’) Reverse primer (5’-3’)

Atg7 | Wild-type TGGCTGCTACTTCTGCAATGATGT  GATCTTCATAAGGTGCTAGAACATGCAGG

Atg7 | loxP TGGCTGCTACTTCTGCAATGATGT  CAGGACAGAGACCATCAGCTCCAC

Cre-recombinase TTTGCCTGCATTACCGGTCGATGCAAC TGCCCCTGTTTCACTATCCAGGTTACGGA

GFP-LC3 | Wild-type ATAACTTGCTGGCCTTTCCACT GCAGCTCATTGCTGTTCCTCAA

GFP-LC3 | Transgene ATAACTTGCTGGCCTTTCCACT CGGGCCATTTACCGTAAGTTAT
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ANIMAL MODEL

Hepatocellular autophagy-deficient C57Bl/6J mice were developed using the Cre-loxP 
recombination technique. In this technique 2 loxP sites (locus of X-over of P1) are introduced 
in the genome and flank a gene of interest. These loxP sites are recognised and recombined by 
Cre-recombinase, after which the specific gene will be knocked out. Cre-recombinase can be 
expressed tissue-specifically by placing its expression under the control of a cell or tissue-specific 
promotor [154] (Fig. 3.1). 
In our work we used mice homozygous for the Atg7Flox allele  (Atg7F/F) [29], which possess loxP 
sites flanking the essential autophagy gene Atg7.  These Atg7F/F mice were crossbred with mice 
expressing the Cre-recombinase under control of the albumin enhancer/promotor (Alb-Cre 
- 003574, Jackson Laboratory, Bar Harbor (ME), USA), to create hepatocyte-specific knockout 
of Atg7 [38,114]. These knock-out mice, hereafter denoted as Atg7F/FAlb-Cre+, were compared 
to autophagy-competent littermates that lacked the loxP vector but expressed the Alb-Cre 
(denoted as Atg7F/FAlb-Cre+) (Fig. 3.1) 

To allow in situ detection of the autophagy marker LC3, all mice were also crossbred with green-
fluorescent protein (GFP)-LC3 transgenic mice (strain GFP-LC3#53; RIKEN BioResource Center, 
Tsukuba, Japan) containing a rat GFP-LC3 fusion under control of the chicken beta-actine 
promoter [155]. 
Genotyping of the offspring was performed by PCR as previously described [38,156], primer 
sequences are given in Table 3.1. The validation of the hepatocellular knockout is presented in 
Chapter 4.

Figure 3.1  The Cre-loxP technology  loxP sites flank a specific gene of interest, in this case Atg7. Cre-recom-

binase is placed after a specific promotor to limit its expression to specific cell types, in this case albumin, which 

is specifically expressed in hepatocytes. In those cells where Cre is expressed, it recognises the loxP sites, and 

excises the intermediary gene, whereas in all the other cells Cre will not become expressed and the targeted 

gene will not be knocked out. 
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GLUCOSE MONITORING, IPGTT AND IPITT AND METABOLIC CAGES

Glucose metabolism was investigated in mice fed a HFD or CD for 16 weeks (Chapter 6). Non-
fasting glucose was weekly monitored in the afternoon (to approximate fasting-glucose) with 
a hand-held glucometer (OneTouch Ultra (glycaemia range 20-600 mg/dL); Lifescan, Zug, 
Switzerland) by taking a droplet of blood of the tip of the mouse’s tail.

After 15 weeks of diet an intraperitoneal glucose tolerance test (ipGTT) was performed at day 
1, and an intraperitoneal insulin tolerance test (ipITT) was performed the next day according 
to standard protocols [159]. In short, mice were fasted for 6 h in the morning (put sober at 
8:00 h) with free access to water, after which an intraperitoneal glucose or rapid-acting insulin 
solution was injected. Glucose was given at 2 g glucose per kg bodyweight (20% w/v glucose 
solution, Anhydrous D-Glucose, VWR International BVBA, Leuven, Belgium) and insulin was given 
at a dose of 0.5 IU/kg body weight (0.05 IU/mL solution, Novorapid®; NovoNordisk Pharma NV, 
Brussels, Belgium). Glycaemia was measured just before i.p. injections and at 15, 30, 60, 90 and 
120 minutes. After the last measurements mice were put back in their cages and regained free 
access to their chow. 

Mice fed a CD were individually housed in metabolic cages for 24 h after 14 weeks (Chapter 6). 
Food and water intake, as well as stool and urine production were monitored for each mouse.

BIOCHEMICAL ANALYSIS

Whole blood samples were centrifuged for 15 min at 3000 rpm. The plasma was visually scored 
for the degree of haemolysis [160]. The plasma samples were snap frozen in liquid nitrogen and 
stored at -80˚C. Samples were analysed with an automated Vista 1500 System (Siemens Healthcare 
Diagnostics, Deerfield, USA) for aspartate aminotransferase (AST), alanine aminotransferase 
(ALT), gamma-glutamyl transferase (γGT), alkaline phosphatase (ALP), total cholesterol, high-
density lipoprotein (HDL), low-density lipoprotein (LDL) and triglycerides (TG). 

Insulin was determined with an ELISA kit (EZRMI-13K; Millipore, Billerica, USA) according to the 
manufacturer’s instructions. Free fatty acids (FFA) were determined with a colorimetric assay 
(MAK044; Sigma-Aldrich, St Louis (MO), USA) according to the manufacturer’s instructions.

When values were below the lower or above the upper detection limit for a certain parameter, 
and too little was left for dilution in case of high values, this value was artificially set to this 
detection limit. 

HISTOLOGY, IMMUNOHISTOCHEMISTRY, TRANSMISSION ELECTRON MICROSCOPY

Liver samples, muscle, BAT and WAT were fixed in 4% neutral buffered formalin for 24 h and 
dehydrated overnight in 60% isopropanol prior to paraffin embedding. Alternatively, liver and 
muscle tissue were immediately embedded in Richard-Allan Scientific Neg-50 Frozen Section 
Medium (Thermo Scientific, 6502, Runcorn, UK) using liquid nitrogen and kept at -80˚C. 

Sections of paraffin-embedded tissues (5 μm thick) were stained with haematoxylin-eosin (HE), 
Masson’s Trichrome, Picrosirius red and reticulin (Gomori) according to standard laboratory 
techniques. 

Sections of paraffin-embedded tissues (5 μm thick) were blocked for endogenous peroxidase 
activity after deparaffinisation and treated with a trypsin solution prior to heat-mediated 
antigen retrieval in sodium citrate buffer (10 mM, pH 6.0). Thereafter tissues were exposed to the 
following primary antibodies (Table 3.2) for 24 h: anti-alpha smooth muscle actin (αSMA), anti-
pan-cytokeratin (pan-CK), anti-glutamine synthase, anti-ATG7, anti-LC3B and anti-SQSTM1/p62. 
Secondary antibodies were species-appropriate horseradish peroxidase-conjugates (Vectastain 
ABC, Vector Laboratories, Burlingame (CA), USA) or, in case of LC3B, the Envision+ system (K4002, 
DAKO). Apoptosis was detected with a TUNEL assay (S7101; Millipore) according to manufacturer’s 
instructions. Counterstaining was performed with haematoxylin.

Oil-red-O (ORO) and Sudan black B (SBB) stains (O0625 resp. S0395; Sigma-Aldrich) were 
performed on NEG-50-embedded frozen tissue sections (6 μm thick) according to standard 
laboratory techniques [161]. Slides were counterstained with Carazzi’s haematoxylin.

All samples were blindly assessed with a detailed recording of all features. The presence of 
αSMA positive cells is presented as the sum of a semi-quantitative score of each acinar liver 
zone as follows: 0 = no staining, 1 = staining of some sinusoidal lining cells, occupying <1% of a 
particular zone, 2 = occupying 1-10%, 3 = occupying 10-30% and 4 = occupying >30% positive 
sinusoidal lining cells [162]. Morphometric measurements of the Picrosirius red and ORO positive 
areas were performed using ImageJ software (version 1.46r, NIH). In this protocol each image 
was split into 3 separate channels (red, green and blue). The red channel was subtracted by the 
green channel and thresholding was applied to the resulting image to obtain the percentage 
of positive area of each slide [163]. All images were acquired with Universal Grab 6.1 (DCI Labs, 
Keerbergen, Belgium) using an Olympus BX40 microscope (Olympus, Tokyo, Japan) and Power 
HAD Sony 3CCD camera. 

Liver tissue that was further processed for transmission electron microscopy was fixed in 0.1 
M sodium cacodylate (C0250; Sigma-Aldrich) buffered 2.5% glutaraldehyde solution (104239; 
Merck, Darmstadt, Germany) (pH 7.4) for 2 h, then 3 times rinsed for 10 min in 0.1 M sodium 
cacodylate-buffered 7.5% sacharose (pH 7.4) and post-fixed in 1% OsO4 solution (19134; Electron 
Microscopy Sciences, Hatfield (PA), USA) for 1h. After dehydration in an ethanol gradient (10 
min, 70% ethanol, 20 min 96% ethanol, 2x 20 min 100% ethanol), samples were embedded in 
Durcupan ACM [single component A (44611), single component B (44612) and single component 
D (44614); Sigma-Aldrich]. Ultrathin sections were stained with 2% uranyl acetate and lead citrate 
and examined with a Tecnai G2 Spirit BioTwin electron microscope (FEI) at 80 kV.
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WESTERN BLOTTING AND ELISA

Liver tissue was homogenised with a Polytron homogeniser in a lysis buffer containing a protease 
inhibitor cocktail (cOmplete Mine; Roche Diagnostics, Mannheim, Germany) and a phosphatase 
inhibitor cocktail (PhosSTOP; Roche) in 20 nM Tris Hcl, 137 mM NaCl, 10% glycerol, 1% nonidat-40 
and 2 nM EDTA. Protein concentrations were determined with a bicinchonicic acid assay (BCA).
Protein samples of the liver were run on a SDS-polyacrylamide gel (Nupage Bis-Tris 4-12% or 12%; 
Life Technologies, Carlsbad (CA), USA) and transferred to a PVDF membrane. Membranes were 
subsequently blocked in Tris-buffered saline containing 0.1% Tween and 5% non-fat dry milk or 
bovine serum albumin (BSA) according to manufacturer’s recommendations. Membranes were 
probed overnight at 4˚C with primary antibody solution with the following antibodies (Table 
3.2): anti-ATF6, anti-ATG7, anti-beta-actin, anti-CHOP, anti-COX IV, anti-EIF2α, anti-phospho-
eIF2α, anti- growth arrest and DNA damage-inducible protein 34 (GADD34), anti-GAPDH, anti-
78 kDa glucose-regulated protein (GRP78), anti-phospho-IRE1α, anti-Histone H3, anti-LC3B, 
anti-NAD(P)H quinone dehydrogenase 1 (NQO1), anti-PDIA4, anti- sterol regulatory element 
binding protein 1 (SREBP-1) and anti-SQSTM1/p62. In case of Western blotting for anti-SREBP-1, 
the nuclear fraction was extracted (78833; Thermo Scientific, Waltham (MA), USA) and separately 
loaded on a gel to detect the cleaved protein (loading control for this fraction was performed by 
imaging of total protein). After incubation with appropriate horseradish peroxidase secondary 
antibodies, chemiluminescent signals were obtained with SuperSignal West Pico (34080; Thermo 
Scientific) or, in case of anti-LC3B, SuperSignal West Femto Maximum Sensitivity Substrate (34096, 
Thermo Scientific) using a Lumi-Imager (Roche). Each lane was loaded with 20-30 µg protein and 
quantitative densitometry values was performed via ImageJ (version 1.46r, NIH). 
The level of P-JNK was assessed via ELISA (DYC1387B-5; R&D systems Europe ltd, Abingdon, UK) 
according to manufacturer’s instructions.

Abcam, Cambridge, UK; Cell Signaling, Danvers (MA), USA; DAKO, Glostrup, Danmark; Novus Biologicals, Abing-

don, UK; Santa Cruz, Dallas (TX), USA; Sigma-Aldrich, St Louis (MO), USA; ThermoFisher, Rockford (IL), USA 

Table 3.2  Antibodies used for immunohistochemistry and Western blotting  The specificity, isotype, 

clone number, and catalogue number of the antibodies are indicated if provided by the manufacturer. In case 

of ATG7, one antibody was used for Western blotting (Sigma-Aldrich), while the other antibody was used for 

immunohistochemistry (Santa Cruz).

Antigen Antibody isotype, clone  Company Cat no.

aSMA Mouse monoclonal IgG, 1A4 Sigma-Aldrich F3777

ATF6 Mouse monoclonal IgG1, 70B1413 Abcam ab11909

ATG7 Rabbit polyclonal IgG Sigma-Aldrich A2856

ATG7 Rabbit polyclonal IgG Santa Cruz sc-33211

Beta-actin Rabbit monoclonal IgG, 13E5 Cell Signaling #4970

CHOP Mouse monoclonal IgG2a, L63F7 Cell Signaling 2895

COX IV Rabbit monoclonal IgG, 3E11 Cell Signaling #4850

eIF2α Rabbit polyclonal IgG Cell Signaling 9721

Phospho-eIF2α Rabbit monoclonal IgG1, 119A11 Cell Signaling 3597

GADD34 Rabbit polyclonal IgG, H193 Santa Cruz sc-8327

GAPDH Rabbit polyclonal IgG Abcam ab9485

Glutamine Synthetase Rabbit polyclonal IgG ThermoFisher PA1-46165

GRP78 Rabbit monoclonal IgG, C50B12 Cell Signaling 3177

Phospho-IRE1 α Rabbit polyclonal IgG Novus Biologicals nb100-2323

Histone H3 Rabbit polycolonal IgG Abcam ab1791

LC3B Rabbit monoclonal IgG, D11 Cell Signaling #3868

NQO1 Rabbit monoclonal IgG, EPR3309 Novus Biologicals NBP1-40663

SQSTM1/p62 Rabbit polyclonal IgG Sigma-Aldrich P0067

pan-CK Rabbit polyclonal IgG DAKO Z0622

PDIA4 Rabbit polyclonal IgG Cell Signaling 2798

SREBP-1 Rabbit polyclonal IgG, C-20 Santa Cruz sc-366
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IN VIVO CASPASE-3 ACTIVITY

The enzymatic activation of effector caspase-3 was evaluated in liver lysates using the Caspase-
3-Glo assay (Promega) following the manufacturer’s instructions. Experiments were performed 
in quadruplicate.

REAL-TIME qPCR

For rt-qPCR in Chapter 4, the RNA of the liver samples was extracted from all samples using 
the RNeasy Mini Kit (Qiagen N.V., Venlo, The Netherlands) with on-column DNAse treatment 
(Qiagen). Needle homogenisation was performed. The purity and quantity of total RNA was 
assessed using spectrophotometry (Nanodrop®; Thermo Scientific, Wilmington (NC), USA); 
samples with a 260:280 ratio between 1.8 and 2.1 were accepted. One microgram of total RNA 
was converted to single strand cDNA by reverse transcription (iScript; Bio-Rad Laboratories, 
Hercules (CA), USA) with oligo (dT) and random priming. The cDNA was diluted 1/10 and used 
for real-time quantification using SYBR Green (Sensimix, Bioline Reagents Ltd, London, UK) and 
250 nM of each primer. A two-step program was run on a LightCycler® 480 (Roche Diagnostics, 
Vilvoorde, Belgium). Cycling conditions were 95°C for 10 min and 45 cycles of 95°C for 10 sec 
followed by 60°C for 1 min. Melting curve analysis confirmed primer specificities. All reactions 
were performed in duplicate. Fold-change expression was calculated using the ΔΔCT method 
[164] as instructed by Applied Biosystems. The PCR-efficiency of each primer pair was calculated 
using a standard curve of reference cDNA. Amplification efficiency was determined using the 
formula 10-1/slope. The primer set sequences are listed in Table 3.3.

Methods used for rt-qPCR in Chapter 6 were slightly different from the previous rt-qPCR. Adipose 
tissue was dissolved in QIAzol lysis reagent (Qiagen N.V.) and homogenised with a Precellys® 24 
homogeniser (2 cycles (60 sec, 6000 rpm) using 1.4 mm beads; Bertin Technologies, St-Quentin-
en-Yvelines, France). After 5 min incubation on room temperature, 200 µL chloroform was 
added per mL Qiazol and the mixture was vigorously shaken for 15 sec. After centrifugation (15 
min, 12000 g, 4˚C), the upper aqueous phase was transferred to a new tube, mixed with equal 
volumes 70% ethanol solution and loaded on an ISOLATEII RNA Mini Column (Bioline USA Inc, 
Taunton (MA), USA). Liver tissue was dissolved in 600 µL Lysis Buffer RLY (Bioline) and 6 µL beta-
mercaptoethanol, homogenisation was performed with a precellys® 24 homogeniser (2 cycles 
(60 sec, 6000 rpm) using 1.4 mm beads). Tissue lysates were filtered with an ISOLATEII Filter (1 
min, 11000 g; Bioline); the filtrate was mixed with equal volumes 70% ethanol solution and 
loaded on an ISOLATEII RNA Mini Column (Bioline). 
After loading, columns were centrifuged (30 sec, 11000 g), desalted, treated with DNase, washed 
and dried according to manufacturers’ instructions (ISOLATEII RNA Mini Kit, Bioline). The isolated 
RNA was eluted in RNase free water and RNA purity and quantity of total RNA was assessed with 
a spectrophotometer (Nanodrop; Thermo Scientific). Samples with a 260:280 ration between 1.8 
and 2.1 were accepted. Hundred ng of RNA was converted to single strand cDNA by reverse 
transcription (SensiFAST cDNA Synthesis Kit; Bioline) using oligo dT and random hexamer primers. 
cDNA was used for real-time qualification using the SensiFAST SYBR Hi-ROX Kit (Bioline) and 
10 nM of each primer. The primer set sequences used are listed in Table 3.4. All analyses were 
performed in duplo on an ABIPrism 7300 sequent detector system (Applied Biosystems, Foster 

City (CA), USA). The parameters for PCR amplifications were 50˚C for 2 min, 95˚C for 10 min, 
followed by 40 cycles of 95˚C for 15 sec, 60˚C for 60 sec and 72˚C for 30 sec. Melting curve analysis 
confirmed specificity of the primers. Cq values were converted to relative quantities (RQ) and 
subsequently normalised using qBASEPLUS software (Biogazelle N.V., Zwijnaarde, Belgium) [165]. 
This program allows calibration and normalisation of each sample with multiple reference genes 
(in this case beta-2-microglobulin (B2m), hypoxanthine-guanine-phosphoribosyl-transferase 
(Hprt), glyceraldehyde-3-phosphatedehydrogenase (Gapdh)). Mean values of each sample were 
further used for statistical evaluation. For each primer pair amplification efficiency was calculated 
with a standard curve of reference cDNA with 5-fold dilution range. 

GENE-EXPRESSION ARRAY IN PATIENTS WITH NAFLD

The current chapter describes all the material and methods used in the animal experiments 
(Chapter 4 to 6). We also studied gene expression of autophagy- and UPR-related genes in a 
cohort of NAFLD patients (Chapter 7). The methodology of this study will be discussed separately 
in the corresponding chapter.

STATISTICAL ANALYSES AND DATA PRESENTATION

All data were analysed by SPSS (version 22, IBM SPSS Statistics software, Armonk (NY), USA). 
Parametric variables were compared using the Student’s t test, or one-way ANOVA with post-hoc 
Bonferroni correction whenever appropriate. Non-parametric variables were compared using 
the Mann-Whitney U test. Categorical data were compared using Fisher’s exact test. Longitudinal 
data, i.e. follow-up of weight over time, were analysed with linear mixed models (LMM) followed 
by post-hoc Bonferroni-Holm corrections when appropriate. Figures were created with GraphPad 
Prism (version 5, GraphPad Software, San Diego CA, USA). Two-tailed probabilities were calculated; 
p-values <0.05 were considered statistically significant. All data are presented as mean ± SEM for 
n, the number of animals per group.
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Gene symbol Forward primer (5’-3’) Reverse primer (5’-3’)

Atf6 GGGCAGGGCCATTCTTGCTGA AGCCCCCGGGACAAACAGGT

Calnexin CAACAGGGGAGGTTTATTTTGCT TCCCACTTTCCATCATATTTGGC

Calreticulin GGTGGCCGCGTCCGTCAATA AGCAGGAGCGGCACCGAAAG

Chop AGCGCAACATGACAGTGAAG GTGTAATTCCAGGGGGAGGT

Dnajc3 GCTGAGTGTGGAGTAAATGCG CGGCTGCGAGTAATTTCTTCC

Edem1 CTTGAGGGACCCCGACGGCT TCTCAAGCCGCCCCTCCGTT

Erdj4 CGCCCTGTGGCCCTGACTTG AGCTTTCAGGGGCAAACAGCCA

Gapdh GCCGGCTCAGTGAGACAAG TGGCACCTTCAGCAACAATG

Grp78 TGCCGAGCTAAATTACACATTG CCTTGTGGAGGGATGTACAGA

Grp94 GAGGCGGCTCCTGAGACCGAA GGACCCTCATGGTGCGTGGC

Herpud1 ACGCCAAGTGTCGTTGTGTGGTC GCTCGACTGCGCTCAGGGATG

Ire1 GCCCAACGCACATGGCAGGA TACCCCTGAACGGCGGCTGA

Pdia3 GCAGGCCTAGGGGGTTGGGA GAGGGCCGGGACCGGAGAAA

Pdia4 ACGAGACCCCGGCGTTCGGA TGGCACTTTGAGGAGGTGAGCC

Xbp1s TCTCAAGCCGCCCCTCCGTT CGGGGTTGCTGGTGTGCCAT

Xbp1u TCTCAAGCCGCCCCTCCGTT GTGGCTGGCGTGCAAGGGAT

Table 3.3  Primer sequences used for rt-qPCR in Chapter 4

Gene symbol Forward primer (5’-3’) Reverse primer (5’-3’)

Acox1 GCCTGCTGTGTGGGTATGTCATT  GTCATGGGCGGGTGCAT 

Atf6 GGGCAGGGCCATTCTTGCTGA GGGCAGGGCCATTCTTGCTGA

B2m TTCTGGTGCTTGTCTCACTGA CAGTATGTTCGGCTTCCCATTC

Cd36 ATGGGCTGTGATCGGAACTG GTCTTCCCAATAAGCATGTCTCC

Cpt1a CAAAGATCAATCGGACCCTAGAC CGCCACTCACGATGTTCTTC

Ddit3  ACCTTCACTACTCTTGACCCTG GATGTGCGTGTGACCTCTGT

Dgat1 GCTCTGGCATCATACTCCATC  CGGTAGGTCAGGTTGTCTGG 

Ern1  GCCCAACGCACATGGCAGGA TACCCCTGAACGGCGGCTGA

Fasn CTCCGTGGACCTTATCACTA  CTGGGAGAGGTTGTAGTCAG 

Fgf21 GTGTCAAAGCCTCTAGGTTTCTT GGTACACATTGTAACCGTCCTC

Gapdh CCAGTATGACTCCACTCACG GACTCCACGACATACTCAGC

Gclc CTACCACGCAGTCAAGGACC CCTCCATTCAGTAACAACTGGAC

Herpud1 ACGCCAAGTGTCGTTGTGTGGTC GCTCGACTGCGCTCAGGGATG

Hprt TCAGTCAACGGGGGACATAAA GGGGCTGTACTGCTTAACCAG

Keap1 TCGAAGGCATCCACCCTAAG CTCGAACCACGCTGTCAATCT

Nqo1 TGGCCGAACACAAGAAGCTG GCTACGAGCACTCTCTCAAACC

Pdia4 TCCCATTGCTGTAGCGAAGAT GGGGTAGCCACTCACATCAAAT

Pdk4 CATGATGGTGCCCTATACTC  GTGAGAGGTTGTTTCGTACC 

Pnpla2 CATGATGGTGCCCTATACTC  GTGAGAGGTTGTTTCGTACC 

Pparg1c AGCCGTGACCACTGACAACGAG  GCTGCATGGTTCTGAGTGCTAAG 

Scd1 TGGAAATGCCTTTGAGATGG  CCAGCCAGCCTCTTGACTAT 

Sqstm1 GAGGCACCCCGAAACATGG ACTTATAGCGAGTTCCCACCA

Srebp1c GGATTGCACTTTCGAAGACATG CTCTGGACCTGGGTGTGCAAG

Tfeb AAGGTTCGGGAGTATCTGTCTG GGGTTGGAGCTGATATGTAGCA

TNF-a GGCAGGTCTACTTTGGAGTCATTG ACATTCGAGGCTCCAGTGAATTCG

Ucp1 AGGCTTCCAGTACCATTAGGT CTGAGTGAGGCAAAGCTGATTT

Xbp1s TCTCAAGCCGCCCCTCCGTT CGGGGTTGCTGGTGTGCCAT

Xbp1u TCTCAAGCCGCCCCTCCGTT GTGGCTGGCGTGCAAGGGAT

Table 3.4  Primer sequences used for rt-qPCR in Chapter 6
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CHAPTER 4

VALIDATION AND CHARACTERISATION OF
HEPATOCELLULAR-SPECIFIC AUTOPHAGY-DEFICIENT MICE
AND THE EFFECTS ON THE UNFOLDED PROTEIN RESPONSE 

Adapted from: 

Kwanten WJ, Vandewynckel YP, Martinet W, De Winter BY, Michielsen PP, Van Hoof VO,

Driessen A, Timmermans JP, Bedossa P, Van Vlierberghe H, Francque SM. 

Hepatocellular autophagy modulates the unfolded protein response and fasting-induced steatosis.

Am J Physiol Gastroinstest Liver Physiol. 2016:ajpgi.00418.2015. doi:10.1152/ajpgi.00418.2015.
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ABSTRACT

Background & aims
Autophagy and the unfolded protein response (UPR) are key cellular homeostatic mechanisms 
and are both involved in liver diseases, including non-alcoholic fatty liver disease (NAFLD). 
Although increasing but conflicting results link these mechanisms to lipid metabolism, their role 
and potential crosstalk herein has been poorly investigated. Therefore, we assessed the effects 
of hepatocyte-specific autophagy-deficiency on liver parenchyma, UPR and lipid metabolism.

Methods
Adult hepatocellular-specific autophagy-deficient mice (Atg7F/FAlb-Cre+) were compared with 
their autophagy-competent littermates (Atg7F/FAlb-Cre+). Livers were analysed by electron 
microscopy, histology, real-time qPCR and Western blotting.

Results
Atg7F/FAlb-Cre+ mice developed hepatomegaly with significant parenchymal injury as evidenced 
by inflammatory infiltrates, hepatocellular apoptosis, pericellular fibrosis and a pronounced 
ductular reaction. Surprisingly, the UPR exhibited a pathway-selective pattern upon autophagy-
deficiency: the activity of the adaptive ATF6 pathway was abolished, whereas the pro-apoptotic 
PERK pathway was increased compared to Atg7F/FAlb-Cre+ mice. The IRE1α signal was unaltered. 
Fasting-induced steatosis was absent in Atg7F/FAlb-Cre+ mice. Remarkably, some isolated islands 
of fat-containing and autophagy-competent cells were observed in these livers. 

Conclusions
Hepatocellular autophagy is essential for parenchymal integrity in mice. Moreover, in case of 
autophagy-deficiency, the three different UPR branches were pathway-selectively modulated. 
Attenuation of the ATF6 pathway might explain the observed impairment of fasting-induced 
steatosis. Finally, autophagy and lipid droplets are directly linked to each other.

INTRODUCTION

Autophagy is a cellular process involved in the breakdown of cytoplasmic contents via a 
lysosomal pathway. It is constitutively active but can be upregulated by several stressors 
including metabolic stress [21]. Of the three forms of autophagy (macro-, micro- and chaperone-
mediated autophagy), macro-autophagy (henceforth autophagy) is considered to be the most 
important one. During autophagy autophagosomes are formed out of isolation membranes and 
fuse with lysosomes to enable degradation of their content. Autophagy-related genes (Atg) are 
responsible for the strict control of the autophagic process, with Atg7 as an essential mediator 
for the maturation of autophagosomes [27]. Although autophagy was initially regarded as a non-
selective process, meanwhile targeted (organelle- or protein-selective) autophagy has also been 
described [3]. 

The UPR is another key cellular homeostatic mechanism activated in response to the accumulation 
of unfolded proteins in the ER (ER stress) [148]. ER stress results from perturbation of the normal 
protein folding capacity of the ER and induces inflammation and oxidative stress [150]. The UPR 
encompasses three major adaptive mechanisms to restore protein homeostasis, named after the 
respective ER stress sensor: ATF6, PERK and IRE1α [148].

NAFLD, characterized by the accumulation of fat in hepatocytes, has become a leading cause of 
chronic liver disease in Western countries, with a prevalence of up to 30% [15]. When steatosis is 
accompanied by inflammation and hepatocellular damage, it is called NASH, an entity associated 
with increased liver- and non-liver-related morbidity and mortality [15]. However, the exact 
mechanisms underlying the development of NASH are incompletely understood [11].

Both autophagy and the UPR are associated with the pathophysiology of NAFLD, amongst other 
liver diseases [21,150]. Nevertheless, the exact role of autophagy in NAFLD remains controversial 
[31] and the role of the individual UPR mediators in NAFLD needs to be investigated [166,167]. 
The UPR is known to promote the autophagic flux, however there is increasing evidence of an 
important crosstalk between autophagy and the UPR [151]. Interestingly, impaired autophagy 
is linked to increased ER stress in steatosis [42,74]. Despite its known involvement in steatosis 
[168,169], ATF6-signaling has not yet been investigated in relation to autophagy. 

In this study, we investigated the effects of hepatocellular autophagy on the three different 
branches of the UPR and found important hepatic injury with a significant pathway-selective 
modulation in autophagy-deficient mice. The occurrence of lipid droplets was directly linked to 
autophagy, since fasting-induced steatosis was absent in autophagy-deficient mice.

MATERIALS AND METHODS

Animal model
Hepatocellular autophagy-deficient C57Bl/6J mice (denoted as Atg7F/FAlb-Cre+) were developed 
by crossbreeding mice homozygous for the Atg7Flox allele with mice expressing Cre-recombinase 
under control of the albumin-promoter (Alb-Cre), as described in detail in Chapter 3. These 
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mice were compared with their autophagy-competent littermates that lacked the Atg7Flox allele 
but expressed the Alb-Cre (denoted as Atg7+/+Alb-Cre+). All mice also possessed the GFP-LC3 
transgene to allow detection of the autophagy marker LC3.
All mice received CD, and were sacrificed under general anaesthesia (Nembutal®; 60 mg/kg i.p.) at 
11-12 weeks of age after overnight fasting. Whole blood samples were obtained by intracardiac 
puncture. Livers were removed and aliquots further processed for histology, TEM, western blot 
and rt-qPCR analysis. Kidneys were removed as control for the tissue-specificity of the Cre-LoxP 
technique. 

Biochemical analysis
Whole blood samples were centrifuged for 15 min at 3000 rpm. Plasma samples were analysed 
with an automated Vista 1500 System (Siemens Healthcare Diagnostics) for AST, ALT, γGT, ALP, 
HDL, LDL, TG and glucose. Insulin was determined with an ELISA kit (Millipore) according to the 
manufacturer’s instructions.
 
Histology and immunohistochemistry
Sections of paraffin-embedded tissues (5 μm thick) were stained with haematoxylin-eosin (HE), 
Masson’s Trichrome, Picrosirius red and reticulin (Gomori) according to standard laboratory 
techniques. Immunohistochemistry of paraffin-embedded tissues was applied to stain αSMA, 
pan-cytokeratin, ATG7, LC3B and p62. Finally, Neg-50 embedded frozen tissues were stained with 
ORO and SBB to detect lipids. Detailed description of staining techniques is given in Chapter 3.
All samples were blindly assessed by an experienced pathologist with a detailed recording of 
all features. The presence of αSMA positive cells is presented as the sum of a semi-quantitative 
score of each acinar liver zone, as described in Chapter 3. Morphometric measurements of the 
Picrosirius red and Oil-red-O positive areas were performed using ImageJ software [163], for 
which images were acquired with an in-house recording system (Chapter 3).

Western blot, ELISA, in vivo caspase-3 activity
Protein samples of livers were blotted for the following proteins: ATG7, p62, ATF6, CHOP, EIF2α, 
phospho-eIF2α, growth arrest and DNA damage-induce protein 34 (GADD34), 78 kDa glucose-
regulated protein (GRP78), phospho-IRE1α, protein disulfphide isomerase family A member 4 
(PDIA4), phospho-PERK and SREBP-1. Beta-actin and GAPDH were used as loading control and 
to normalise quantitative densitometric values. SREBP-1 was blotted on the nuclear fractions as 
well, in which loading was controlled by total protein imaging. The level of phospho-JNK was 
assessed by ELISA and the enzymatic activation of effector caspase-3 was evaluated. Chapter 3 
contains detailed description of the methods used.  

Real-time qPCR 
mRNA expression of different key mediators and chaparones of the different UPR pathways were 
quantified in the livers, as described in Chapter 3. Briefly, after RNA extraction and conversion 
to cDNA, rt-qPCR with SYBR Green and custom primers was executed. The relative expression of 
the different genes was calculated using the ΔΔCT method [164], with GAPDH used as reference 
gene for normalisation.

Statistics
All data were analysed by SPSS (version 22, IBM)). Parametric variables were compared using the 
Student’s-t-test, or one-way ANOVA with post-hoc Bonferroni correction whenever appropriate. 
Non-parametric variables were compared using the Mann-Whitney U test. Figures were created 
with GraphPad Prism (GraphPad Software). Two-tailed probabilities were calculated; p-values 
<0.05 were considered statistically significant. Data are presented as mean ± SEM.

RESULTS

Autophagy is defective in livers of Atg7F/FAlb-Cre+ mice 
The excision of the essential autophagy gene Atg7 in the livers of Atg7F/FAlb-Cre+ mice (n=16) 
was demonstrated by western blot showing the elimination of ATG7 and the accumulation of 
p62, which is a typical feature of impaired autophagy (Fig. 4.1A). The opposite was observed 
in the autophagy-competent mice (Atg7+/+Alb-Cre+, n=11). Kidneys, used as control for tissue-
specificity, expressed comparable ATG7 levels in all mice (Fig. 4.1A).

Subsequent immunohistochemical analysis of liver sections reconfirmed the accumulation of 
p62 positive aggregates in Atg7F/FAlb-Cre+ mice, as well as a lack of fine LC3B positive punctae 
representative of autophagosomes (Fig. 4.1B). However, Atg7F/FAlb-Cre+ mice showed large 
LC3B-positive globular structures, not punctae, predominantly in the pericentral regions. These 
observations represent the staining of the unconjugated GFP-bound LC3-I protein, which can be 
incorporated in protein aggregates in an autophagy-independent way [38,170,171]. 

Finally, TEM demonstrated absence of autophagic vacuoles in the vast majority of the hepatocytes 
of Atg7F/FAlb-Cre+ mice, whilst still present in the hepatocytes of Atg7+/+Alb-Cre+ mice. Furthermore, 
we observed accumulation of deformed mitochondria (Fig. 4.1C-D). Of note, autophagy was 
rarely seen in some cells of Atg7F/FAlb-Cre+ mice, as discussed in detail below.

All together, these data validate the hepatocyte-specific deficiency of autophagy in the
Atg7F/FAlb-Cre+ mice. 
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Figure 4.1  Validation of hepatocyte-specific autophagy-deficiency in Atg7+/+Alb-Cre+

and Atg7F/FAlb-Cre+ mice  
(A) Western blot of the liver and kidneys of Atg7+/+Alb-Cre+ and Atg7F/FAlb-Cre+ mice. The autophagy gene Atg7, 
indispensible for the initiation of autophagy, was successfully deleted in the liver of Atg7F/FAlb-Cre+ mice, but not 
in kidney. The protein p62, which is degraded by autophagy, accumulates correspondingly in the livers of 
Atg7F/FAlb-Cre+ mice. (B) Immunohistochemical analysis of livers sections of Atg7+/+Alb-Cre+ (upper panels) 
and Atg7F/FAlb-Cre+ mice (lower panels). Atg7F/FAlb-Cre+ mice show accumulation of p62 positive aggregates, 
whereas this is not the case in autophagy-competent Atg7+/+Alb-Cre+ mice. An LC3B-stain reveals sparsely fine 
positive punctae in Atg7+/+Alb-Cre+ mice, representing autophagosomes. Autophagy-deficient Atg7F/FAlb-Cre+ 
mice lack these fine punctae. However, they show cytoplasmic positivity and large positive globular structures 
(arrowheads) predominantly in the pericentral regions, representing staining of the unconjugated GFP-bound 
LC3-I protein, which can be incorporated in protein aggregates autophagy-independently. Detailed photo-
graphs of the encircled regions are shown in the right panels. (C) Early and late autophagic vacuoles (arrows) 
and lipid droplets (*) are demonstrated in Atg7+/+Alb-Cre+ mice. In one of the autophagosomes there was also 
the inclusion of a lipid droplet (arrowhead). Scale bars 5 µm (left), 1 µm (right) (D) In livers of Atg7F/FAlb-Cre+ 
mice, autophagic vacuoles are lacking and (sometimes deformed) mitochondria (blank arrows) accumulated. 

Scale bar, 1 µm

Hepatocellular autophagy-deficiency causes severe hepatomegaly and
pronounced parenchymal damage 
Although body weight of Atg7F/FAlb-Cre+ mice and Atg7+/+Alb-Cre+ controls was comparable (Fig. 
4.2A), Atg7F/FAlb-Cre+ mice displayed severe hepatomegaly as reflected by a five-fold increase 
in the liver-to-body weight ratio (p<0.001) compared to Atg7+/+Alb-Cre+ mice (Fig. 4.2B-C). 
Macroscopically, these enlarged livers exhibited an intense red-brownish colour and had 
a more solid consistency compared to the livers of Atg7+/+Alb-Cre+ mice. Yet the general well-
being of Atg7F/FAlb-Cre+ mice did not seem to be hampered by their hepatomegaly. Macroscopic 
abnormalities (e.g. tumours) could not be observed in the Atg7F/FAlb-Cre+ mice and spontaneous 
deaths did not occur.

Figure 4.2  Severe hepatomegaly in Atg7F/FAlb-Cre+ mice, but not in Atg7+/+Alb-Cre+ mice  (A) The body 

weight of Atg7+/+Alb-Cre+ and Atg7F/FAlb-Cre+ mice was not significantly different (p=0.098). (B) Macroscopic 

view of an Atg7+/+Alb-Cre+ (left) and Atg7F/FAlb-Cre+ (right) mouse illustrating the prominent hepatomegaly in 

Atg7F/FAlb-Cre+ mice. (C) The hepatomegaly is also reflected by a significantly higher liver-to-body weight ratio 

in Atg7F/FAlb-Cre+ mice (***p<0.001). 

Chapter 4 Autophagy and the UPR



46 47

Table 4.1  Biochemical plasma analyses  Main characteristics of autophagy-competent (Atg7+/+Alb-Cre+) and 

autophagy-deficient (Atg7F/FAlb-Cre+) mice. Sample size (n) varies depending on the plasma volume available 

for each mouse. AST, aspartate transaminase; ALT, alanine transaminase; γGT, gamma-glutamyl transferase; 

ALP, alkaline phosphatase

Microscopically, the liver architecture of Atg7F/FAlb-Cre+ mice was severely damaged (Fig. 4.3A). 
The hepatocytes were hypertrophic, presented ballooning and frequently displayed a more 
dense eosinophilic cytoplasm compatible with a pre-apoptotic state, which is in line with the 
sporadic presence of apoptotic bodies. These findings are indicative of severe hepatocellular 
injury. Reticulin staining demonstrated the disruption of liver trabeculae (Fig. 4.3A). Moreover, 
Atg7F/FAlb-Cre+ livers had fine pericellular collagen deposits, as shown by Picrosirius red stain. 
Morphometrical measurements of the Picrosirius red-positive area showed a significantly higher 
collagen content in Atg7F/FAlb-Cre+ mice than in Atg7+/+Alb-Cre+ mice (p<0,01, Fig. 4.3B), although 
septa or bridging fibrosis could not be observed. Since activated hepatic stellate cells are 
considered to be the main source of collagen production [141], an αSMA staining was performed 
(Fig. 4.3C). The αSMA score was significantly increased in all acinar zones in Atg7F/FAlb-Cre+ mice 
compared to Atg7+/+Alb-Cre+ mice (Fig. 4.3D). Furthermore, the cellularity prominently increased 
in Atg7F/FAlb-Cre+ mice. These cells were organized in a string pattern with sometimes tubular-
like structures (Fig. 4.3E). This pattern is consistent with a pronounced ductular reaction (i.e. 
the proliferation of hepatic progenitor cells) as confirmed by a pan-cytokeratin stain [172]. The 
increased cellularity was also partly due to inflammation with the infiltration of lymphoid cells, 
as demonstrated by the CD3 staining (Fig. 4.3F).

In line with the microscopic findings, transaminases (ALT, AST) and canalicular tests (ALP, γGT) 
were significantly increased in Atg7F/FAlb-Cre+ mice, both endorsing the hepatocellular injury 
(Table 4.1). 

Together, autophagy-deficiency appears to be detrimental to the liver, as shown by significant 
parenchymal injury, pericellular fibrosis and a ductular reaction. 

Hepatocellular autophagy-deficiency triggers pathway-selective UPR modulation
with a pro-apoptotic pattern
Because autophagy-deficiency could lead to ER stress due to the accumulation of misfolded 
proteins and impairment of ER turnover [151], different UPR pathways were investigated. 
Tunicamycin-treated cells, which successfully develop ER stress by inhibition of the N-linked 
glycosylation of proteins [173], served as a positive control in the analyses of UPR (data not 
shown). 

The glucose-regulated protein, 78kDa (GRP78, also known as BiP) acts as a major sensor of 
unfolded proteins in the ER. Uncoupling of GRP78 of ATF6, PERK or IRE1α leads to subsequent 
activation of the respective pathways [148]. Both mRNA and protein levels of GRP78 were 
decreased in Atg7F/FAlb-Cre+ (Fig. 4.4A, 4E). 

The transcription of the chaperones Pdia4, Herpud1, Grp78, Grp94 and calreticulin, predominantly 
regulated by the ATF6-pathway [174], was reduced in Atg7F/FAlb-Cre+ mice, whilst the expression 
of Atf6 mRNA itself was unaltered (Fig. 4.4A). Decreased expression of Pdia4 was confirmed at the 
protein level by Western blot (Fig. 4.4E). Interestingly, the levels of the active (i.e. cleaved) form 
of ATF6 were robustly decreased in Atg7F/FAlb-Cre+ mice as compared to Atg7+/+Alb-Cre+ mice (Fig. 
4.4E), further confirming the diminished activation of the cytoprotective ATF6 pathway upon 
autophagy-deficiency. Both ATF6 and the sterol response element binding proteins (SREPB) 
depend on COPII-transporter vesicles for transport to the Golgi, where cleavage takes place 
[175,176]. The demonstration of cleaved SREBP-1 in Atg7+/+Alb-Cre+ mice would support the 
possibility of an interrupted COPII-mediated transporting in Atg7F/FAlb-Cre+ mice. While the levels 
of uncleaved SREBP-1 were similar, remnants of cleaved SREBP-1, as these levels rapidly decrease 
when fasted, could not be detected in the nuclear fraction (Fig. 4.4E-F).

In contrast with ATF6, there was a strong activation of the pro-apoptotic PERK pathway as shown 
by increased phosphorylation of eIF2α (4.4E, 4.4G) and increased mRNA and protein levels of 
CHOP (Fig. 4.4B, 4E). Even though it is known that eIF2α can be phosphorylated by other kinases 
as well, each related to a specific stimulus [177], direct detection of phosphorylated PERK can be 
troublesome [178] and in our case unsuccesful (data not shown). The mRNA and protein levels 
of Gadd34, providing a negative feedback to limit the translational break mediated by p-eIF2α, 
were unaltered (Fig. 4.4B, 4E). Because CHOP is a central effector of UPR-mediated apoptosis 
and increased cell apoptosis was suspected on liver histology (Fig. 4.3A), hepatic executioner 
caspase-3 activity was determined and shown to be significantly elevated in Atg7F/FAlb-Cre+ mice 
(p<0.01, Fig. 4.4C). 

  Atg7+/+Alb-Cre+  Atg7F/FAlb-Cre+

  Mean ± Range   Mean ± Range 
 n SEM (min-max) n SEM (min-max) p-value

AST (U/L) 15 175.1 ± 22.4 60.2 – 360.7 10 1855.1 ± 279.9  770.0 – 3636.0 ***

ALT (U/L) 15 20.1 ± 2.6  8.0 – 42.3 10 737.7 ± 146.2  168.3 – 1682.0 ***

ALP (U/L) 15 127.6 ± 8.2 78.3 – 203.4 10 335.7 ± 12.5  283.8 – 383.2 ***

γGT (U/L) 15 5.6 ± 0.2  5.0 – 6.6 10 14.4 ± 0.7  12.0 – 18.7 ***

Total cholesterol (mg/dL) 15 73.5 ± 4.1  50.0 – 97.4 10 140.8 ± 8.2  96.5 – 171.9 ***

HDL cholesterol (mg/dL) 15 63.5 ± 5.2 6.6 – 87.8 9 129.3 ± 7.6 88.5 – 150.0 ***

LDL cholesterol (mg/dL) 15 6.6 ± 0.8 2.9 – 16.0 10 12.8 ± 2.1 1.0 – 19.8 *

LDL/HDL ratio 15 0.2 ± 0.2 0.03 – 2.42 9 0.1 ± 0.0 0.01 – 0.15 0.46

Triglycerides (mg/dL) 15 67.9 ± 7.7 40.2 – 121.6 10 15.1 ± 3.8 3.0 – 39.1 ***

Glucose (mg/dL) 15 106.9 ± 5.7  80.7 – 144.7 10 87.4 ± 6.4  54.8 – 115.1 *

Insulin (ng/mL) 16 0.3 ± 0.0 0.2 – 0.7 11 0.3 ± 0.0 0.2 – 0.4 0.54
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Figure 4.3  Hepatic microscopic alterations in Atg7F/FAlb-Cre+ mice  (A) Representative photographs of an 

HE-stain (left panels), reticulin stain (middle panels) and Picrosirius red stain (right panels) of Atg7+/+Alb-Cre+ 

(upper panels) and Atg7F/FAlb-Cre+ mouse liver sections (lower panels), illustrating the severely disturbed archi-

tecture of the liver cell plates with hepatocellular hypertrophy, increased fibrosis, thickened trabeculae and a 

disrupted arrangement of the trabeculae in Atg7F/FAlb-Cre+ mice. The arrow indicates an apoptotic body. Scale 

bars, 100 μm. (B) Morphometric analysis of the Picrosirius red positive area. Atg7F/FAlb-Cre+ mice had a signifi-

cantly larger positive area (Student’s-t-test, **p<0.01). (C) Atg7F/FAlb-Cre+ mice showed an increased number of 

α-SMA positive cells lining the sinusoids, indicative of hepatic stellate cell activation, whereas in Atg7+/+Alb-Cre+ 

mice solely the perivascular structures are positive. Scale bars, 100 μm. (D) Alpha smooth muscle actin (αSMA) 

score. Atg7F/FAlb-Cre+ mice had a significantly higher total score (Mann-Whitney U test, ***p<0.001). (E) Pro-

nounced ductular reaction in Atg7F/FAlb-Cre+ mouse liver with neoductular formation (HE-stain, upper panels). 

The ductular reaction was confirmed by a pan-cytokeratin stain (lower panels) whilst in Atg7+/+Alb-Cre+ mice 

only bile ducts were stained (lower left panel). Detailed photographs of the two encircled regions of the middle 

panels are shown (right panels). Scale bars, 100 µm; detailed images, 50 µm. (F) Atg7F/FAlb-Cre+ livers showed 

infiltration of lymphoid cells as demonstrated by a CD3-stain. Arrows indicate CD3-positive cells. Scale bars, 100 

μm.

Figure 4.4  Autophagy-deficiency differentially disturbs the UPR pathways  (A) RT-qPCR of Atf6 and 

the chaperones involved in the ATF6 pathway. Relative mRNA expression was compared to Atg7+/+Alb-Cre+. 

Although Atf6 expression itself was unaltered in Atg7F/FAlb-Cre+ mice, its associated chaperones were signifi-

cantly decreased. (*p<0.05, **p<0.01) (B) RT-qPCR of the downstream effectors of the PERK pathway Chop and 

Gadd34. Chop is responsible for the induction of ER stress induced apoptosis and was significantly upregulated 

in Atg7F/FAlb-Cre+ mice, while Gadd34 was unaltered. (***p<0.001) (C). Caspase-3 activity was significant-

ly elevated in Atg7F/FAlb-Cre+ mice. (**p<0.01) (D) RT-qPCR of Ire1 and the chaperones involved in the IRE1 

pathway. Relative mRNA expression was compared to Atg7+/+Alb-Cre+ mice. Neither Ire1a and its major effector 

XBP1u, nor activation of XBP1u to XBP1s was significantly altered in Atg7F/FAlb-Cre+ mice compared to controls. 

(***p<0.001) (E) Western blot of several chaperones involved in the UPR. GAPDH was used as a loading control. 

Protein levels changed in line with the mRNA levels. Although the expression of Atf6 was not significantly de-

creased, its phosphorylation was strongly attenuated in Atg7F/FAlb-Cre+ mice. (F) Western blotting for SREBP-1 

on whole cell and nuclear fractions (G) Densitometry analysis of the ratio of phosphorylated eIF2α to total eIF2α 

bands normalized to GAPDH and relative to control. (*p<0.05)
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Finally, the mRNA expression of IRE1α, the phosphorylation of IRE1α, and the IRE1α -mediated 
splicing of XBP1 mRNA were unaltered in Atg7F/FAlb-Cre+ mice (Fig. 4.4D). In line with these 
findings, also the other downstream targets of the IRE1α-XBP1 pathways (Erdj4, Calnexin) were 
unaltered in Atg7F/FAlb-Cre+ mice compared to their controls (Fig. 4.4D). Besides XBP1-splicing, 
IRE1α is also able to activate the ‘alarm stress’ JUN N-terminal kinase (JNK) pathway [179]. Hence, 
the activation of JNK was assessed by ELISA, and found to be lower in Atg7F/FAlb-Cre+ compared 
to Atg7+/+Alb-Cre+ mice (0.59±0.07 resp. 1.38±0.26 ng/mg protein; p<0.01), supporting that IRE1α 
is not activated upon autophagy-deficiency.

These results demonstrate that the UPR pathways in the liver were selectively modified by 
autophagy-deficiency, as evidenced by a diminished ATF6 pathway and an enhanced pro-
apoptotic PERK pathway.

Hepatocellular autophagy-deficiency leads to absence of fasting-induced
steatosis, an improved plasma lipid profile and reduced glycemia
In case of chronic ER stress, loss of ATF6 prevents the development of fatty liver [169]. Hence, 
considering the observed reduction in the ATF6 signalling and given the debated role of 
autophagy in steatosis [31], the effects on fasting-induced steatosis were investigated.

Fasting-induced steatosis is a well-known phenomenon caused by the accumulation of large 
amounts of triglycerides in hepatocytes after fasting for 6-24 h [83]. This form of steatosis was 
demonstrated in Atg7|+/+Alb-Cre+ mice as shown via ORO staining, whereas Atg7F/FAlb-Cre+ mice 
had a significantly lower ORO positivity in their liver parenchyma (p<0.001, Fig. 4.5A, 4.5B). The 
absence of the typical fasting-induced steatosis in Atg7F/FAlb-Cre+ mice was subsequently verified 
with a SBB stain (Fig. 4.5A). On TEM images, lipid droplets were easily recognized in Atg7+/+Alb-Cre+ 
livers (Fig. 4.2A). Occasionally, we also observed lipophagy (i.e. the inclusion of lipid droplets in 
the autophagosomes) in Atg7+/+Alb-Cre+ mice. In contrast, lipid droplets or autophagic vacuoles 
were lacking in the vast majority of Atg7F/FAlb-Cre+ hepatocytes (Fig. 4.2D).

Not only hepatocellular lipid content was altered, also the plasma lipids concentrations were 
markedly changed. Atg7F/FAlb-Cre+ mice demonstrated a significant increase in total cholesterol, 
which can be attributed to a doubling of both plasma HDL and LDL cholesterol levels (Table 4.1). 
In absolute values the amount of HDL was substantially higher than that of LDL in Atg7F/FAlb-Cre+ 
mice. Still, the LDL/HDL ratio was unaltered compared to Atg7+/+Alb-Cre+ mice. Plasma triglyceride 
levels were significantly lower in Atg7F/FAlb-Cre+ mice (p<0.001, table 4.1). Additionally, fasting 
glycemia was lower in Atg7F/FAlb-Cre+ mice, while fasting insulinemia was unaltered. 

In summary, autophagy-deficiency hampers fasting-induced steatosis in the liver, increases 
plasma cholesterol levels with a conserved LDL/HDL-ratio, and reduces plasma triglycerides and 
glycaemia. 

Lipid-containing and autophagy-competent hepatocytes may occur
in Atg7F/FAlb-Cre+ mice
Remarkably, a number of atypical ORO-positive areas were observed in the livers of Atg7F/FAlb-
Cre+ mice in the absence of fasting-induced steatosis, which could be confirmed in a SBB stain (Fig 
4.5C). These mixed micro- and macrovesicular fat-positive cell groups did not have a particular 
zonal distribution and were not observed in Atg7+/+Alb-Cre+ mice. Moreover, the presence of these 
areas on consecutive sections and on two different fat stainings, argued against an artefact.
 
Because these cells might potentially represent autophagy-competent cells of unknown origin, 
an additional stain for ATG7 was performed (Fig. 4.5D), confirming the effective knock-out of 
Atg7 in the hepatocytes of Atg7F/FAlb-Cre+ mice. Please notice that the ductular reaction stains as 
well negative, as it originates out of hepatic progenitor cells (which already expressed albumin), 
whereas the other non-hepatic cells are positive (Fig. 4.5D). There were no ATG7 positive cells 
mimicking the fat-positive cell groups. Cells with a darker appearance tended to correspond to 
(pro-)apoptotic cells upon HE-staining and are likely the result of condensation of the cytoplasm. 
Neither LC3B nor p62 stains revealed cells similar to the fat-positive groups. 

Intriguingly, our TEM results also revealed sparse fat-containing hepatocytes in Atg7F/FAlb-
Cre+ mice. These cells not only contained lipid droplets, but also showed signs of autophagy, 
in contrast to the majority of the hepatocytes in which neither autophagy nor lipid droplets 
were observed. These TEM findings are in line with the occurrence of autophagy-competent 
hepatocytes in the livers of Atg7F/FAlb-Cre+ mice and underline the close connections of lipid 
droplets and autophagy.
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Figure 4.5  Liver fat stains, ATG7 stain and transmission electron microscopy of Atg7F/FAlb-Cre+ mice  

(A) Oil-red-O (ORO) and Sudan Black B (SBB) stain demonstrated a fasting-induced steatosis in Atg7+/+Alb-Cre+ 

mice (upper panels), whereas lipids were virtually absent in Atg7F/FAlb-Cre+ mice (lower panels). (B) Morpho-

metric measurement of the ORO positive area confirmed the virtual absence of ORO-positive lipids in the  Atg7F/

FAlb-Cre+ mice (Student’s-t-test, *** p<0.001). (C) Representative photographs of ORO and SBB positive grouped 

cells in  Atg7F/FAlb-Cre+ mice, which could be focally detected in the liver. These cells are mostly grouped around 

a larger droplet/vesicle, and contain a mixture of larger and smaller lipid droplets seemingly arranged around 

the nuclei and plasma membranes. (D) Immunohistochemical staining with ATG7 confirms the knock-out 

of Atg7 in  Atg7F/FAlb-Cre+ mice, with absent cytoplasmic staining in the hepatocytes compared to  At-

g7+/+Alb-Cre+. The darker cells in  Atg7F/FAlb-Cre+ mice compared to the surrounding cells, appear to correspond 

to the cells with (condensed cytoplasm) pro-apoptotic features on the HE-stain (see Fig 3A). Larger magnifica-

tion demonstrate the positivity on the non-hepatocytes (arrows), while the ducturlar reaction is negative as 

well (as these cells also express albumin; arrowheads). Scale bars, 100 µm and 50 µm. (E) Transmission electron 

microscopy (TEM) of the livers of  Atg7F/FAlb-Cre+ mice. Some lipid containing cells could be detected. These cells 

not only contained lipid droplets, but also autophagic vacuoles, whilst lipid droplets and/or autophagosomes 

were not observed in the other hepatocytes. Arrows indicate autophagic vacuoles, asteriks (*) indicate lipid 

droplets. Scale bars, 1 µm

DISCUSSION

In this study, we demonstrate the deleterious consequences of hepatocyte-specific autophagy-
deficiency in relation to the different UPR pathways and the concomitant effects on hepatic and 
serum lipids. 

Hepatocyte-specific knock-out of autophagy causes a severe hepatomegaly and hepatic injury 
as already partially reported in other studies [29,85,87,112,130,132,136]. This injury encompasses 
distortion of the liver architecture, increased apoptosis, general inflammation, activation of 
hepatic stellate cells, corresponding pericellular fibrosis and a prominent ductular reaction. The 
latter was also mentioned in a study with Atg5 knock-out mice [132], but was not specifically 
confirmed using immunohistochemistry previously. We assume that this ductular reaction can 
be interpreted as a type 3 ductular reaction [180], i.e. the proliferation of hepatic progenitor cells 
as an adaptive response to the loss of parenchymal cells and their function. It also implies that the 
liver is still capable of an adequate compensatory regeneration reaction in case of hepatocyte-
specific autophagy-deficiency. However, as albumin is co-expressed in these cells, autophagy 
will be knocked-out already and hence the injured parenchymal cells will not be replaced by 
autophagy-competent hepatocytes from this source. 

Although the ER stress-activated UPR is known to induce autophagy, the knowledge of the 
impact of autophagy on the UPR is currently limited [151]. Our study demonstrates a significant 
alteration of the hepatic UPR pattern in conditions of autophagy-deficiency. Moreover, 
autophagy-deficiency apparently did not lead to a general induction of the UPR, but rather had a 
selective effect on the distinct UPR pathways: the IRE1 pathway was unaltered, the ATF6 pathway 
was attenuated, and the PERK pathway was strongly activated upon autophagy-deficiency. In 
line with our results, Ni et al. [132] did not observe any changes in the IRE1α pathway, but in 
contrast to our findings and those of Yang et al. [42], they did not observe an activation of the 
PERK pathway either. Since PERK is known to mediate the transcription of many autophagy-
related genes and activates autophagic flux [151], its activation may be a compensatory attempt 
to restore autophagy. The synchronous activation of the PERK-CHOP axis, resulting in enhanced 
cell apoptosis, is an important but deleterious side effect of this activation. IRE1α is able to 
stimulate additional cell signalling pathways, amongst them the JNK pathway. This ‘alarm stress’ 
pathway is able to induce apoptosis and may stimulate autophagy as well [179,181]. In line with 
the unstimulated XBP1-splicing, phosphorylation of JNK was reduced in Atg7F/FAlbCre+ mice as 
well. Although seemingly contradictory with the results of the PERK-pathway and the observed 
apoptosis, the mechanism of actions in the paradigm of adaptive vs. apoptotic phases of these 
alternative pathways of the UPR remain not well understood [148]. Moreover, the overall findings 
of the UPR pathways might rather point towards ‘exhaustion’ of the proteins and adaptive 
capacities of the UPR, thus the transition towards UPR-induced cell death. 

To the best of our knowledge, the present study is the first to report effects of autophagy on 
the ATF6 pathway in mice. ATF6 is a transmembrane protein localized in the ER that has to be 
transported to the Golgi-complex, where it is cleaved to form an active transcription factor, which 
in turn regulates genes responsible for protein folding, proteasomal degradation of misfolded 
proteins (ERAD) and genes supporting the XBP1 pathway [148]. How exactly autophagy inhibits 
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the ATF6 pathway remains unclear, yet the COPII complex might be involved as our results showed 
that cleaved ATF6 but not total ATF6 was diminished in the liver of Atg7F/FAlbCre+ mice. Levels of 
SREBP-1 were not supportive for this hypothesis as cleaved nuclear SREBP-1 becomes already 
undetectable after 6h fasting [182]. Accordingly, potential differences in the cleavage of SREBP-1 
could not be detected. The COPII complex not only transports ATF6 to the Golgi complex, but 
is also involved in the ER-Golgi intermediate compartment and in LC3-lipidation [175]. Hence, 
interruption of the formation of LC3-II in order to abolish autophagy might interfere with these 
complexes and prevent ATF6 transport to the Golgi apparatus, hence its activation. 

Interestingly, autophagy-deficiency not only had detrimental effects on the liver, but also 
caused notable effects on the lipid metabolism. Autophagy appears to be necessary for the 
development of the physiological fasting-induced steatosis, which is no longer present in 
autophagy-deficient mice. These results are in contrast with augmented steatosis after fasting as 
reported by Singh et al. [32]. However, even with the observation of lipophagy, our results are in 
line with earlier observations [34,38,85,87]. Conflicting results about the exact role of autophagy 
in lipid metabolism have also been reported for other models of fatty liver [31,106] and might be 
explained by minor differences in experimental protocols, the context-dependent behaviour of 
autophagy and the interaction with other important metabolic body compartments like visceral 
fat or muscle tissue [31,106].

The question arises whether the observed effects on the lipid metabolism in autophagy-deficient 
mice are causally related to the observed UPR pattern. Acute ER stress has been shown to stimulate 
liver steatosis rather than alleviating it. However, genetic ablation of the different UPR pathways 
does not prevent steatosis, indicating that the combined action of UPR pathways, rather than a 
single isolated pathway, is responsible for fat accumulation [168]. Autophagy-deficiency causes 
a sustained interruption of cellular homeostasis, pointing to chronic rather than acute ER stress. 
Ablation of ATF6 in case of chronic, but not acute, ER stress has been shown to prevent fatty liver 
[169]. This effect of ATF6 in chronic conditions might at least partially explain the observed loss 
of fasting-induced steatosis.

The importance of autophagy in cellular lipid metabolism is underlined by the finding of fat-
containing cells in livers of Atg7F/FAlbCre+ mice (Fig. 4.5C) in a pattern that is clearly distinct from 
fasting-induced steatosis. These cells were more evident after staining with SBB, which is known 
to stain a broader spectrum of fats [161], suggesting that these vacuoles may contain another 
type of fat (i.e. glycolipids or cholesterol). However, glycolipids are unlikely given a negative 
Periodic Acid-Schiff reaction (data not shown). Intriguingly, TEM revealed the co-occurrence 
of lipid droplets and autophagic vacuoles in some hepatocytes of Atg7F/FAlbCre+ mice, similar 
to Atg7+/+AlbCre+ mice. This finding is indicative of the existence of autophagy-competent 
hepatocytes in Atg7F/FAlbCre+ mice. 

Potential explanations for the presence of rare clusters of autophagy-competent cells in Atg7F/

FAlbCre+ mice include the escape of ablation by Cre-recombinase [183] or repopulation of the 
liver by newly developed autophagy-competent hepatocytes that have not expressed albumin 
yet and are therefore still autophagy-competent [183,184]. The latter explanation is more likely, 
since albumin has been found to be expressed in hepatocytes early during embryogenesis and 

hepatic progenitor cells already express albumin [185,186]. Despite the occasional presence of 
fat droplets and autophagosomes on TEM in Atg7F/FAlbCre+ mice, these atypical cells are negative 
for the ATG7 stain, and their fat content does not seem to be identical to that of Atg7+/+AlbCre+ 
hepatocytes. We hypothesize that albumin (thus also Cre-recombinase) becomes expressed 
during the maturation of these albumin-naive pre-hepatocytes to adult hepatocytes. This gradual 
change will ultimately lead to the knock-out of Atg7. The current and unusual appearance of the 
lipid droplets in these cells might be a simple consequence of this transformation. Previously 
formed lipid droplets could be in a weaning state, while the absence of autophagy hinders the 
maintenance or de novo formation of lipid droplets by as yet unclarified mechanisms. 

Autophagy-deficiency not only affected the lipid content of the hepatocytes, but also had a 
clear impact on serum lipids with reduced triglycerides levels and increased levels of HDL and 
LDL cholesterol. Although, the latter was a balanced increase without affecting their relative 
proportions. Ma et al. [85] also reported that serum triglycerides were decreased in control fed 
conditions, but not in high fat diet conditions. However, they did not report on other serum 
lipids. Additional reports on serum lipids in relation to hepatocyte-specific autophagy-deficiency 
are lacking. Lower triglyceride production [87] and VLDL production [85] upon autophagy knock-
out have been reported, which might explain the lower plasma triglycerides, but not the higher 
HDL and LDL levels observed in present study. Furthermore, neither of these findings explains 
the absence of hepatocellular fat. The absence of both hepatocellular and serum triglycerides 
in hepatocellular autophagy-deficiency might point to an increased oxidation of fatty acids 
and/or the inability to incorporate them in triglycerides. Mitochondria play a central role in 
cellular homeostasis, and are removed by non-selective autophagy or selectively by so-called 
‘mitophagy’ [25]. The observed accumulation of misformed mitochondria implies mitochondrial 
dysfunction that has previously been linked to impaired steatosis in autophagy-deficient mice 
via the production of FGF21, leading to increased oxidation outside the liver, despite a reduced 
oxidative phosphorylation [87]. Autophagy also prevents the activation of caspase-8 and the 
mitochondrial death pathway [111], whereas defective mitophagy is involved in cell injury 
[25]. Further, in depth analysis of the mitochondrial dysfunction, given its central role in the 
pathophysiology of NAFLD [187], related to autophagy-deficiency would be of specific interest 
for further study.

In conclusion, this study shows that the parenchymal integrity of the liver depends on 
hepatocellular autophagy, since autophagy-deficiency results in injury, inflammation and 
apoptosis. The reciprocal but pathway-selective effects of autophagy on ER stress and the UPR at 
least partially explain the observed effects. More specifically, the ATF6 pathway might account for 
the observed impairment of fasting-induced steatosis, in addition to the direct linkage between 
autophagy and lipid droplets. Hence, autophagy and pathway-selective UPR modulation may 
become relevant targets in the treatment of NAFLD.
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CHAPTER 5

THE EFFECTS OF HEPATOCELLULAR
AUTOPHAGY-DEFICIENCY IN A METHIONINE CHOLINE
DEFICIENT DIET MODEL OF NON-ALCOHOLIC
FATTY LIVER DISEASE

Chapter 4
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ABSTRACT

Background & aims
Autophagy is an important process involved in cellular homeostasis and clearly involved in the 
pathophysiology of non-alcoholic fatty liver disease (NAFLD). However, previously published 
results are conflicting about its role in hepatic lipid metabolism, with opposing effects in case 
of autophagy-deficiency. Therefore, we assessed the role of hepatocyte-specific autophagy-
deficiency in a mouse model of NAFLD; the methionine choline deficient diet (MCDD) 

Methods
Adult hepatocellular-specific autophagy-deficient mice (Atg7F/FAlbCre+), aged 8-9 weeks, were fed 
a MCDD for 3 weeks and compared with their autophagy-competent littermates (Atg7+/+AlbCre+). 
Livers were analysed by histology and Western blotting. 

Results
All animals developed severe weight loss and exhibited a compromised health, for which 
experiments were abrogated at 3 weeks instead of 4 weeks of diet. MCDD caused liver injury 
with ballooning and elevated liver biochemistry in Atg7+/+AlbCre+ mice, but was unable to induce 
macrovesicular steatosis. Atg7F/FAlbCre+ mice exhibited more severe liver injury existing out of 
inflammation, apoptosis, fibrosisis and a ductular reactions. The liver fat content was strongly 
attenuated in Atg7F/FAlbCre+ mice.

Conclusions
The MCDD model appears to be unsuitable to study the effects of hepatocellular autophagy on 
the pathogenesis of NAFLD, as it only caused liver injury but not steatosis, in our autophagy-
competent mice. Hepatocellular autophagy is essential for parenchymal integrity in mice with 
development of severe liver injury in Atg7F/FAlbCre+ mice, though deficiency attenuates liver fat 
content substantially.

INTRODUCTION

As described in Chapter 1, NAFLD is a growing health problem in Western societies. It is also 
known that the pathophysiology and progression of the disease spectrum is complex and exists 
out of multiple parallel hits, though is not yet fully understood [19]. The hallmark of NAFLD is 
the accumulation of fat in the hepatocytes. Macroautophagy (henceforth called autophagy) 
is an important cellular housekeeping process, consequently protects against cellular injury. 
Moreover, autophagy is involved in lipid metabolism and thus potentially plays a role in the 
pathophysiology of NAFLD. As mentioned before, the exact results of autophagy on cellular 
lipid content are controversial and both a role in breakdown as well as in the formation of lipid 
droplets have been described. In line with the latter, we previously demonstrated that autophagy 
is necessary for the development of fasting-induced steatosis (Chapter 4).

The methionine choline deficient diet (MCDD) is a well-established and highly reproducible 
animal model of NALFD. It induces a pronounced steatosis, as well steatohepatitis (NASH) in 
case of prolonged feeding [188,189]. The model hence mimics the liver lesions observed in 
human NAFLD and NASH, without, however, reproducing the extrahepatic metabolic context of 
overweight and insulin resistance usually observed in NAFLD patients. Fasting-induced steatosis 
is a rather physiological phenomenon, where NAFLD reflects excessive and mostly pathological 
fat accumulation. In order to further explore the effects of autophagy in the pathophysiology of 
NAFLD, we studied the effects of hepatocellular autophagy-deficiency in the MCDD model. 

MATERIALS AND METHODS

Animal model
Hepatocellular autophagy-deficient C57Bl/6J mice (denoted as Atg7F/FAlbCre+) were developed 
and compared to autophagy-competent littermates. The detailed description of these mice are 
given in Chapter 3.
At 8-9 weeks of age, mice were put on a methionine choline deficient diet (MCDD) (0296043810; 
MP Biomedicals). Body weight was assessed twice weekly. The diet was planned for 4 weeks, 
after which normally NAFL develops, though was prematurely abrogated for ethical reasons 
as alterations occurred that were no longer in line with human care [190] (see results section). 
After 3 weeks of diet, mice were overnight fasted and sacrificed under general anaesthesia 
(Nembutal®; 60 mg/kg i.p.). Whole blood samples were obtained by intracardiac puncture, livers 
were removed and random aliquots further processed for histology and Western blot. Kidneys 
were removed as control for tissue-specific autophagy knock-out. 

Biochemical analysis
Plasma samples were analysed with an automated Vista 1500 System (Siemens Healthcare 
Diagnostics) for AST, ALT, γGT, ALP, HDL, LDL, TG and glucose. Insulin was determined with an 
ELISA kit. Values below the lower or above the upper detection limit were artificially set to this 
detection limit. 

Chapter 5 The MCDD model
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Histology and immunohistochemistry
Sections of paraffin-embedded liver tissue (5μm thick) were routinely stained for HE, Picrosirius 
red and reticulin. Immunohistochemistry was applied for staining of αSMA, LC3B and p62. Finally, 
Neg-50 embedded frozen tissues were stained with ORO to detect lipids. All samples were 
assessed and scored with a detailed recording of all features and blinded to all other information. 
Morphometric measurements of the Picrosirius red and Oil-red-O positive areas were performed 
as well.

Western blot
Protein samples of livers were blotted for ATG7 and p62, with Beta-actin as loading control, as 
outlined in Chapter 3. 

Statistics
All data were analysed by SPSS (version 22, IBM). Parametric variables were compared using 
the Student’s t test, non-parametric variables were compared using the Mann-Whitney U test. 
Weight evolution was analysed via a linear mixed model (LMM), with post-hoc Bonferroni-Holm 
corrections when appropriate.
Figures were created with GraphPad Prism (GraphPad Software). Two-tailed probabilities were 
calculated; p-values <0.05 were considered statistically significant. Data are presented as mean 
± SEM.

RESULTS

MCDD induces excessive weight loss and urges premature sacrifice
The body weights of Atg7+/+AlbCre+ (n=15) and Atg7F/FAlbCre+ (n=13) mice were comparable at the 
time of introduction of the MCDD (Fig. 5.1A). Both groups had significant weight loss over time 
on the MCDD diet (p<0.001 for time; LMM) with an analogue weight evolution (between groups 
p=0,70; LMM) and resulting in comparable body weights at the moment of sacrifice (Fig. 5.1A). 
Relative weight loss was, however, more pronounced in Atg7+/+AlbCre+ mice compared to Atg7F/

FAlbCre+ mice (p<0,001) and exceeded in both cases 30% (Fig. 5.1B). Moreover, all mice developed 
general ill-being, rough furs and showed frequent hunching. There was also an impression of 
loss of activity. Because of the major weight loss and general compromised animal health status 
exceeding the criteria compatible with humane endpoints, the experiments had to be stopped 
prematurely per protocol 3 weeks after introduction of the diet.

Figure 5.1  Body weight evolution and the occurrence of severe hepatomegaly in Atg7F/FAlb-Cre+ mice, 

but not in Atg7+/+Alb-Cre+ mice  (A) The body weights of Atg7+/+Alb-Cre+ (black bars) and Atg7F/FAlb-Cre+ (grey 

bars) mice was not significantly different when methionine choline deficient diet (MCDD) was initiated (p=0.54; 

Student’s-t-test) or at sacrifice (p=0,29; Student’s-t-test). (B) Percentage weight loss after 3 weeks of MCDD 

was significantly higher in Atg7+/+Alb-Cre+ mice compared to Atg7F/FAlb-Cre+ mice (**p<0,001; Student’s-t-test) 

(C) Macroscopic view of an Atg7+/+Alb-Cre+ (left) and Atg7F/FAlb-Cre+ (right) mouse illustrating the prominent 

hepatomegaly in Atg7F/FAlb-Cre+ mice. The rough condition of the fur can be appreciated in theAtg7F/FAlb-Cre+ 

mouse (D) The hepatomegaly is reflected by a significantly higher liver-to-body weight ratio in Atg7F/FAlb-Cre+ 

mice (***p<0.001; Student’s-t-test).

Validation of the hepatocyte-specific autophagy-deficiency in Atg7F/FAlb-Cre+ mice 
The livers of Atg7F/FAlb-Cre+ mice exhibited a pronounced hepatomegaly (Fig. 5.1C), which is a 
macroscopic and indirect indication of effective autophagy-deficiency (Chapter 4)[29]. This was 
reflected in a significant higher liver-to-body-weight ratio (p<0,001; Fig. 5.1D) and might explain 
the significantly attenuated relative weight loss compared to Atg7+/+Alb-Cre+ mice.

Western blot of the livers of Atg7F/FAlb-Cre+ mice showing the absence of ATG7 while still present in 
Atg7+/+Alb-Cre+ mice confirms successful excision of the Atg7-gene (Fig. 5.2A). The accumulation 
of p62 observed Atg7F/FAlb-Cre+ mice compared to Atg7+/+Alb-Cre+ mice further confirms this 
(Fig. 5.2C). Comparable levels of ATG7 were observed in kidneys of all mice, demonstrating that 
knock-out of Atg7 was liver-specific (Fig. 5.2B). 

ATG7 is essential for the formation of LC3-II that represents existing autophagosomes. 
Immunohistochemistry for LC3B demonstrates the presence of multiple punctae in Atg7+/+Alb-
Cre+ mice, whilst absent in Atg7F/FAlb-Cre+ mice, hence reconfirming the effective excision of Atg7 
(Fig. 5.2D). p62 stain shows, in line with the Western blot results, presence of accumulated p62 
positive aggregates in Atg7F/FAlb-Cre+ mice (Fig. 5.2D). In Atg7+/+Alb-Cre+ mice aggregates were 
less numerous and less widespread as in autophagy-deficient mice: scarce scattered positive 
aggregates were mainly localised around the central venes. This again demonstrates repression 
of autophagy in Atg7+/+Alb-Cre+ mice.
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Figure 5.2  Western blot and immunohistochemistry for ATG7, p62 and LC3B  (A) Western blot of ATG7 

shows presence of ATG7 in Atg7+/+Alb-Cre+ mice (upper panels), whilst absent in Atg7F/FAlb-Cre+ mice (lower 

panels). Beta-actin was used as loading control. (B) Western blot of ATG7 in kidneys of Atg7+/+Alb-Cre+ and 

Atg7F/FAlb-Cre+ mice showing comparable protein levels. (C) Western blot of p62 showing accumulation in 

Atg7F/FAlb-Cre+ but not in Atg7+/+Alb-Cre+ mice. (D) Immunohistochemistry of LC3B (letft panels) and P62 (right 

panels), reveals presence of LC3B positive punctae in Atg7+/+Alb-Cre+ mice, whilst absent in Atg7F/FAlb-Cre+ mice. 

P62 stain reveals the accumulation of positive aggregates in Atg7F/FAlb-Cre+ mice, while Atg7+/+Alb-Cre+ mice 

showed only some positive aggregates in the pericentral regions.

Figure 5.3  Histology of the livers of Atg7+/+Alb-Cre+ and Atg7F/FAlb-Cre+ mice  (A) Upper panels show rep-

resentative liver slides of Atg7+/+Alb-Cre+ mice, the lower panels of Atg7F/FAlb-Cre+ mice for the indicated stains. 

In HE: Arrows indicate ballooned hepatocytes, arrowheads apoptotic bodies. In CD3, arrows indicate positive 

cells.  (B) Morphometric analysis of the Picrosirius red area. Atg7F/FAlb-Cre+  mice had a significantly larger 

positive area (***P<0.001; Student’s t test). (C) Alpha smooth muscle actin (αSMA) score. Atg7F/FAlb-Cre+ had a 

significantly higher total score (***p<0.001; Mann-Whitney U test).

Hepatocellular autophagy-deficiency aggravates MCDD induced parenchymal damage 
Three weeks of MCDD diet caused substantial parenchymal damage in Atg7F/FAlb-Cre+ mice as 
evidenced by hepatocellular ballooning and anisokaryosis on HE stain (Fig 5.3A) and by elevated 
parenchymal and canalicular liver tests (Table 5.1). Nonetheless, hepatic stellate cells (HSC’s) 
were still in a quiescent state as αSMA stained solely positive for structures in vascular walls 
corresponding to smooth muscle cells. In line with this latter observation, there are no arguments 
for development of fibrosis on reticulin and picrosirius red stain (Fig. 5.3A).

Atg7F/FAlb-Cre+ mice exhibited a substantially increased parenchymal liver injury with general 
hepatocellular hypertrophy, frequent cellular ballooning and the presence of many pre-apoptotic 
cells (deformed cells with a dense eosinophilic cytoplasma) or apopotic bodies (Fig 5.3A). The 
plasma liver biochemistry was in accordance with these findings and demonstrated elevated 
levels compared to Atg7+/+Alb-Cre+ mice, though the differences did not reach significance for 
ALT and ALP (Table 5.1). The trabecular structure in Atg7F/FAlb-Cre+ mice livers was disturbed 
as shown by reticulin stain (Fig. 5.3A). Moreover, collagen deposits increased in a pericellular 
pattern (Picrosirius red stain, Fig. 5.3A) with significant increased morphometric analyses of 
Picrosirius red-positive area (p<0.001; Fig. 5.3B). In line with these findings, the amount of αSMA 
positive cells increased significantly in all liver zones (p<0.001; Fig. 5.3C). Finally, a significantly 
increased cellularity was observed in Atg7F/FAlb-Cre+ mice, which is mainly due to a pronounced 
ductular reaction, as confirmed by a pan-cytokeratin stain [172], and to some extend to increased 
inflammatory infiltrate as seen on CD3 stain (Fig. 5.3A).
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Table 5.1  Biochemical plasma analyses  Main characteristics of autophagy-competent (Atg7+/+Alb-Cre+) and 

autophagy-deficient (Atg7F/FAlb-Cre+) mice after 3 weeks of methionine choline deficient diet. Sample size (n) 

varies depending on the plasma volume available for each mouse.  AST, aspartate transaminase; ALT, alanine 

transaminase; γGT, gamma-glutamyl transferase; ALP, alkaline phosphatase

Figure 5.4  Oil-red-O stain and corresponding morphometric analysis of Atg7+/+Alb-Cre+ and Atg7F/FAlb-

Cre+ mice (A) Oil-red-O stain. Upper panel shows a representative liver slide of an Atg7+/+Alb-Cre+ mouse, with 

generalised microvesicular steatosis. The lower panel shows a slide of an Atg7F/FAlb-Cre+ mouse, with generally 

spread very small lipid droplets, that are smaller than those of their control littermates. (B) Morphometric 

analysis of the Oil-red-O-positive area. Atg7F/FAlb-Cre+  mice had a significantly lower positive area (*p<0.05; 

Mann-Whitney U test).

Hepatocellular autophagy-deficiency reduces liver fat content after 3 weeks of MCDD
When Atg7+/+Alb-Cre+ mice were fed the MCDD diet, the majority had not yet developed 
macrovesicular steatosis (except for 3 mice) after 3 weeks. However, all of them successfully 
exhibited fasting-induced steatosis, that is a microvesicular steatosis due to fasting-induced 
overload of fatty acids to the liver released by the adipose tissues [83] (Fig. 5.4A).

In Atg7F/FAlb-Cre+ mice the liver fat content was clearly and significantly reduced compared to 
Atg7+/+Alb-Cre+ mice (p<0.05, fig 5.4A-B). Oil-red-O staining of these mice livers revealed either 
absence of lipids, or presence of widely spread and very small lipid droplets in the hepatocytes.  
These droplets were all smaller compared to the microvesicular droplets of their autophagy-
competent littermates. Taken together, this indicates a strongly mitigated, but still present, 
lipogenesis of fasting combined with 3 weeks MCDD in Atg7+/+Alb-Cre+ mice.

Alterations in lipid profile can be expected, as MCDD has direct influence on VLDL production 
[191,192]. Indeed, lipid profile was altered with total cholesterol levels below detection limit 
(i.e. 50 mg/dl) in Atg7+/+Alb-Cre+ mice and barely higher in Atg7F/FAlb-Cre+ mice (Table 5.1). 
When looking at the different lipid fractions, this was mainly the consequence of HDL-increase 
(about 3-fold, p<0.001), while LDL levels were not significantly different and triglycerides were 
significantly lower (p<0.001) in Atg7F/FAlb-Cre+ mice compared to Atg7+/+Alb-Cre+ mice.  All points 
to a more favourable lipid profile. Fasting glucose levels were not significantly different between 
groups, while plasma insulin levels significantly increased in Atg7F/FAlb-Cre+ mice (p<0.001).

  Atg7+/+Alb-Cre+  Atg7F/FAlb-Cre+

  Mean ± Range   Mean ± Range 
 n SEM (min-max) n SEM (min-max) p-value

AST (U/L) 9 422,9 ± 124,9 180,3 - 1410,0 10 1.033,0 ± 147,8 430,0 - 1815,0 **

ALT (U/L) 13 136,2 ± 62,1 6,0 - 839,5 13 247,0 ± 51,2 39,0 - 652,8 0,18

ALP (U/L) 14 128,9 ± 9,1 74,3 - 191,0 12 148,5 ± 10,8 93,0 - 204,0 0,18

γGT (U/L) 9 5,9 ± 0,4 5,0 - 8,9 10 12,1 ± 1,3 5,0 - 19,0 ***

Total cholesterol (mg/dL) 9 50,0 ± 0,0 <50 10 61,2 ± 3,9 50,0 - 81,6 *

HDL cholesterol (mg/dL) 9 19,2 ± 3,8 3,0 - 33,3 8 55,6 ± 5,5 33,0 - 78,5 ***

LDL cholesterol (mg/dL) 9 7,2 ± 0,9 4,0 - 13,0 9 5,6 ± 0,6 3,0 - 9,0 0,16

LDL/HDL ratio 9 0,9 ± 0,5 0,1 - 4,3 7 0,1 ± 0,0 0,0 - 0,2 0,11

Triglycerides (mg/dL) 9 35,8 ± 3,3 22,0 - 47,3 10 16,4 ± 1,4 11,0 - 24,0 ***

Glucose (mg/dL) 8 55,4 ± 5,6 30,8 - 73,1 10 53,7 ± 4,2 30,0 - 73,0 0,81

Insulin (ng/mL) 15 0,28 ± 0,01 0,20 - 0,33 13 0,38 ± 0,01 0,32 - 0,46 ***
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DISCUSSION

It is commonly known that the MCDD causes significant weight loss due to muscle wasting and 
loss of adipose tissues. This loss is variable, but usually about 20-30% in literature [189,192,193]. 
Even though weight loss was anticipated, the general health of the subjected mice was also 
severely compromised and experiments had to be stopped early in order to be in line with local 
and international guidelines on good animal care. Nevertheless, this study still clearly contributes 
to the knowledge of the role of hepatocellular autophagy. 

We could reconfirm our previous results, and that of others, that autophagy-deficiency has a 
major impact on hepatocellular integrity, with development of hepatomegaly and hepatic 
injury [29]. This injury includes disruption of normal liver architecture, increased ballooning 
and apoptosis, inflammation, activation of hepatic stellate cells and the occurrence of a general 
ductular reaction. The latter is a common reaction to liver injury and is in this case believed to be 
an adaptive response in an attempt to repopulate the liver with new hepatocytes out of the liver 
stem cell compartment [180].

Although the MCDD is a highly reproducible model of steatosis, important differences exist 
between species, strain and gender [194,195]. This could explain the observed paucity of 
macrovesicular steatosis after 3 weeks in our autophagy-competent mice, while more steatosis 
was expected. Some already demonstrated major fat accumulation after 2 or 3 weeks of this diet 
in mice [192,193,196]. Instead, we observed that MCDD itself caused important cellular distress, 
expressed as general ballooning and elevated liver biochemistry. 

Immunohistochemical stains of LC3B revealed that overnight fasting induced autophagy 
successfully in Atg7+/+Alb-Cre+ mice, although, as shown by the stain of p62, some impairment 
of autophagy was detectable in the pericentral regions. This pattern of p62 resembles the 
preferential pattern of the development of steatosis, both clinically as well in the MCDD model, 
which is indeed mainly in acinar zone 3 [7,197]. This is in line with the described inhibitory effects 
of intracellular lipids on autophagy [98] and previously described inhibited autophagic flux after 
4 or 10 weeks of MCDD [74,139]. In contrast to the latter studies and the immunohistochemical 
results, the overall levels of p62, as measured by Western blot, were rather unnoteworthy in 
Atg7+/+Alb-Cre+ mice. Moreover, p62 also participates in proteosomal degradation and cannot be 
used without other methods to confirm effective alterations in autophagy [198], which were not 
further employed in this study (see below).

In line with our previous results autophagy-deficiency reduces (though not completely abolished) 
liver fat accumulation compared to their wild-type littermates (Chapter 4). After 3 weeks of 
MCDD very small Oil-red-O-positive lipid droplets were generally present in the hepatocytes. 
This implies that autophagy cannot be regarded as fully indispensable for the formation of 
lipid droplets, as was previously suggested in the setting of fasting or after high-fat diet (HFD) 
(Chapter 4)[34,85,87]. However, autophagy still seems to be an essential intermediate as lipid 
droplets did not reach comparable size as seen in fasting-induced steatosis of Atg7+/+Alb-Cre+ 
mice. A similar decrease in lipid droplet size and amount was previously observed by others, 
and the authors concluded that even though autophagy was indispensable for the formation 

of LDs, the lumenally-sorted LDs were normally produced in the ER and responsible for the 
observations [34]. Moreover, it is difficult to dissect in this case if the observed effects on the LDs 
are due to the effects of the MCDD solely, or due to MCDD combined with fasting. Repeating the 
experiments in fed conditions might offer an answer, though one must be aware that autophagy 
will no longer be induced and results consequently reflect basal autophagy. Finally, the observed 
effects might be simply due to a significant higher insulin level in Atg7F/FAlb-Cre+ mice, preventing 
the liberation of fatty acids out of the adipose tissues.

The MCDD model closely mimics all features of NAFLD and is a valuable model regarding hepatic 
alterations [199], but is also confronted with some important critics. Circulating lipid levels are 
compromised by its mechanisms of action [191,192], peripheral insulin sensitivity is preserved 
[200] (though hepatic insulin resistance does appear [201]) and the metabolic syndrome, usually 
present in NAFLD patients, does not develop [199]. In the light of these critics, combined with the 
observed animal care issues and the inability to obtain simple steatosis in wild-type control mice, 
the MCDD model is in our case invalid for further use and analysis of the effects of hepatocellular 
autophagy in NAFLD. 

To conclude, we demonstrated that the MCDD model was capable of inducing parenchymal 
liver injury without, however, frank macrovesicular steatosis. Hepatocellular autophagy clearly 
worsens the effects of MCDD with regard to parenchymal integrity, though strongly attenuates 
liver lipid content. Further experiments to decipher the effects of hepatocellular autophagy in 
pathogenesis of NAFLD are necessary, preferentially in models that more closely resemble the 
human context of NAFLD, e.g. an overfeeding model.
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CHAPTER 6
THE EFFECTS OF HEPATOCELLULAR
AUTOPHAGY-DEFICIENCY IN A HIGH FAT DIET MODEL
OF NON-ALCOHOLIC FATTY LIVER DISEASE

Adapted from:

Kwanten WJ, Martinet W, De Winter BY, Van Hoof VO, Michielsen PP, Francque SM. Hepatocellular autophagy-

deficiency improves the metabolic profile and reduces hepatic fat at the expense of severe liver injury and 

induces re-population of the liver from extrahepatic sources. (Manuscript in preparation)
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ABSTRACT

Background & aims
Whereas autophagy has been convincingly implicated in the pathophysiology of non-alcoholic 
fatty liver disease (NAFLD), discordant data exist about its role in liver lipid metabolism, both 
favouring lipid breakdown as well as synthesis. We therefore aimed to characterise the effects of 
hepatocellular autophagy on glucose and lipid metabolism, taking into account several potential 
underlying methodological aspects and using both an endogenous as well as an exogenous lipid 
load. 

Methods
Hepatocellular-specific autophagy-deficient mice (Atg7F/FAlb-Cre+) were compared with their 
autophagy-competent littermates (Atg7+/+Alb-Cre+) upon 10 weeks of age. Mice were fed either a 
control diet or a high fat diet for 16 weeks and were sacrificed without or after overnight fasting. 
Glucose and insulin tolerance testing was performed. Gene expression of adipose tissues and 
liver was investigated. Livers were also analysed by histology and Western blotting. 

Results
Atg7F/FAlb-Cre+ mice exhibited an improved glucose tolerance, decreased adipose tissue masses, 
improved plasma lipid profile and absence of lipids in their livers irrespective of the lipid stimulus 
(i.e. fasting or HFD). The role of autophagy in lipid handling was reinforced by the occurrence of 
autophagy-competent and lipid droplet containing cell groups repopulating the livers of Atg7F/

FAlb-Cre+ mice. The unfolded protein response (UPR), an other homeostatic cellular process, was 
pathway-selectively affected favouring apoptosis, and increased parenchymal damage was 
observed. Finally, spontaneous hepatocellular adenomata developed in autophagy-deficient 
livers.

Conclusions
Hepatocellular autophagy deficiency leads to the absence of steatosis and improves whole-body 
metabolism improved, with improved glucose tolerance and significant reduction of adipose 
tissue mass. These effects, however, were at the expense of increased hepatic injury, in part 
mediated by selective UPR alterations, and the formation of adenomata. Autophagy-competent 
cell groups were observed in Atg7F/FAlb-Cre+ mice, confirming the existence of an extrahepatic 
source for liver cell renewal.

INTRODUCTION 

The previous chapters outlined already the importance of macroautophagy (henceforth called 
autophagy) in the liver and its impact on liver parenchyma and liver lipids, hence its potential 
involvement in NAFLD pathophysiology. However, given the limitations of the MCDD model 
of NAFLD and the absence of frank macrovesicular steatosis in MCDD wild-type mice in our 
setting (Chapter 5), we estimated that additional experiments with a different model of NAFLD 
were mandatory. In the meantime, evidence increased that autophagy exerts an important role 
in the regulation of energy homeostasis and metabolism at both the cellular and the whole-
body level. Whereas the findings concerning cellular amino acid and glucose metabolism are 
relative coherent [106], the function of autophagy in lipid metabolism is less well characterised 
and discordant data suggesting a role in both lipid breakdown and lipid production have been 
reported [31,202]. The reasons for these conflicting results might be numerous, but can in part 
be due to differences in target gene, time frames and diets or the age of the mice included in the 
experiments [106,202]. 

In order to overcome some of the potential causes of the conflicting outcomes we performed 
experiments targeting the same gene (i.e. hepatocellular Atg7-knockout) and used the same 
HFD for an equal time span (i.e. 60% fat-derived calories, 16 weeks of diet) as described by Singh 
et al. [32]. Even though the latter study started with mice aged 3 weeks, we chose to use adult 
mice instead (i.e. 10 weeks of age) in order to be more representative for NAFLD in adulthood. 
Moreover, there is some concern about the full recombination in Alb-Cre mice in juvenile mice 
due to low expression levels of Cre-recombinase below threshold [203], hence results might 
potentially be influenced in those cases by some residual autophagy-competence. The current 
study therefore aims to further unravel the role of hepatocellular autophagy in metabolism, by a 
comprehensive characterisation of the impact of hepatocellular autophagy-deficiency on both 
glucose and lipid metabolism in the same mice taking into account the outlined methodological 
aspects.

HFD challenges the liver to an exogenous lipid load that leads to steatosis. However, when mice 
are starved overnight, livers are challenged to an endogenous lipid load as a consequence of an 
increased flux of fatty acids out of the adipose tissues. This so-called fasting-induced steatosis is 
prominently present in C57Bl/6J mice [83]. The first paper opposing the view of autophagy as an 
lipolytic mechanism described the impact of autophagy deficiency on fasting-induced steatosis 
[34]. Therefore, this study aimed to look at both the effects of HFD- and fasting-induced steatosis.

Autophagy is a constitutively active process but is also crucial in the adaptive responses to cellular 
stress, amongst which starvation [22]. It has been shown that stimulated autophagy, apart from 
basal autophagy, can significantly contribute to the adaptive abilities in HFD-fed mice [108]. We 
therefore also explored whether differences between fed and fasted mice, i.e. between basal and 
stimulated autophagy, could be detected as well.
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MATERIAL AND METHODS 

Animal model
Hepatocellular autophagy-deficient C57Bl/6J mice (denoted as Atg7F/FAlb-Cre+) were developed 
and compared to autophagy-competent littermates (denoted as Atg7+/+Alb-Cre+). The detailed 
description of these mice is given in Chapter 3.
Mice were divided in two series. In the first series, mice were fed a control diet (CD) (Sniff 
Spezialsdiaten GmbH, Soest, Germany), where follow-up began at 10 weeks of age and lasted for 
16 weeks. In a second series, mice were fed a HFD (D12492; Research Diets Inc., New Brunswick 
(NJ), USA), that began at 10 weeks of age and was given for 16 weeks. 
Afterwards mice were sacrificed in the fed state or after an overnight fast, after weighing and 
anaesthetising them with Nembutal® (60 mg/kg i.p.). Whole blood samples were obtained by 
intracardiac puncture. Livers were removed and random samples were processed for histology or 
further analysis. Subsequently, interscapular brown adipose tissue (IBAT) and gonadal, perirenal, 
mesenteric and inguinal white adipose tissues (resp. GWAT, RWAT, MWAT and IWAT) were 
identified and dissected. Furthermore, the calf muscles were bilaterally isolated and removed.
Glucose monitoring, ipGTT and ipITT and metabolic cages
Non-fasting glucose was weekly monitored in the afternoon. After 15 weeks of diet ipGTT and 
ipITT were performed, after a 6 h fast. Glycaemia was measured with a hand-held glucometer by 
taking a droplet of blood of the tip of the tail. 
Mice fed a CD were individually housed in metabolic cages for 24 h after 14 weeks. Food and 
water intake, as well as stool and urine production were monitored.

Biochemical analysis
Plasma samples were analysed with an automated Vista 1500 System (Siemens Healthcare 
Diagnostics) for ALT, ALP, HDL, LDL, TG and glucose. Insulin was determined with an ELISA kit, FFA 
were determined with a colorimetric assay. Values below the lower or above the upper detection 
limit were artificially set to this detection limit. 

Histology and immunohistochemistry
Sections of paraffin-embedded tissues were routinely stained with HE, Masson’s Trichrome, 
Picrosirius red and reticulin (Gomori). Immunohistochemistry was applied for staining of αSMA), 
pan-CK, glutamine synthase, ATG7, LC3B and p62. Apoptosis was detected with a TUNEL assay. 
Neg-50-embedded frozen tissue sections were stained with ORO to detect lipids. All samples 
were assessed with a detailed recording of all features and blinded to all other information. 
Morphometric measurements of the Picrosirius red and ORO positive areas were performed as 
well. Chapter 3 outlines the procedures in more detail.  

Western blotting
Protein samples of the liver were blotted for ATF6, ATG7, beta-actin, EIF2α, phospho-eIF2α, 
GRP78, Histone H3, NQO1 and p62. After incubation with appropriate horseradish peroxidase 
secondary antibodies, chemiluminescent signals were obtained, as described in Chapter 3. 

Real-time qPCR
After RNA extraction of liver and adipose tissues, RNA was isolated, purified and converted to 

single strand cDNA. cDNA was used for real-time qualification. Cq values were converted to 
relative quantities (RQ) and subsequently normalised using qBASEPLUS software. Mean values 
of each sample were further used for statistical evaluation. Chapter 3 describes the experimental 
settings and the primers used in these experiments. 

Statistical analyses and data presentation
All data were analysed by SPSS Parametric variables were compared using the Student’s-t-test, or 
using two-way ANOVA with post-hoc Bonferroni correction whenever appropriate. Categorical 
data were compared using Fisher’s exact test. Longitudinal data, i.e. follow up of weight over 
time, were analysed with a linear mixed models (LMM) followed by post-hoc Bonferroni-Holm 
corrections when appropriate. 
Figures were created with GraphPad Prism (version 5, GraphPad Software, San Diego CA, USA). 
Two-tailed probabilities were calculated; p-values <0.05 were considered statistically significant. 
All data are presented as mean ± SEM for n, the number of animals/patients per group.

RESULTS

Validation of successful hepatocellular autophagy knockout
To investigate autophagy in glucose and lipid metabolism, hepatocellular-specific autophagy-
deficient mice were created. Knockout was proven effective and hepatocyte-specific. Excision 
of the Atg7 gene was proven by Western blot of whole liver lysates. Herein the ATG7 protein 
was severely diminished in Atg7F/FAlb-Cre+ mice, compared to Atg7+/+Alb-Cre+ mice (Fig. 6.1A). 
The presence of numerous non-hepatocytes in the whole liver lysates of Atg7F/FAlb-Cre+ mice 
is assumed to explain the incomplete disappearance of ATG7 in these liver lysates (see below). 
Since p62 is degraded via autophagy, it will accumulate in autophagy-deficiency. Indeed, Atg7F/

FAlb-Cre+ mice demonstrated high levels of p62, whilst it was undetectable in their wild-type 
littermates (Fig. 6.1A). 

Western blots of the kidneys revealed no differences in ATG7 (Fig. 6.1A) between Atg7F/FAlb-
Cre+ and Atg7+/+Alb-Cre+ mice, while p62 was undetectable in both (like it was in the livers of 
Atg7+/+Alb-Cre+ mice (not shown), so confirming liver-specific knockout of autophagy. 

Immunohistochemical staining subsequently confirmed the effective knockout of autophagy in 
hepatocytes. Staining for ATG7 revealed cytoplasmic positivity in Atg7+/+Alb-Cre+ mice, whereas 
positivity in Atg7F/FAlb-Cre+ mice was restricted to the abundantly present non-hepatocytes 
(Fig. 6.1B-C). In line with Western Blotting, accumulation of p62-positive aggregates could be 
observed in autophagy-deficient livers (Atg7F/FAlb-Cre+ mice), while none were observed in 
Atg7+/+Alb-Cre+ mice (Fig. 6.1B-C). Although the immunohistochemical staining of LC3b is subject 
to some detection limitations (amongst which genetic background and detection techniques 
used [38]), fine LC3b-positive punctae, representative of autophagosomes, were hardly visible 
in CD-fed Atg7+/+Alb-Cre+ mice fed after starvation (Fig. 6.1B-C), whereas in Atg7F/FAlb-Cre+ mice 
LC3b-staining showed larger positive punctae, both in fed and starved states. It should be noted 
again that this staining was restricted to non-hepatocytes (Fig. 6.1B-C). This might implicate an 
induction of autophagy in these cells. Interestingly, when fed HFD, Atg7+/+Alb-Cre+ mice showed 
some LC3b-positive punctae in close relationship with lipid droplets (arrowheads, Fig. 6.1C).
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SERIES 1: CONTROL DIET
 
Hepatocellular autophagy-deficient mice exhibit hepatomegaly and
severe parenchymal damage
As anticipated, Atg7F/FAlb-Cre+ mice exhibited severe hepatomegaly, with a five- to six-fold 
increased liver-to-body weight ratio compared to Atg7+/+Alb-Cre+ mice (p<0.001; Fig. 6.2A).
Plasma ALT and ALP levels were significantly increased in Atg7F/FAlb-Cre+ mice, indicating liver injury 
(p<0.001; Fig. 6.2B). Indeed, histological assessment of HE staining revealed severe parenchymal 
damage, with distortion of the liver architecture, hypertrophy of the hepatocytes, apoptotic 
bodies, inflammatory infiltrates and presence of duct-like structures (Fig. 6.2C). Moreover, focal 
necrotic spots (Fig. 6.2C) or even large necrotic areas (Fig. 6.2D) appeared in some of the livers 
of Atg7F/FAlb-Cre+ mice. Additional TUNEL assay confirmed the increased apoptotic cell number 
in Atg7F/FAlb-Cre+ mice (data not shown). Immunohistochemistry for pan-CK, a marker for murine 
ductular reaction [172], confirmed that the duct-like structures could be attributed to ductular 
reaction, i.e. the proliferation of hepatic progenitor cells (Fig. 6.2E). mRNA levels of Tnfα were 
congruent with the observed inflammation, demonstrating significant upregulation in Atg7F/

FAlb-Cre+ mice compared to Atg7+/+Alb-Cre+ mice (p<0.001; Fig. 6.2F).
Furthermore, livers of Atg7F/FAlb-Cre+ mice displayed increased liver fibrosis, as seen on Picrosirius 
red stain and reticulin stain. Septa or bridging fibrosis were, however, not observed (Fig. 6.2G). 
Morphometrical measurement of the Picrosirius red-positive area, representing liver collagen 
content, was significantly increased in Atg7F/FAlb-Cre+ mice (p<0.001; Fig. 6.2H). Since activated 
hepatic stellate cells are deemed to be the major source of collagen production, αSMA staining 
was performed (Fig. 6.2I). Despite the increased fibrosis, no significant increase in αSMA positive 
cells was observed in Atg7F/FAlb-Cre+ mice.

Collectively, these data indicate that hepatocellular autophagy-deficiency via the knockout of 
Atg7 induces prominent parenchymal alterations with occurrence of inflammation, apoptosis 
and cell death, ductular reaction and fibrosis.

Figure 6.1  Hepatocyte-specific knockout of ATG7  (A) Western blotting of ATG7 and p62 of livers and kid-
neys of Atg7+/+Alb-Cre+ mice (Atg7+/+) and Atg7F/FAlb-Cre+ mice (Atg7F/F). Diet and nutritional state at point 
of sacrifice are indicated. Atg7F/FAlb-Cre+ mice showed diminished amounts of ATG7, suggestive for effective 
knockout of this gene in the hepatocytes and subsequent accumulation of p62. There was no difference of ATG7 
in kidneys of Atg7+/+Alb-Cre+ and Atg7F/FAlb-Cre+ mice, confirming tissue-specificity of the knockout. (B) Immu-
nohistochemistry for ATG7, p62 and LC3b for mice fed a control diet. Autophagy-competent mice (Atg7+/+) 
showed a cytoplasmic positivity for ATG7 in all cells, while this was restricted to non-hepatocytes in auto-
phagy-deficient mice (Atg7F/F), confirming effective knockout of Atg7 in hepatocytes. The ductular reaction can 
easily be appreciated in these livers. Arrows indicate vacuolated necrotic cells within the Atg7F/F liver. Atg7F/F 
livers exhibited p62-positive aggregates in their hepatocytes, while no accumulation could be observed in 
Atg7+/+ livers. Finally, very small and fine LC3b punctae appeared in Atg7+/+ livers after starvation. In Atg7F/F 
livers punctae were seen in both fed and starved states, though only in non-hepatocytes. Scale bars, 100 µm (C) 
Immunohistochemistry for ATG7, p62 and LC3b for mice fed a high fed diet. The observations are similar to mice 
fed a control diet. ATG7 stain showed cytoplasmic positivity in Atg7+/+ mice, while only positivity was seen in 
non-hepatocytes of Atg7F/F mice, confirming hepatocellular autophagy deficiency. Accordingly, p62-positive 
aggregates were seen in Atg7F/F mice, while absent in Atg7+/+ mice. The LC3b stain showed small fine punctae 
in starved Atg7+/+ mice. Interestingly, some larger punctae were observed in these mice in close relationship 
with lipid droplets (arrowheads). The Atg7F/F mice demonstrated LC3b positive punctae in non-hepatocytes, 
however no positivity was seen in hepatocytes. Scale bars, 100 µm
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Figure  6.2  Atg7F/FAlb-Cre+ mice fed a control diet exhibit hepatomegaly and severe parenchymal dam-

age  

(A) Atg7F/FAlb-Cre+ mice (Atg7F/F) demonstrated a significantly larger liver-to-body-weight ratio compared to 

Atg7+/+Alb-Cre+ (Atg7+/+) mice in both fed and overnight fasted (Starv) conditions at the moment of sacri-

fice (n=7-13). (B) ALT and ALP levels of Atg7F/FAlb-Cre+ mice (Atg7F/F) were significantly higher compared to 

Atg7+/+Alb-Cre+ (Atg7+/+) mice, independently of nutritional state at sacrifice (n=5-11). (C) Representative 

HE-stained liver slices of Atg7+/+Alb-Cre+ and Atg7F/FAlb-Cre+ mice in both fed and overnight fasted conditions. 

Atg7F/FAlb-Cre+ mice demonstrated severe parenchymal distortion with presence of focal vacuolated necrosis 

(arrows) and apoptosis (arrowheads). Scale bars, 100 µm. (D) Representative photographs of large necrotic 

areas (asterisks) that occurred in some of the livers of Atg7F/FAlb-Cre+ mice. The right photograph shows a larger 

magnification of the indicated area on the middle photograph. Scale bars, 100 µm (E) Representative pan-cyto-

keratin (pan-CK) stained liver slices demonstrated widespread ductular reaction in the livers of Atg7F/FAlb-Cre++. 

Scale bars, 100 µm. (F) Relative mRNA expression levels of Tnfα in the liver were significantly higher in Atg7F/

FAlb-Cre+ mice compared to their littermates (Atg7+/+Alb-Cre+ mice), irrespective of fed or fasted state (n=5-6). 

(G) Representative photographs of Picrosirius red-stained liver sections of Atg7+/+Alb-Cre+ and Atg7F/FAlb-Cre+ 

mice demonstrated increased fibrosis in Atg7F/FAlb-Cre+ mice. This fibrosis was mainly pericellular and septa 

were not observed. Scale bars, 100 µm (H) Morphometric analysis of the Picrosirius red-positive area demon-

strated a significantly larger positive area in Atg7F/FAlb-Cre+ mice (n=7-13). (I) Representative photographs of 

αSMA-stained liver sections of Atg7+/+Alb-Cre+ and Atg7F/FAlb-Cre+ mice. An equal staining pattern could be 

observed with normal positivity in blood vessels and the absence of αSMA-positive perisinusoidal cells. Scale 

bars, 100 µm  * p<0.05 for the main effect of genotype; c p<0.05 for the effect of genotype in fed conditions; d 

p<0.05 for the effect of genotype in starved conditions
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Hepatocellular autophagy-deficiency improves glucose tolerance in mice
The weight evolution of Atg7F/FAlb-Cre+ mice showed a non-significant trend of increasing body 
weight compared to Atg7+/+Alb-Cre+ mice (Fig. 6.3A). When considering the body weight at the 
moment of sacrifice, where the half of each group was fasted overnight to induce autophagy, 
significant differences in body weight were observed for both genotype (increased in Atg7F/FAlb-
Cre+ mice; p<0,01) and for nutritional state (less when starved overnight, p<0,01) (Fig. 6.3B).

At all time-points the non-fasted glycaemia was slightly lower in Atg7F/FAlb-Cre+ mice compared 
to Atg7+/+Alb-Cre+ mice, though this did not reach statistical significance (Fig. 6.3C), nor did 
glycaemia differ between genotypes at the moment of sacrifice (irrespective of nutritional state). 
However, overnight starvation induced a significant (p<0,001) yet similar decrease in glucose 
levels in Atg7F/FAlb-Cre+ and Atg7+/+Alb-Cre+ mice (Fig. 6.3D). Likewise, plasma insulin levels 
lowered significantly in both Atg7F/FAlb-Cre+ and Atg7+/+Alb-Cre+ mice after starvation (p<0.001; 
Fig. 6.3E). Moreover, plasma insulin levels were lower in Atg7F/FAlb-Cre+ mice (p<0.05), irrespective 
of the nutritional state, suggesting a possibly altered insulin sensitivity in these mice.
Indeed, glucose tolerance test demonstrated an improved glucose tolerance in Atg7F/FAlb-Cre+ 
mice compared to Atg7+/+Alb-Cre+ mice (p<0.001) Fig. 6.3F), suggesting an increased insulin 
sensitivity. Since the lean body weight (i.e. brain, liver and muscle tissue) is the main determinant 
of glucose disposal and has actually to be taken into account for tolerance testing [204] and as 
there was a pronounced hepatomegaly and a lower calf muscle weight in Atg7F/FAlb-Cre+ mice 
than in Atg7+/+Alb-Cre+ mice, AUC values were normalised for liver and calf muscle weight (Fig. 
S6.1A-D). The correction for liver weight did not attenuate the improved glucose tolerance in 
Atg7F/FAlb-Cre+ mice, nor did correction for muscle weight.
 
FGF21 and pyruvate dehydrogenase kinase 4 (PDK4) play important roles in both glucose 
and lipid metabolism, so rt-qPCR was performed. FGF21 is predominantly produced in the 
liver and capable to improve overall metabolism via multiple mechanisms, amongst which 
the improvement of insulin signalling [205]. Increased levels of PDK4 induce gluconeogenesis 
and inhibit lipogenesis [206]. As expected Fgf21 mRNA in Atg7+/+Alb-Cre+ mice increased after 
starvation (albeit not significantly, p=0.051), whereas it was already significantly elevated in Atg7F/

FAlb-Cre+ mice (p<0,05) with no further increase after starvation (Fig. 6.3G). As such, increased 
FGF21 might be involved in the improved glucose tolerance observed in Atg7F/FAlb-Cre+ mice. 
Due to large variance of Pdk4 mRNA levels in Atg7+/+Alb-Cre+ starved mice statistical significance 
could not be reached. However, congruent with insulin mediated PDK4-suppression, there was a 
trend towards an increased Pdk4 mRNA level when Atg7+/+Alb-Cre+ mice were starved. The Pdk4 
mRNA levels were increased Atg7F/FAlb-Cre+ mice, suggesting a redirection of the metabolism 
towards increased gluconeogenesis (Fig. 6.3G). 

Intriguingly, Atg7F/FAlb-Cre+ mice demonstrated attenuated insulin sensitivity compared to 
Atg7+/+Alb-Cre+ mice in insulin tolerance testing, implying increased instead of decreased insulin 
resistance in these mice (Fig. 6.3H). Normalisation for liver or calf muscle weight also did not 
change the observed difference in insulin sensitivity (Fig. S6.1E-F).
 
A possible explanation for this observation might lie in increased utilisation rates of glucose, 
inducing improved glucose tolerance while masking an increased insulin resistance. Therefore, 

mice were placed in a metabolic cage to estimate a potential compensatory energy intake. 
Besides a known different body weight (p<0.05), in part caused by the observed hepatomegaly 
(Fig 6.2A, Fig S6.2A) in the Atg7F/FAlb-Cre+ mice, there was no significant difference in energy or 
water intake, stool weight and urine output (Fig. 6.3I and S6.2A-D).

Taken together, whole-body glucose metabolism is affected by hepatocellular autophagy, with 
globally lower levels of blood glucose and an apparently improved glucose tolerance in Atg7F/FAlb-
Cre+ mice. Paradoxically, insulin sensitivity was attenuated, suggesting overall increased (glucose) 
utilisation rates, although no compensatory increase in energy intake could be documented. 
There were no major differences between basal and starvation-induced autophagy. 
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Figure 6.3  Body weight and glucose tolerance in mice fed a control diet  (A) The weight evolution showed 

an insignificant trend towards higher body weight in Atg7F/FAlb-Cre+ mice (n=15-24) (B) The body weight at mo-

ment of sacrifice showed a significant higher body weight of Atg7F/FAlb-Cre+ mice compared to Atg7+/+Alb-Cre+ 

mice. Overnight fasting induced a significant weight loss in both genotypes (n=7-13). (C) Follow-up of the 

non-fasted glycaemia in Atg7F/FAlb-Cre+ and Atg7+/+Alb-Cre+ mice (n=15-24). (D) Overnight fasting induced a 

significant decrease in glycaemia, without any differences between the genotypes (n=7-13). (E) Plasma insulin 

levels was significantly lower in Atg7F/FAlb-Cre+ mice, as well as after overnight fasting in both genotypes 

(n=7-13). (F) Intraperitoneal glucose tolerance test showed a significant improved glucose tolerance in Atg7F/

FAlb-Cre+ mice (Atg7F/F) compared to Atg7+/+Alb-Cre+ mice (Atg7+/+) as assessed by the area under the curve 

(AUC) above baseline (n=13-22). (G) The relative mRNA expression of Fgf21 and Pdk4 in Atg7F/FAlb-Cre+ and 

Atg7+/+Alb-Cre+ mice. Fgf21 was significantly increased in Atg7F/FAlb-Cre+ mice when sacrificied in the fed state. 

Pdk4 showed insignificant trends (n=5-6). (H) Intraperitoneal insulin tolerance test, as assessed by AUC above 

baseline, showed an attenuated insulin sensitivity in Atg7F/FAlb-Cre+ mice compared to their littermates (n=15-

16). (I) Estimated energy intake was not significantly different between the two genotypes (n=5-7).  * p<0.05 for 

the main effect of genotype; # p<0.05 for the main effect of nutritional state; c p<0.05 for the effect of genotype 

in fed conditions

Hepatocellular autophagy-deficiency alters plasma lipid profile and
reduces white adipose tissue depots
The liver is an essential organ in the regulation of the whole-body lipid metabolism. Consequently, 
a disruption of autophagy could have substantial impact on the circulating lipoproteins and on 
the adipose tissues. 

Plasma levels of total cholesterol, HDL-cholesterol and LDL-cholesterol were all significantly 
increased (p<0.001) by about two- to threefold in Atg7F/FAlb-Cre+ mice, compared to Atg7+/+Alb-
Cre+ mice (Fig. 6.4A). This increase was independent of the nutritional state and the relative 
proportions of HDL- and LDL-cholesterol were not significantly altered. The plasma triglyceride 
level showed a non-significant lowering trend after overnight fasting (p=0.071) and effectively 
decreased significantly in Atg7F/FAlb-Cre+ mice (p<0.001; Fig. 6.4A).

Starvation caused a drop in insulin (Fig. 6.3E), which would be expected to lead to increased 
peripheral lipolysis and release of FFA acids, used as an energy source. However, circulating 
levels of free fatty acids (FFA) were slightly though significantly decreased upon overnight 
starvation (p<0.05), whereas Atg7F/FAlb-Cre+ displayed increased plasma levels of FFA compared 
to Atg7+/+Alb-Cre+ mice in both fed and starved states (p<0.001; Fig. 6.4B).

Several white adipose tissue (WAT) depots and the interscapular brown adipose tissue (IBAT) 
were isolated. In all cases, autophagy-deficiency caused a significant decrease in the adipose-
to-body weight ratio, regardless of the nutritional state (p<0.01; Fig. 6.4C). Subcutaneous WAT 
and the visceral gonadal and mesenteric WAT also decreased after starvation, while renal WAT 
showed a non-significant trend. IBAT was not influenced by the nutritional state.
rt-qPCR of subcutaneous WAT (IWAT), visceral gonadal WAT (GWAT) and IBAT was subsequently 
performed to look in more detail to alterations in the lipid metabolism. Expression of genes 
related to lipolysis and beta-oxidation were significantly higher after starvation in IWAT and 
GWAT, though unaffected by the genotype (Fig. 6.4D-E). Accordingly, levels of genes related 
to fatty acid and TG synthesis were lower in GWAT upon starvation, while less affected in IWAT. 
However, Atg7F/FAlb-Cre+ mice showed increased expression of these synthesis genes in GWAT 
and IWAT compared to Atg7+/+Alb-Cre+ mice, suggesting an anabolic state rather than a catabolic 
state, contrasting the diminished adipose tissue mass. Pdk4 mRNA levels were congruent with 
the observed decrease in lipogenesis when mice were starved, though rose significantly less 
in Atg7F/FAlb-Cre+ compared to Atg7+/+Alb-Cre+ mice (Fig. 6.4D-E). The Ucp1 gene, increasing 
energy expenditure, showed large variation within the different groups and could therefore not 
reach statistical significance. However, Ucp1 seemed to be upregulated in Atg7+/+Alb-Cre+ mice 
when starved, while Atg7F/FAlb-Cre+ mice showed a decrease after starvation and higher or equal 
levels in fed conditions when compared with Atg7F/FAlb-Cre+ mice. Finally, IWAT demonstrated 
decreased expression of the inflammatory Tnfa gene when mice were starved.
The investigated genes showed a different pattern in IBAT compared to WAT (Fig. 6.4F). Genes 
related to lipolysis and beta-oxidation were significantly lower in Atg7F/FAlb-Cre+ mice compared 
to Atg7+/+Alb-Cre+ mice. Ucp1 expression was also decreased in Atg7F/FAlb-Cre+ mice, while its 
expression decreased after starvation in both genotypes. Next to the breakdown of lipids, the 
lipogenesis was also significantly lower in IBAT. Pdk4 expression showed a similar trend as in 
WAT, though the relative alterations were less explicit. Finally, inflammation was also decreased 
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after starvation in IBAT, yet was increased in the basal fed state in Atg7F/FAlb-Cre+ compared to 
Atg7+/+Alb-Cre+ mice.

To summarise, circulating levels of lipoproteins but not circulating triglycerides, increased in 
Atg7F/FAlb-Cre+ mice. As the levels of FFA also increased and the adipose tissue mass decreased, 
an elevated lipolysis in the adipose tissues could be expected. Nevertheless, the genotype did not 
affect lipid breakdown in WAT, but increased the gene levels related to lipogenesis. On the other 
hand, autophagy-deficiency decreased the levels of both lipid breakdown and lipogenesis in 
BAT. Starvation-induced effects were not distinctive between genotypes, hence basal autophagy 
seemed again of primary importance.

In Atg7F/FAlb-Cre+ fasting-induced steatosis is absent, while autophagy-competent
and lipid-droplet containing cell groups occur
When mice are starved overnight, fasting-induced steatosis of the liver normally develops due to 
an increased flux of fatty acids from the adipose tissue [83]. Fed mice do not display the presence 
of lipid droplets on ORO stain in their livers. Whereas Atg7+/+Alb-Cre+ mice exhibit a significant 
increase after starvation (i.e. fasting-induced steatosis; p<0.001), Atg7F/FAlb-Cre+ mice do not show 
any significant lipid droplet accumulation (Fig. 6.5A-B), but interestingly, some ORO positive cell 
groups can be observed in Atg7F/FAlb-Cre+ mice, as further substantiated below.

Gene expression of the key genes involved in the lipid metabolism revealed reduced levels of 
the genes related to lipid breakdown, as well as decreased levels of the genes related to fatty 
acid and TG synthesis in Atg7F/FAlb-Cre+ mice (Fig. 6.5C). Interestingly, the mRNA levels of the 
fatty acid transporter protein CD36 were significantly higher in Atg7F/FAlb-Cre+ mice. This implies 
that autophagy-deficient hepatocytes, despite increased fatty acid uptake and decreased beta-
oxidation, are unable to sufficiently correct the cellular lipid metabolism following a reduced 
lipogenesis. Moreover, this might explain the observed absence of lipid droplets in Atg7F/FAlb-Cre+ 
livers. Starvation induced an adequate increase and decrease of respectively the lipolysis- and 
the lipogenesis-related genes in Atg7+/+Alb-Cre+ mice (Fig. 6.5C). The responses to starvation in 
Atg7F/FAlb-Cre+ mice were similar to those in Atg7+/+Alb-Cre+ mice, indicating that gene expression 
levels per se are not directly regulated by autophagy. 

The transcription factor EB (TFEB) is induced by starvation, serves as a master regulator of 
lysosomal biogenesis and autophagy and induces the transcription of Ppargc1a [55]. Surprisingly, 
the expression was lower after starvation in Atg7+/+Alb-Cre+ mice, as well as in Atg7F/FAlb-Cre+ mice 
(Fig. 6.5C). Levels of Ppargc1a, in part regulated by TFEB, were incongruent as a suitable increase 
was seen after starvation in Atg7+/+Alb-Cre+ mice (Fig. 6.5C). 

While the majority of the liver parenchyma is deprived from ORO-positive lipid droplets, 
irregularly ORO-positive cell groups could actually be observed in Atg7F/FAlb-Cre+ mice (Fig. 6.5D). 
These positive areas differed in amount and size and were mostly found nearby the central veins. 
Within these areas there was a mixture of ORO positive lakes and macrovesicular lipid droplets, 
surrounded by microvesicular steatotic hepatocytes.

Figure 6.4  Plasma lipid profile and adipose tissue in mice fed a control diet  (A) The plasma lipid profile 

showed a significant increase in cholesterol levels in Atg7F/FAlb-Cre+ (Atg7F/F) mice compared to Atg7+/+Alb-Cre+ 

(Atg7+/+) mice, while the plasma triglycerides (TG) were significantly lower (n=5-11). (B) The plasma levels of 

free fatty acids (FFA) demonstrated increased levels in Atg7F/F mice and similarly decreased levels after over-

night starvation (n=6-13). (C) Adipose tissue-to-body weight of inguinal (IWAT), gonadal (GWAT), mesenterial 

(MWAT) and renal (RWAT) white adipose tissue and interscapular brown adipose tissue (IBAT). Weight was 

significantly lower in Atg7F/F mice, and after starvation with the exception of starvation-induced effects in IBAT 

(n= 7-13). (D) Relative expression of genes related to lipolysis, beta-oxidation, fatty acid (FA) and TG synthesis, 

as well as Ucp1 and Tnfα in IWAT, according to genotype and nutritional state (n=5-6). (E) Relative expression 

of genes related to lipolysis, beta-oxidation, fatty acid (FA) and TG synthesis, as well as Ucp1 and Tnfα in GWAT 

(n=5-6). (F) Relative expression of genes related to lipolysis, beta-oxidation, fatty acid (FA) and TG synthesis, as 

well as Ucp1 and Tnfα in IBAT (n=5-6). * p<0.05 for the main effect of genotype; # p<0.05 for the main effect of 

nutritional state; a p<0.05 for the effect of nutritional state in Atg7+/+Alb-Cre+ mice; b p<0.05 for the effect of 

nutritional state in Atg7F/FAlb-Cre+ mice; c p<0.05 for the effect of genotype in fed conditions; d p<0.05 for the 

effect of genotype in starved conditions
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The presence of these specific areas in all Atg7F/FAlb-Cre+ mice on subsequent slices, irrespective 
of the nutritional state, and the absence of similar cell groups in Atg7+/+Alb-Cre+ livers advocate 
against an artefact. An explanation was hence searched in the potential presence of autophagy-
competent hepatocytes, which might be derived from newly formed hepatocytes. The p62 stain 
was supportive for this hypothesis, as p62 negative areas could be observed in a similar pattern 
as the ORO-positive cell groups appeared (Fig. 6.5E). Moreover, when consecutive slides were 
stained for p62 and ORO, actual overlap between the two stains could be observed (Fig. 6.5F). 
Finally, the presence of autophagy-competent cell groups within the livers of Atg7F/FAlb-Cre+ mice 
was confirmed by the consecutive staining of p62 and ATG7 (Fig. 6.5G). As a consequence, this 
supports our hypothesis of the indispensability of the autophagy gene Atg7 for normal lipid 
handling in hepatocytes. 

Taken together, Atg7 knockout prevents fasting-induced accumulation of lipid droplets, 
presumably related to an impaired lipogenesis, while a decreased beta-oxidation and an 
increased fatty acid uptake seem insufficient to correct cellular lipid homeostasis. The importance 
of ATG7 in the lipid droplet formation can be further reinforced by the occurrence of autophagy-
competent cells within Atg7F/FAlb-Cre+ livers, displaying lipid droplets.

Hepatocellular autophagy-deficiency selectively modulates
alternative cellular homeostatic pathways 
Since autophagy-deficiency leads to a disturbance of the cellular homeostasis, e.g. to damaged 
organelles and misfolded proteins, countermechanisms likely become activated in order to 
restore the homeostasis [151]. Therefore, ER-stress and the key mediators of the unfolded protein 
response (UPR), as well as the NRF2-pathway were further investigated as described underneath.

GRP78 (also known as binding immunoglobulin protein, BiP) is induced by ER stress and 
considered as a general marker for ER stress [207]. Surprisingly, Western blot of GRP78 level 
showed a decrease of GRP78 in Atg7F/FAlb-Cre+, while its levels were unaffected by the nutritional 
state (Fig. 6.6A). However, given the fact that GRP is a major sensor of unfolded proteins in the ER, 
it is also a pivotal regulator of the UPR, with spontaneous/increased activation of the UPR in case 
of depletion [207,208]. Indeed, when looking in detail to the different UPR pathways, a selective 
modulation is observed. 

First, and complementary to the diminished anti-apoptotic functions of GRP78 [207], mRNA levels 
of the central effector of UPR-mediated apoptosis CHOP (i.e. Ddit3) were significantly increased 
in Atg7F/FAlb-Cre+ mice (Fig. 6.6B). CHOP is positively under control of the PERK pathway, of which 
activation is shown by the increased levels of phosphorylation of eIF2α (Fig. 6.6A) in Atg7F/FAlb-
Cre+ mice compared to Atg7+/+Alb-Cre+ mice. Moreover, starvation also seemed to increase the 
levels of phosphorylated eIF2α in both genotypes.

In contrast with the PERK pathway, the ATF6 pathway appeared to be attenuated. The transcription 
of Atf6 was significantly reduced after starvation in Atg7+/+Alb-Cre+, and showed a non-significant 
downregulation in both fed and starved Atg7F/FAlb-Cre+ mice compared to fed Atg7+/+Alb-Cre+ 
mice (Fig. 6.6B). Western blot analysis could not confirm this attenuation, nor difference in the 
cleavage (i.e. activation) of ATF6 (Fig. 6.6A). Nonetheless, mRNA levels of Pdia4 and Herpud1, 

Figure 6.5  Oil-red-O stains, mRNA expression levels and autophagy stains in livers of mice fed a control 

diet  (A) Representative photographs of livers stained with Oil-red-O (ORO) according to genotype and nutri-

tional state. Fasting-induced steatosis did not occur in Atg7F/FAlb-Cre+ mice. Scale bars, 100 µm. (B) A mor-

phometrical measurement of ORO positive area, with significant increase after fasting in Atg7+/+Alb-Cre+ mice 

(n=7-13). (C) The relative expression of genes related to lipolysis, beta-oxidation, fatty acid (FA), TG synthesis 

and Tfeb in the liver (n=5-6). (D) A representative image of an ORO positive area as randomly observed in the 

livers of Atg7F/FAlb-Cre+ mice.  These areas existed out of a mixture of ORO positive lakes, macrovesicular and 

microvesicular steatotic hepatocytes and were most often located nearby a central vein (arrowheads). Scale 

bar, 500 µm. (E) Representative photographs and detail of p62 stain, demonstrating p62-negative cell groups. 

Scale bar, 200 µm (F) Representative photographs of p62 and ORO stain of consecutive fixed-frozen slices of 

Atg7F/FAlb-Cre+ mouse livers. The overlapping area between p62-negative cells, i.e. autophagy-competent cells, 

and ORO-positive cells is indicated with an arrow. Arrowheads point out other p62 negative areas, which over-

lap with ORO-positive areas, though less clear. Scale bars, 200 µm. (G) Representative photographs of p62 and 

ATG7 stain of consecutive slices of Atg7F/FAlb-Cre+ mouse livers. The overlap of p62-negative and ATG7-positive 

hepatocytes, indicating autophagy-competency, is indicated with an arrow.

* p<0.05 for the main effect of genotype; # p<0.05 for the main effect of nutritional state; a p<0.05 for the effect 

of nutritional state in Atg7+/+Alb-Cre+ mice; b p<0.05 for the effect of nutritional state in Atg7F/FAlb-Cre+ mice; c 

p<0.05 for the effect of genotype in fed conditions; d p<0.05 for the effect of genotype in starved conditions

Chapter 6 The HFD model



86 87

predominantly regulated by the ATF6 pathway [174], were significantly lower in the Atg7F/FAlb-
Cre+ mice compared with the Atg7+/+Alb-Cre+ mice. Similar to Atf6 mRNA, the levels of Pdia4 and 
Herpud1 decreased after starvation in Atg7+/+Alb-Cre+ mice, whereas this was only true for Pdia4 
in Atg7F/FAlb-Cre+ mice (Fig. 6.6B).

The third UPR pathway is the IRE1α pathway. Again, mRNA levels of IRE1 (i.e. Ern1) showed a 
non-significant decrease in fed Atg7F/FAlb-Cre+ mice compared to wild-type littermates, while the 
opposite was true in starved conditions, due to significant downregulation of IRE1 in Atg7+/+Alb-
Cre+ mice after starvation (Fig. 6.6B). The IRE1-mediated splicing of Xbp1 mRNA was, however, 
significantly reduced in Atg7F/FAlb-Cre+ mice regardless of the nutritional state, implying a 
reduced activation of the IRE1α pathway in Atg7F/FAlb-Cre+ compared with the Atg7+/+Alb-Cre+ 
mice (Fig. 6.6B).

Accumulated p62 is able to activate the NRF2 pathway, via the sequestration of KEAP1, that 
normally destabilises NRF2 and leads to a proteosomal degradation. Once activated, NRF2 leads 
to the transcription of cytoprotective genes, as observed by the increased mRNA levels of the 
NRF2-dependent targets Nqo1 and Gclc (Fig. 6.6C) and the protein levels of NQO1 (Fig. 6.6A) in 
Atg7F/FAlb-Cre+ mice. The mRNA levels of p62 (i.e. Sqstm1) increased in the Atg7F/FAlb-Cre+compared 
to the Atg7+/+Alb-Cre+ mice, since a positive feedback loop exists with transcription of p62 by 
NRF2 [209]. Starvation reduced the levels of p62 significantly, though levels still remained higher 
in Atg7F/FAlb-Cre+ mice. The mRNA levels of Keap1 were unaffected in fed Atg7F/FAlb-Cre+ mice 
compared to Atg7+/+Alb-Cre+ mice, though starvation also reduced its levels similarly to p62 (Fig. 
6.6C).

Collectively, autophagy-deficiency influences the UPR in a pathway-selective manner, with a 
reduced activation of the ATF6 and IRE1 pathways and an induction of the PERK pathway that 
contributes to the observed disturbances of cellular homeostasis and increased apoptosis. 
Furthermore, the NRF2 pathway was also activated in an attempt to alleviate cellular stress, 
though apparently unsuccessfully. 

Figure 6.6  Unfolded protein response (UPR) and NRF2 pathway in mice fed a control diet  (A) Western 

blot of key proteins within the UPR. The genotype, diet and nutritional state are indicated on top of the figure. 

(B) Relative expression of genes related to the UPR in the liver (n=5-6). (C) The relative expression of genes relat-

ed to autophagy and the NRF2 pathway in the liver (n=5-6). 

* p<0.05 for the main effect of genotype; # p<0.05 for the main effect of nutritional state; a p<0.05 for the effect 

of nutritional state in Atg7+/+Alb-Cre+ mice; b p<0.05 for the effect of nutritional state in Atg7F/FAlb-Cre+ mice; c 

p<0.05 for the effect of genotype in fed conditions; d p<0.05 for the effect of genotype in starved conditions

Hepatocellular autophagy-deficiency leads to the formation
of small adenomata in the liver
In 8 out of 15 Atg7F/FAlb-Cre+ mice, small laesions with diameters of about 1 to 2 mm could be 
observed randomly in the livers. None laesions of this type could be observed in Atg7+/+Alb-Cre+ 
mice (0/24, p<0.001 Fisher’s Exact test). 
Microscopically, these laesions were clearly delineated nodules existing of well-differentiated 
autophagy-deficient hepatocytes with an irregular pattern of the hepatic plates, compatible 
on HE stain with the appearance of hepatocellular adenomata (Fig. 6.7A). This was further 
substantiated by a reticulin stain, with no apparent loss of reticulin as seen in hepatocellular 
carcinomata (Fig. 6.7B). Anti-glutamine synthetase, a sensitive marker to screen for hepatic 
neoplasias [210], showed a normal expression pattern with a positive stain in zone 3 hepatocytes 
and a negative stain in the observed nodules (Fig. 6.7C). However, some adenomata, depending 
on the underlying mechanism, hardly stain positive for glutamine synthetase [211]

Figure 6.7  The development of adenomata in the livers of Atg7F/FAlb-Cre+ mice fed a control diet  (A) 

A representative photograph of a HE-stained slide demonstrating a well delineated nodule within the liver 

(arrows). The morphology is compatible with an adenoma. Scale bar, 200 µm. (B) A representative photograph 

of a consecutive slide of (A), stained for reticulin. The normal reticulin pattern was preserved within the nodule, 

hence the nodule is compatible with an adenoma. Scale bar, 200 µm. (C) A representative photograph of a con-

secutive slide of (A), immunohistochemically stained for glutamine synthetase. A normal cytoplasmic positivity 

was observed in acinar zone 3 hepatocytes, while no hepatocellular positivity was observed elsewhere. Scale 

bar, 200 µm.

Table 6.1 summarises the observations in Atg7F/FAlb-Cre+ mice compared to Atg7+/+Alb-Cre+ mice.
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Table 6.1  Summary of all the observed differences  The observed differences of a certain given parameter 

in Atg7F/FAlb-Cre+ mice compared to Atg7+/+Alb-Cre+ mice, according to their diet and nutritional state. Effects 

in HFD that differ of those in CD, i.e. more/less or opposite effects are denoted with an asterisk. See text for more 

detail. NS, not significant
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 CONTROL DIET HIGH FAT DIET

 Fed Starved Fed Starved  
Parameter condition condition condition condition 

Antropometry

Liver-to-body weigth up up up up

Body weight up up down * down *

Calf mussle weight down down down down

WAT mass (IWAT, GWAT, MWAT, RWAT) down down down * down *

BAT mass down down down down

Metabolic cage

 Food intake                equal

Water intake                equal

Stool production                equal

Urine production                equal

Histology

Parenchymal injury (incl ballooning,

cel death, necrotic areas) present present present * present *

Ductular reaction present present present present

Picrosirius red positive area up up up * up *

aSMA stain equal equal equal equal

ORO posisitive area equal down equal * down *

ORO cell groups present present present present

Hepatocellular adenoma present present present * present *

Biochemistry (Plasma)

ALT up  up up  up *

ALP up  up up  up *

Glycaemia equal equal equal equal

Insulin down down equal * equal *

AUC ipGTT                down                 down

AUC ipITT                down                 down

Total Cholesterol up  up up  up *

HDL up  up up  equal *

LDL up up up  up

TG down down down down

FFA up  up up  equal *

Western Blot

GRP78 down down down down

PERK pathway up up up up

ATF6 pathway equal equal equal equal

NQO1 up up up up

 CONTROL DIET HIGH FAT DIET

 Fed Starved Fed Starved  
Parameter condition condition condition condition 

Gene expression - LIVER

TNFa up up up up *

FGF21 up equal equal * equal 

PDK4 equal equal equal  equal

Lipolysis & beta-oxidation down down down down

CD36  up up up up

FA & TG synthesis down down down down

TFEB down equal equal * equal

PERK pathway up up up up

ATF6 pathway down equal down down

IRE1a pathway down down down down

NRF2 pathway up up up up

Gene expression - WAT

 Lipolysis & beta-oxidation equal equal equal equal

FA & TG synthesis up up up up

PDK4 equal down down * down

UCP1 equal equal equal  equal

TNFa equal equal equal equal

Gene expression - BAT

Lipolysis & beta-oxidation down down down down

FA & TG synthesis down down down down

PDK4 equal down down * down

UCP1 down down equal * equal *

TNFa up equal equal * equal
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SERIES 2: HIGH FAT DIET

Hepatocellular autophagy-deficient mice fed a HFD also exhibit liver injury
In a second series, mice received HFD instead of a control diet, to look into potential influences 
on the metabolism when challenged an external lipid load and to get further insight on the 
potential role of autophagy in the pathophysiology of NAFLD. 
Similar to CD fed mice, autophagy-deficient mice exhibited hepatomegaly and severe liver 
injury, as demonstrated by significantly increased plasma levels of ALT and ALP and by histology 
(p<0.001; Fig. 6.8A-C). Interestingly, and in contrast to the findings in CD, fasting lowered plasma 
levels of ALT and ALP compared to non-fasting littermates in both Atg7+/+Alb-Cre+ and Atg7F/FAlb-
Cre+ mice. 

The different stains reconfirmed the distortion of the liver architecture in Atg7F/FAlb-Cre+ mice, 
the presence of necrosis and apoptosis, inflammation, fibrosis and a ductular reaction (Fig. 6.8C-
D). Morphometrical measurement of the Picrosirius red-positive area was able to quantify the 
significant increase of liver collagen content of Atg7F/FAlb-Cre+ mice (Fig. 6.8E). The severity of 
histological alterations in Atg7F/FAlb-Cre+ mice was more pronounced compared to the differences 
observed in mice fed a CD. Immunohistochemical staining of αSMA was also in these mice similar 
to Atg7+/+Alb-Cre+ mice (Fig. 6.8F). Finally, mRNA levels of TNFα were consistent with the observed 
inflammation, with increased levels in Atg7F/FAlb-Cre+ mice compared Atg7+/+Alb-Cre+ mice (Fig. 
6.8G).

Taken together, hepatocellular autophagy-deficiency induces important and more pronounced 
parenchymal alterations compatible with inflammation, cell death, ductular reaction and fibrosis 
when fed a HFD. 

Hepatocellular autophagy-deficient mice do not develop diet-induced
obesity or glucose intolerance when fed a HFD
When fed HFD, Atg7+/+Alb-Cre+ mice had increasing body weights over time and became obese, 
whereas this increase was tempered in Atg7F/FAlb-Cre+ mice and obesity did not develop, despite 
the existing hepatomegaly. Differences in body weight became significant after 91 days of 
HFD (LMM, post-hoc Bonferroni-Holm) (Fig. 6.9A). Overnight starvation prior to sacrifice to 
stimulate autophagy caused an insignificant weight loss compared with respective littermates 
(p=0.08) (Fig. 6.9B). Monitoring of the non-fasted glycaemia did not detect differences over time 
between Atg7+/+Alb-Cre+ and Atg7F/FAlb-Cre+ mice, even though animals were fed HFD (Fig. 6.9C). 
Overnight starvation caused a drop in glycaemia, as well as in insulin (Fig. 6.9D-E). In contrast to 
CD, the difference in insulinaemia between Atg7+/+Alb-Cre+ and Atg7F/FAlb-Cre+ mice did not reach 
statistical significance (p=0.068). 

Glucose and insulin tolerance revealed the same paradoxical finding as seen in the CD. 
Glucose tolerance was significantly better in Atg7F/FAlb-Cre+ compared to Atg7+/+Alb-Cre+ mice 
(p<0.001), while response/sensitivity to insulin was significantly attenuated (p<0.001; Fig 
6.9F-G). Corrections for lean body weight did not alter the differences in tolerance testing (Fig 
S6.3). These findings are, together with the decreased body weight, suggestive for increased 
glucose/energy consumption in Atg7F/FAlb-Cre+ mice. The mRNA levels of Fgf21 and Pdk4, with 

important impact on glucose metabolism, demonstrated that Fgf21 was significantly increased 
after starvation (p<0.01). This effect was less prominent in Atg7F/FAlb-Cre+ mice, while the levels 
were comparable between both genotypes. Likewise, the mRNA levels of Pdk4 were comparable 
between Atg7+/+Alb-Cre+ and Atg7F/FAlb-Cre+ mice, with a similar increase after starvation as well 
(Fig. 6.9H).

Altogether, hepatocellular autophagy-deficiency prevents the development of diet-induced 
obesity and improves glucose tolerance when mice are fed HFD. However, insulin sensitivity 
significantly decreased. Since starvation induces similar effects in both Atg7+/+Alb-Cre+ and Atg7F/

FAlb-Cre+ mice, there was no additive effect of starvation-induced autophagy compared to basal 
autophagy.
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Figure 6.8  Atg7F/FAlb-Cre+ mice fed a high fat diet (HFD) exhibit hepatomegaly and severe parenchymal 

damage  (A) Atg7F/FAlb-Cre+ mice (Atg7F/F) demonstrated a significantly larger liver-to-body-weight ratio com-

pared to Atg7+/+Alb-Cre+  (Atg7+/+) mice in both fed and overnight fasted (Starv) conditions at the moment of 

sacrifice (n=15-16). (B) ALT and ALP levels of Atg7F/FAlb-Cre+  mice (Atg7F/F) were significantly higher compared 

to Atg7+/+Alb-Cre+  (Atg7+/+) mice, independently of the nutritional state at the moment of sacrifice (n=5-10). 

(C) Representative HE-stained liver slices of Atg7+/+Alb-Cre+  and Atg7F/FAlb-Cre+  mice in both fed and over-

night fasted conditions. Atg7F/FAlb-Cre+  mice demonstrated severe parenchymal distortion with the presence 

of apoptosis (arrows). Scale bars, 100 µm. (D) Representative pan-cytokeratin (pan-CK) stained liver slices 

demonstrated widespread ductular reaction in the livers of Atg7F/FAlb-Cre+ . Scale bars, 100 µm. (E) Representa-

tive photographs of Picrosirius red stained liver sections demonstrate increased fibrosis in Atg7F/FAlb-Cre+  mice. 

Correspondingly, the morphometric analysis of the Picrosirius red-positive area demonstrated a significantly 

larger positive area in Atg7F/FAlb-Cre+  mice (n=5-10). Scale bars, 100 µm. (F) Representative photographs of 

αSMA-stained liver sections of Atg7+/+Alb-Cre+  and Atg7F/FAlb-Cre+  mice. An equal staining pattern could be ob-

served with normal positivity of blood vessels and the absence of αSMA-positive perisinusoidal cells. Scale bars, 

100 µm. (G) Relative mRNA expression levels of Tnfα in the liver were significantly higher in Atg7F/FAlb-Cre+  mice 

compared to their littermates (Atg7+/+Alb-Cre+  mice), and increased even further after overnight starvation in 

Atg7F/F mice (n=5-6).

* p<0.05 for the main effect of genotype; # p<0.05 for the main effect of nutritional state; b p<0.05 for the effect 

of nutritionale state in Atg7F/FAlb-Cre+  mice; c p<0.05 for the effect of genotype in fed conditions; d p<0.05 for 

the effect of genotype in starved conditions.

Figure 6.9  Body weights and glucose tolerance in mice fed a high fat diet (HFD)  (A) The weight evolution 

showed a significantly higher body weight in Atg7+/+Alb-Cre+  mice from day 91 onwards (n=15-16). (B) The 

body weight at the moment of sacrifice showed a significantly higher body weight of Atg7+/+Alb-Cre+  (Atg7+/+) 

mice compared to Atg7F/FAlb-Cre+  (Atg7F/F) mice. Overnight fasting induced an insignificant weight loss in 

both genotypes (n=5-8). (C) Follow-up of the non-fasted glycaemia in Atg7F/FAlb-Cre+  and Atg7+/+Alb-Cre+  

mice (n=15-16). (D) Overnight fasting induced a significant decrease in glycaemia, without any differences 

between the genotypes (n=5-8). (E) Plasma insulin levels were significantly lower after overnight fasting in both 

genotypes, while Atg7F/F mice had an insignificantly different insulinaemia (p=0,068) (n=5-8). (F) Intraperito-

neal glucose tolerance test showed a significantly improved glucose tolerance in Atg7F/FAlb-Cre+  mice (Atg7F/F) 

compared to Atg7+/+Alb-Cre+  mice (Atg7+/+) as assessed by the area under the curve (AUC) above baseline 

(n=15-16). (G) Intraperitoneal insulin tolerance test, as assessed by AUC above baseline, showed an attenuated 

insulin sensitivity in Atg7F/FAlb-Cre+  mice compared to their littermates (n=15-16). (H) The relative mRNA ex-

pression of Fgf21 and Pdk4 in Atg7F/FAlb-Cre+  and Atg7+/+Alb-Cre+  mice. Fgf21 was significantly increased after 

overnight fasting, as was Pdk4. Differences between genotypes were insignificant (n=5-6). 

* p<0.05 for the main effect of genotype; # p<0.05 for the main effect of nutritional state.
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Prevention of HFD-induced fat accumulation in white adipose tissue
depots and altered circulating lipid profile
The circulating lipoproteins in Atg7F/FAlb-Cre+ mice are significantly affected compared to 
Atg7+/+Alb-Cre+ mice (Fig. 6.10A). In line with the alterations when fed CD, total cholesterol, HDL-
cholesterol and LDL cholesterol increased in Atg7F/FAlb-Cre+ mice, while TG levels decreased 
(p<0.05). However, starvation also induced significant effects in the HFD fed mice, with a 
reduction of the total cholesterol levels in both genotypes. This appears to be a consequence of 
a decrease in HDL levels, as LDL cholesterol was not affected by the nutritional state, nor were 
TG. Finally, circulating levels of FFA were significantly higher in Atg7F/FAlb-Cre+ mice compared to 
Atg7+/+Alb-Cre+ mice in fed conditions (p<0.001; Fig. 6.10B). Starvation affected FFA differently, 
with a slight insignificant increase in Atg7+/+Alb-Cre+ and a decrease in Atg7F/FAlb-Cre+ mice to 
wild-type levels. 

Adipose-to-body weight ratio was significantly lower in Atg7F/FAlb-Cre+ mice compared to 
Atg7+/+Alb-Cre+ mice in all sampled fat depots (p<0.05; Fig. 6.10C). Furthermore, overnight 
starvation induced a significant decrease in WAT mass of the visceral GWAT and MWAT. The 
subcutaneous IWAT showed a non-significant decrease in Atg7+/+Alb-Cre+ mice, though not in 
Atg7F/FAlb-Cre+ mice, whereas RWAT and IBAT were not affected at all by the nutritional state. 

Besides a starvation-induced significant increase in the mRNA levels of Acox1 in GWAT of 
Atg7+/+Alb-Cre+ mice, there was no direct effect of the nutritional state in genes related to lipolysis 
and beta-oxidation in IWAT and GWAT (Fig. 6.10D-E). Autophagy-deficiency also exerted limited 
effects on these genes, with increased expression of Pnpla2 and a decreased expression of Cpt1a. 
The mRNA levels of genes related to synthesis of FA and TG were increased in Atg7F/FAlb-Cre+ 
mice compared with Atg7+/+Alb-Cre+ mice irrespective of the nutritional state, while starvation 
reduced the levels of these genes in both the investigated genotypes. Like in CD fed mice, gene 
expression is in favour of a net lipogenic balance in Atg7+/+Alb-Cre+ mice, even though a reduced 
AT mass was observed. The expression of Ucp1 showed large variability, though lower levels 
are observed in Atg7F/FAlb-Cre+ mice, with a starvation-induced decrease as well. Pdk4 levels are 
congruent with the observed decrease in the mRNA levels of lipogenesis related genes when 
mice were starved. Its levels are also consistent with the observed higher levels of lipogenesis 
in Atg7F/FAlb-Cre+ mice. Finally, expression of Tnfa showed insignificant differences with large 
variation between the different mice (Fig. 6.10D-E).
Expression in IBAT showed a significant decrease in the expression of genes related to lipid 
breakdown in Atg7F/FAlb-Cre+ mice compared with Atg7+/+Alb-Cre+, whereas starvation did not 
have a major impact on these mRNA levels except for a further decrease of Cpt1a in Atg7F/FAlb-
Cre+ mice (Fig. 6.10F). Genes related to lipogenesis showed different patterns, with a decrease 
of Fasn and Scd1 in Atg7F/FAlb-Cre+ compared to Atg7+/+Alb-Cre+, while the expression of Dgat1 
increased significantly. Pdk4 was not influenced by the nutritional state, though significantly 
lower in Atg7F/FAlb-Cre+ mice, compatible with a decreased gluconeogenesis and an increased 
activation of the tricarboxylic acid (TCA)-cyclus. Ucp1 decreased significantly after starvation, 
though it was not different between the groups of mice.

Figure 6.10  Plasma lipid profile and adipose tissue in mice fed a high fat diet (HFD)  (A) Plasma lipid 

profile demonstrated a significant increase in the cholesterol levels in Atg7F/FAlb-Cre+ (Atg7F/F) mice compared 

to Atg7+/+Alb-Cre+ (Atg7+/+) mice, while the plasma triglycerides (TG) were significantly lower (n=5-10). (B) 

Plasma levels of free fatty acids (FFA) demonstrated increased levels in Atg7F/F mice in the fed state compared 

to Atg7+/+ mice, and opposite effects after overnight starvation (n=4-10). (C) Adipose tissue-to-body weight of 

inguinal (IWAT), gonadal (GWAT), mesenterial (MWAT) and renal (RWAT) white adipose tissue and interscapular 

brown adipose tissue (IBAT). Weight was significantly lower in Atg7F/F mice. Starvation induced a significant 

decrease of the adipose tissue mass in GWAT and MWAT in both genotypes (n= 5-10). (D) The relative expression 

of genes related to lipolysis, beta-oxidation, fatty acid (FA) and TG synthesis, as well as Ucp1 and Tnfα in IWAT, 

according to genotype and nutritional state (n=5-6). (E) The relative expression of genes related to lipolysis, 

beta-oxidation, fatty acid (FA) and TG synthesis, as well as Ucp1 and Tnfα in GWAT, according to genotype and 

nutritional state (n=5-6). (F) The relative expression of genes related to lipolysis, beta-oxidation, fatty acid (FA) 

and TG synthesis, as well as Ucp1 and Tnfα in IBAT, according to genotype and nutritional state (n=5-6). 

* p<0.05 for the main effect of genotype; # p<0.05 for the main effect of nutritional state; a p<0.05 for the effect 

of nutritional state in Atg7+/+Alb-Cre+ mice; b p<0.05 for the effect of nutritional state in Atg7F/FAlb-Cre+ mice; c 

p<0.05 for the effect of genotype in fed conditions; d p<0.05 for the effect of genotype in starved conditions
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Summarised, hepatocellular autophagy-deficiency leads to a lower adipose tissue mass of WAT 
and BAT, increased circulating levels of lipoproteins, though decreased levels of TG. The gene 
expression in WAT tissue was compatible with the decreased levels of breakdown and the 
increased synthesis of lipids in Atg7F/FAlb-Cre+ mice compared to Atg7+/+Alb-Cre+ mice. In BAT 
the breakdown and synthesis were both diminished in Atg7F/FAlb-Cre+ mice. Starvation induced 
similar effects in Atg7F/FAlb-Cre+ and Atg7+/+Alb-Cre+ mice, thus the absence of autophagy per se 
seems of primary importance, more than the differences between basal and starvation-induced 
autophagy.

HFD induces liver lipid accumulation in Atg7+/+Alb-Cre+, but not in Atg7F/FAlb-Cre+ mice, 
while autophagy-competent and lipid-droplet cells occur in Atg7F/FAlb-Cre+ livers
Sixteen weeks of HFD were able to induce lipid accumulation in Atg7+/+Alb-Cre+, though frank 
macrovesicular steatosis did not yet occur (Fig 6.11A-B). Fasting was able to enhance the lipid 
accumulation, alike the fasting-induced steatosis in CD fed animals. On the contrary, no lipid 
accumulation was seen in the livers of Atg7F/FAlb-Cre+ mice fed a HFD, not in the fed, nor after an 
overnight starvation. Nevertheless, some lipid containing cell groups could be seen as reported 
in the CD fed mice (Fig. 6.11C). Again it could be demonstrated that these cell groups, scattered 
over the liver parenchyma, existed out of autophagy-competent cells (Fig. 6.11D-E).

The mRNA expression of whole livers showed that lipid breakdown was downregulated in 
Atg7F/FAlb-Cre+ mice compared to Atg7+/+Alb-Cre+ mice, with the exception of CD36, which was 
upregulated (Fig. 6.11F). The nutritional state did not affect these genes. The lipid synthesis was 
attenuated as well in Atg7F/FAlb-Cre+ mice, though also subject to starvation-induced effects 
with attenuation in both the genotypes. The mRNA levels of Tfeb were significantly lower after 
starvation in Atg7+/+Alb-Cre+ mice, while having an insignificant lowering trend in Atg7F/FAlb-Cre+ 
mice. Ppargc1a, parttially regulated by TFEB, showed similar alterations. 

Taken together, lipid droplet formation is dependent on autophagy, as demonstrated by the 
absence of lipid droplets in livers of autophagy-deficient Atg7F/FAlb-Cre+ mice with the exception 
of the appearance of autophagy-competent and lipid droplet containing cell groups. The latter 
supports the concept of autophagy as an important mechanism for LD formation. Whole liver rt-
qPCR demonstrates decreased lipid synthesis, as well as decreased lipid breakdown. 

Figure 6.11  Oil-red-O stains, mRNA expression levels and autophagy stains in livers of mice fed a high 

fed diet (HFD)  (A) Representative photographs of livers stained with Oil-red-O (ORO) according to the geno-

type and the nutritional state. High fat diet induced accumulation of fat droplets in Atg7+/+Alb-Cre+ mice, with 

further enhancement after starvation. In Atg7F/FAlb-Cre+ mice the effects of HFD and starvation were absent. 

Scale bars, 100 µm. (B) A morphometrical measurement of ORO positive area, with substantial positivity when 

fed HFD and further increase after fasting in Atg7+/+Alb-Cre+ mice (n=5-10). (C) A representative image of ORO 

positive area as randomly observed in the livers of Atg7F/FAlb-Cre+ mice. A large ORO positive ‘lake’ can be seen, 

surrounded by macro- and microvesicular steatotic hepatocytes. Scale bar, 200 µm. (D) Representative photo-

graphs of p62 and ORO stain of consecutive fixed-frozen slices of Atg7F/FAlb-Cre+ mouse livers. The overlapping 

area between p62-negative cells, i.e. autophagy-competent cells, and ORO-positive cells is indicated with 

arrows. Scale bars, 200 µm. (E) Representative photographs of p62 and ATG7 stain of consecutive slices of Atg7F/

FAlb-Cre+ mouse livers. The overlapping area of p62-negative and ATG7-positive hepatocytes is indicated with 

an arrow. Scale bars, 200 µm. (F) The relative expression of genes related to lipolysis, beta-oxidation, fatty acid 

(FA), TG synthesis and Tfeb in the liver (n=5-6).

* p<0.05 for the main effect of genotype; # p<0.05 for the main effect of nutritional state; a p<0.05 for the effect 

of nutritional state in Atg7+/+Alb-Cre+ mice; b p<0.05 for the effect of nutritional state in Atg7F/FAlb-Cre+ mice; d 

p<0.05 for the effect of genotype in starved conditions
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Autophagy-deficiency affects other cellular homeostatic pathways
selectively and leads to the formation of adenomata
The protein levels of GRP78 were lower in Atg7F/FAlb-Cre+ mice compared to Atg7+/+Alb-Cre+ mice 
(Fig. 6.6A), which might indicate a decreased ER stress as well as decreased inhibition of the 
different UPR pathways. In analogy with the pathway-selective effects of autophagy in CD fed 
animals, HFD fed Atg7F/FAlb-Cre+ mice demonstrated pathway-selective alterations of the UPR. 

The pro-apoptotic PERK pathway was activated, as shown by increased mRNA levels of CHOP 
(i.e. Ddit3) (Fig. 6.12A), the central effector of UPR-mediated apoptosis, and by the increased 
phosphorylation of eIF2α (Fig. 6.6A). The latter was also influenced by starvation, which causes 
increased phosphorylation compared to the fed state in both genotypes (Fig. 6.6A). 

Both the ATF6 pathway and the IRE1α pathway were attenuated in case of autophagy-deficiency. 
Atf6 expression was significantly lower after starvation and after knockout of Atg7 (Fig. 6.12A), 
whereas protein levels of ATF6 or cleaved ATF6 did not reveal differences by Western blotting 
(Fig. 6.6A) in both Atg7+/+Alb-Cre+ and Atg7F/FAlb-Cre+ mice. The downstream mediators of ATF6 
were decreased as well in Atg7F/FAlb-Cre+ and starvation. Even though IRE1α (i.e. Ern1) expression 
was only affected after starvation, its downstream-mediated splicing of Xbp1 was significantly 
decreased in Atg7F/FAlb-Cre+ mice, independently of the nutritional state (Fig. 6.12A).

The NRF2 pathway was also activated when mice were autophagy-deficient, as demonstrated by 
the increased mRNA levels of Nqo1 and Gclc (Fig. 6.12B), and the increased protein levels of NQO1 
(Fig. 6.6A). Since p62 (i.e. Sqstm1) transcription is induced by NRF2, the increased expression of 
p62 was expected and could indeed be observed in Atg7F/FAlb-Cre+ mice. The mRNA levels of 
KEAP1 did not change in case of autophagy-deficiency, though decreased after starvation (Fig. 
6.12B).

Finally, tumours developed in almost all of the Atg7F/FAlb-Cre+ mice fed a HFD (13 out of 15), while 
none of these laesions were seen in Atg7+/+Alb-Cre+ mice (0 of 16; p<0.001 Fisher’s Exact test). 
These laesions were alike those of the mice fed a CD, small in diameter and randomly present. 
Furthermore, HFD seems to be a supplementary hit for the development of these laesions, 
as the proportion of mice with laesions substantially increased compared with the CD series. 
Furthermore, histology was compatible with the diagnosis of a hepatocellular adenoma and did 
not reveal any argument for the development of a hepatocellular carcinoma.

Altogether, both the UPR and the NRF2 pathways are affected by autophagy-deficiency. The 
former is affected in a pathway-selective way, with reduction of the ATF6 and IRE1a pathways, 
while the PERK pathway was activated. The NRF2 pathway also became activated. Moreover, 
oncogenesis occurred in a higher proportion compared to CD fed animals, with development of 
adenomata, not carcinomas in almost all the Atg7F/FAlb-Cre+ mice.

Figure 6.12  Unfolded protein response (UPR) and NRF2 pathway in mice fed a high fed diet (HFD)  (A) 

The relative expression of genes related to the UPR in the liver (n=5-6). (B) The relative expression of genes relat-

ed to autophagy and the NRF2 pathway in the liver (n=5-6). 

* p<0.05 for the main effect of genotype; # p<0.05 for the main effect of nutritional state; a p<0.05 for the effect 

of nutritional state in Atg7+/+Alb-Cre+ mice; c p<0.05 for the effect of genotype in fed conditions

The observations in HFD are summarised in table 6.1

DISCUSSION

The current study aimed at comprehensively characterising the effects of hepatocellular 
autophagy-deficiency on hepatic lipid metabolism, as well as on whole-body lipid and glucose 
metabolism and examine its potential role in the pathophysiology of NAFLD. In our observations, 
the absence of hepatocellular autophagy has major metabolic implications in mice, whether 
they were fed a control or a high fat diet. 

The systemic glucose levels were not significantly different, irrespective of the nutritional state or 
the diet of the mice, suggesting that hepatocellular autophagy is not obligatory per se to maintain 
blood glucose levels, opposite to what was previously reported [121]. When faced a glucose 
challenge, autophagy-deficient mice exhibited an improved glucose tolerance, suggesting at 
first an improved insulin sensitivity. Indeed, the lower plasma insulin levels were in line with this 
hypothesis. While similar improvement in glucose tolerance and attenuated insulin levels were 
observed by some [87,85], others described autophagy deficiency as a cause of insulin resistance 
and decreased glucose tolerance [42,152,43]. Insulin tolerance testing in our experiments was 
also compatible with decreased insulin sensitivity. A possible explanation of this apparent 
paradox might be an increase in urinary glucose excretion, which was, however, not observed in 
our study (results not shown). It should be noted that this increased urinary excretion of glucose 
has only been described as significant after a glucose challenge [212], which we did not include/
perform in our metabolic cage experiments. Another possible and more plausible explanation 
could be an increased glucose utilisation rate (and overall increased energy expenditure) able to 
mask underlying alterations in insulin sensitivity [213]. The measurement of the food intake in 
the metabolic cages was unable to detect such differences. A more detailed assessment of the 
energy expenditure and its components per mouse [214] is needed to further test this hypothesis. 
In line with the hypothesised increase in energy expenditure in hepatocellular autophagy-
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deficiency is the observation that the non-liver body weights and when fed HFD the total body 
weights are decreased. Moreover, adipose tissue depots are decreased in both series, and also the 
increased levels of circulating FFA point towards peripheral lipolysis and flux from the peripheral 
depots towards the liver. The lower insulin levels might be a driver for this switch towards an 
efflux of fatty acids out of the adipose tissues. In addition, decrease of the epididymal WAT has 
been attributed to a FGF21-driven browning of WAT and an increased beta-oxidation in hepatic 
autophagy-deficient mice [87]. However, the expression of genes related to lipid breakdown and 
synthesis in visceral and subcutaneous WAT were not supportive for an increased lipid breakdown 
in Atg7F/FAlb-Cre+ mice, but were rather suggestive for an increase in lipogenesis. Moreover, as 
mRNA levels of Ucp1 were not significantly increased in autophagy-deficient mice, browning of 
WAT adipose tissue seemed not to be the case in our study. Even though mRNA levels of Fgf21 in 
the liver were increased in control diet fed and non-starved Atg7F/FAlb-Cre+ mice, its levels were 
lower in all other conditions and hence not further support the aforementioned mechanism [87]. 
On IBAT, hepatocellular autophagy-deficiency exerts different effects and appears to reduce its 
metabolic activity.

Since the primary defect was located within the liver, and autophagy can be seen as ‘lipophagy’ 
[32], mobilised fatty acids out of the adipose tissue depots could be trapped within the liver. 
Intriguingly, accumulation of lipid droplets did not occur in autophagy-deficient livers, neither 
were any lipid droplets present in the autophagy-deficient hepatocytes (as discussed below, some 
fat containing cells were still observed, though these appeared to be autophagy-competent). 
This observation held true using two different steatotic stimuli and was in accordance with 
other papers using either an endogenous stimulus (i.e. fasting-induced steatosis) [34,38,87,85] 
or an exogenous stimulus (i.e. HFD) [87,85]. These observations are, however, in contrast with 
other studies using endogenous and exogenous stimuli as well [32,55,42]. The expression of key 
genes in lipid metabolism showed a profile compatible with a decreased beta-oxidation and an 
increased fatty acid uptake, while the lipogenesis was reduced. A similar pattern was seen by Kim 
et al. [87], while, by contrast, adenoviral expression of Atg7 (to 5-fold increase) also supressed 
genes related to lipogenesis [42]. The observed gene alterations can be interpreted as cells in a 
state of virtual starvation, as autophagy maintains cellular homeostasis via the delivery of energy 
and building blocks [106], in which a decreased expression of lipogenesis and the increased 
expression of the FA transporter CD36 could indeed be expected as an adequate response. The 
decreased expression of genes related to beta-oxidation is in that case inadequate and not in 
line with an increased energy expenditure, but might be the consequence of a mitochondrial 
dysfunction, as deformed mitochondria have previously been described in autophagy-deficient 
hepatocytes [87]. Interestingly, findings on the improvement in glucose metabolism parallel 
those of an impaired lipid accumulation and vice versa. 

The importance of autophagy for the formation of lipid droplets in our study was further 
substantiated by the finding of ‘islands’ of fat-containing cells within the liver. These foci appeared 
to exist out of autophagy-competent cells, which hence were still able to form lipid droplets 
similar to the wild-type mice. A similar observation of autophagy-competent cell groups was 
made by Iverson et al. [184]. By combining Albumin-Cre mice with the two-colour fluorescent 
reporter ROSA they could prove the presence of double fluorescent cells. Hence, the cell was 
considered in a transition state where albumin was just recently expressed. The weak positivity 

of ATG7 on immunohistochemistry is consonant with the transition from prehepatocytes to 
hepatocytes. Since albumin is expressed early in the embryonal development of the liver, all 
hepatocytes are already subjected to Cre-mediated recombination at the moment of birth [215]. 
The concerns of insufficient recombination before 8 weeks of age by Postic et al. [203] is likely 
due to the (gradually decreasing) hematopoietic cell population in the liver just after birth [215]. 
Oval cells, abundantly present in our livers as demonstrated by the extensive ductular reaction, 
are considered as progenitor cells and might be considered a potential source of the autophagy-
competent prehepatocytes. Oval cells, however, express albumin [216] and thus cannot be 
autophagy-competent. More likely, the autophagy-competent cells originate from extrahepatic 
sources. The origin of the extrahepatic autophagy-competent hepatocytes can be both newly 
transdifferentiating bone marrow derived cells, or bone marrow/myelomonocytic cells fusing 
with existing hepatocytes [216]. This hepatic self-renewing from extrahepatic sources has been 
shown to exist at low levels in non-stressed normal livers [184]. After partial hepatectomy, in 
case of inhibition of normal hepatocellular proliferation or with increasing levels of liver injury, 
the level of repopulation by this mechanism increases [216,217]. Together with the observed 
ductular reaction, this activated extrahepatic liver regeneration points towards an attempt of 
the liver to restore its loss in hepatocytes and their function as observed in Atg7F/FAlb-Cre+ mice. 
Moreover, this supports the growing interest for cell-based therapies (e.g. the use of bone-
marrow derived stem cells) for chronic liver diseases, of which the first promising trials have 
recently been performed [217].

As mentioned in the introduction, the conflicting reported effects of autophagy regarding liver 
lipid metabolism in the literature have been acknowledged and several underlying reasons have 
been put forward. In this study we specifically aimed to harmonise our study design with the 
landmark paper of Singh et al. [32] to minimise potential methodological differences that might 
be causative to these opposing findings. The chief remaining difference was the age of the mice 
at the moment of sacrifice or when diet was started. Whereas we started with our mice at 10 
weeks of age and sacrificed them at 26 weeks of age, Singh used wild-type mice of 3 weeks 
when starting HFD for 16 weeks or sacrificed hepatocellular autophagy-deficient mice at 16 
weeks of age. Interestingly, studies using knockout or knockdown approaches and favouring 
lipophagy started more often with younger mice (i.e. ≤8 weeks) [32,55,42,36]. By contrast, papers 
favouring a lipogenic role of autophagy started more often with mice aged ≥8 weeks (Chapter 
4)[34,38,87,85]. Age is an important item when considering murine models used to represent 
human pathophysiology [218] and hence age differences in part might help explaining 
conflicting results. Autophagy has a role in the differentiation of cells and tissues [24], e.g. the 
transdifferentiation into white adipocytes [101], and mice reach adulthood at the earliest at 8 
weeks [218]. As a consequence, observations and/or interventions (e.g. starting HFD) before this 
age might reflect respectively interfere with age-related autophagy processes.

Even though age might play a role in the observed discordant effects with respect to liver 
lipids in studies targeting autophagy-related genes, some findings still remain unexplained. 
The majority of the studies that inhibit or stimulate autophagy pharmacologically use mature 
mice and are supportive for a lipophagic point of view [43,60,64,37]. Recommendations on 
autophagy state that autophagy is studied best with a variety of methods, though also warn 
that these drugs might have pleiotropic effects and consequently influence many other cellular 
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pathways. Accordingly, studies with specific genetic manipulation of autophagy are warranted 
in those cases, before making conclusions on a specific role of autophagy [198]. Therefore, one 
may ask if the observed effects of drugs in vivo are truly autophagy-mediated, or are only in 
part related to autophagy, or even represent an epiphenomenon. As an example, the autophagy 
inhibitor chloroquine is currently used as an adjuvant therapy in cancer, though it appeared to 
exert its effects fully independently of autophagy [219]. Next to concerns about the suitability 
of pharmacological manipulation of autophagy, amongst which toxicity and side-effects [28], 
one might even question if drugs are appropriate to approach complex circuitries such as 
those linking metabolism and autophagy [22]. For these reasons we used a hepatocyte-specific 
knockout model and used starvation as autophagy stimulus. Stimulus-induced autophagy 
substantially contributes to the coping with HFD-related metabolic alterations [108]. However, 
basal autophagy seems to be of primordial importance with regards to lipid metabolism [32,107]. 
Therefore, besides the use of starvation as a steatogenic stimulus, we also looked into the 
differences between basal and starvation-induced autophagy. Accordingly, our data confirm that 
results were most influenced by the presence or absence of autophagy, whilst the physiological 
responses to starvation were hardly influenced by the level of autophagy. 

An alternative point of view is to abandon the paradigma that autophagy can only be lipophagic 
or lipogenic. The emerging crosstalk between lipid droplets and the autophagic machinery 
might urge reconsideration of the concept that autophagy is only a catabolic process [220]. It is 
commonly accepted that autophagy is highly context-dependent and this dependency thus might 
drive the main outcomes of the actions exerted by autophagy [91,82]. The conflicting literature is 
at least suggestive for context-dependent driving forces able to explain their outcomes. Despite 
our harmonised study-design, in which known potential confounding factors were collated, we 
still might have missed unknown context-dependent drivers. Recently, in a study demonstrating 
autophagy to replenish lipid droplets for subsequent lipolysis, this condition-specificity was 
underlined by the fact that autophagosome/lipid droplet co-localisation was unaltered in full 
nutrient-deprived cells, whilst co-localisation markedly increased in case of serum-deprivation 
alone (with remaining amino acids and glucose) [221].

While the effects of autophagy-deficiency in our mice were “beneficial” on the metabolic profile, 
autophagy-deficiency has major drawbacks. The effects on the liver are rather detrimental 
with the development of severe injury, inflammation, fibrosis and even the growth of tumours. 
Notwithstanding the opposing findings with respect to the lipids, these findings are uniformly seen 
in hepatocyte-specific autophagy knockouts [29,113,132,130]. The accumulation of damaged 
organelles and proteins will lead to the activation of other cellular housekeeping processes, such 
as the UPR and the NRF2-pathway [151]. Obviously, these pathways were unable to alleviate 
cellular stress and to prevent the devastating effects of autophagy-deficiency on the liver. More 
specifically, two out of the three UPR pathways (ATF6 and IRE1α) were attenuated, while the third 
pathway (PERK) was induced. It is known that the UPR pathways can be regulated independently 
and the increased activation of PERK pathway is congruent with the observed apoptosis [148]. 
Notably, hepatocellular injury follows the observed induction of p62 and NRF2, of which the latter 
is induced by the former. Double knockout of autophagy and p62 or NRF2 was able to diminish 
hepatocyte injury significantly [113,132,131]. While NRF2 is known to induce cytoprotective 
gene products, this paradoxical finding can be attributed to further protein accumulation (NRF2-

driven) simultaneously with a reduced protein breakdown (by autophagy) [131]. The role of NRF2 
is even more pivotal, as it is involved in the development of liver tumours within autophagy-
deficient mice [132]. As in our study, spontaneous tumour development has been observed in 
hepatocyte autophagy-deficiency, namely benign adenomata but not hepatocellular carcinoma 
[132,130,112,136]. Autophagy is known to have a dual role in tumourigenesis. In normal tissue it 
has a tumour suppressor role, e.g. prevention of oxidative stress, as illustrated by the increase of 
tumour-containing livers in the presence of an extra stressor (i.e. HFD). However, once a tumour 
has developed, autophagy is indispensable for tumour cell survival and the supply of nutrients 
[138]. 

Taken all together, in this study we showed that hepatocellular autophagy-deficiency was able 
to improve the metabolic profile of the mice both at the liver and whole-body level. Glucose 
tolerance improved, adipose tissue mass decreased and steatosis was absent. However, this 
was at the expense of increased hepatic injury, at least in part mediated by a selective effect 
on the UPR favouring apoptosis. This does, however, not preclude autophagy as a potential 
therapeutic target, as selective modulation might reduce the side-effects while maintaining 
the beneficial metabolic effects. By harmonising our study-design we were able to minimise 
potential methodological causes underlying the conflicting reported results of autophagy on 
steatosis. Finally, we observed the occurrence autophagy-competent cell groups within the liver 
parenchyma, confirming the existence of an extrahepatic source for liver cell renewal. 
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SUPPLEMENTARY FIGURES

Figure S6.1  Liver and muscle weight normalised AUC values of ipGTT and ipITT of mice fed a control 

diet (A)  Liver weights of Atg7+/+Alb-Cre+ and Atg7F/FAlb-Cre+ mice according to their nutritional state at mo-

ment of sacrifice. The liver weight was significantly increased in Atg7F/FAlb-Cre+ mice (n=7-13). (B) Intraperito-

neal glucose tolerance testing (ipGTT) as assessed by area under the curve (AUC) above baseline, corrected for 

liver weight, demonstrated a significant improved glucose tolerance in Atg7F/FAlb-Cre+ mice (n=13-22). (C) Calf 

muscle weights of Atg7+/+Alb-Cre+ and Atg7F/FAlb-Cre+ mice according to their nutritional state at moment of 

sacrifice. Calf muscle weight was significantly decreased in Atg7F/FAlb-Cre+ mice (n=7-13). (D) ipGTT corrected 

for calf muscle weight, demonstrated a significant improved glucose tolerance in Atg7F/FAlb-Cre+ mice. (E) Intra-

peritoneal insulin tolerance testing (ipITT) as assessed by area under the curve (AUC) above baseline, corrected 

for liver weight, demonstrated a significant attenuated insulin sensitivity in Atg7F/FAlb-Cre+ mice (n=15-16). (F) 

ipITT corrected for calf muscle weight, demonstrated a significant attenuated insulin sensitivity in Atg7F/FAlb-

Cre+ mice (n=15-16). 

* p<0.05 for the (main) effect of genotype

Figure S6.2  Metabolic cage experiments  (A) Body weights of the mice before and after placement in the 

metabolic cage. Body weight was significantly higher in Atg7F/FAlb-Cre+ mice (n=5-7). (B) The water intake was 

similar in the two groups (n=5-7). (C) Stool production was not significant different between the two groups 

(n=5-7). (D) Urine output was not significant different between the two groups (n=5-7).

* p<0.05 for the (main) effect of genotype
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Figure S6.3  Liver and muscle weight normalised AUC values of ipGTT and ipITT of mice fed a high 

fat diet  (A) Liver weights of Atg7+/+Alb-Cre+ and Atg7F/FAlb-Cre+ mice according to their nutritional state at 

moment of sacrifice. The liver weight was significantly increased in Atg7F/FAlb-Cre+ mice (n=5-10). (B) Intraperi-

toneal glucose tolerance testing (ipGTT) as assessed by area under the curve (AUC) above baseline, corrected for 

liver weight, demonstrated a significant improved glucose tolerance in Atg7F/FAlb-Cre+ mice (n=15-16). (C) Calf 

muscle weights of Atg7+/+Alb-Cre+ and Atg7F/FAlb-Cre+ mice according to their nutritional state at moment of 

sacrifice. Calf muscle weight was significantly decreased in Atg7F/FAlb-Cre+ mice (n=5-10). (D) ipGTT corrected 

for calf muscle weight, demonstrated a significant improved glucose tolerance in Atg7F/FAlb-Cre+ mice (n=15-

16). (E) Intraperitoneal insulin tolerance testing (ipITT) as assessed by area under the curve (AUC) above base-

line, corrected for liver weight, demonstrated a significant attenuated insulin sensitivity in Atg7F/FAlb-Cre+ mice 

(n=15-16). (F) ipITT corrected for calf muscle weight, demonstrated a significant attenuated insulin sensitivity in 

Atg7F/FAlb-Cre+ mice (n=15-16). 

* p<0.05 for the (main) effect of genotype
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CHAPTER 7
AUTOPHAGY, UPR AND NAFLD RELATED GENE
EXPRESSION ANALYSIS IN AN OBESE PATIENT COHORT

  

Analysed within a larger multicentre study of gene expression in obese patients with NAFLD.

(confidential data, under embargo)
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ABSTRACT

Background & aims
Whereas controversy arises on the role of hepatic autophagy on hepatic steatosis in animal 
studies, the knowledge of autophagy in patients with non-alcoholic fatty liver disease (NAFLD) 
remains limited. Moreover, autophagy is a highly dynamic process and paired follow-up data may 
significantly contribute to gaining insight in the alterations in autophagy linked to phenotypically 
changes. Therefore, autophagy was studied together with the unfolded protein response (UPR), 
an other cellular homeostatic mechanism, in a large cohort of obese patients.

Methods
Patients of the obesity clinic of a tertiary hospital underwent a metabolic and hepatic work-up, 
during which a liver biopsy was performed in case of suspected NAFLD. The genes related to 
autophagy and UPR, determined by gene-array, were investigated paired-wise in relationship 
with NAFLD-severity at baseline and after 1-year follow-up. 

Results
The alterations in the genes related to autophagy and UPR were minor. However, distinct patterns 
of gene expressions, mostly related to metabolism, could be observed corresponding to the 
degree of steatosis and the presence of NASH. The expression of CREBP3L3 and IGFBP1 were most 
distinct. Patients with NASH at baseline showed 28 genes differentially expressed compared to 
baseline when NASH was resolved at follow-up, of which PAI-1 was the most strongly reduced.

Conclusions
The NAFLD-severity related with a specific signature of differentially expressed genes mostly 
related to metabolic pathways. Successful treatment of NASH affects many genes after 1-year 
follow-up. Differences in autophagy or UPR, two important cellular homeostatic processes, 
however, were only minor. 

(This chapter contains confidential data, under embargo) 
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CHAPTER 8
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GENERAL DISCUSSION

The Western society is nowadays facing an increase in lifestyle diseases, amongst which obesity 
and diabetes mellitus. Together with dyslipidaemia and arterial hypertension, obesity and 
diabetes mellitus form the metabolic syndrome [244]. The metabolic syndrome, or its components 
individually, are risk factors for the accumulation of excessive fat in the liver, called steatosis. When 
no other than metabolic risk factors are present, e.g. alcohol or hepatitis C, non-alcoholic fatty 
liver disease (NAFLD) can be diagnosed [19]. As a consequence, the aforementioned increase in 
lifestyle diseases leads to an increased prevalence of NAFLD as well [6].

NAFLD describes a spectrum of diseases of which the hallmark is the accumulation of fat in 
more than 5% of the hepatocytes. When steatosis is an isolated finding, non-alcohlic fatty liver 
(NAFL) is diagnosed, whereas steatosis accompanied by liver cell injury (i.e. ballooning) and 
inflammation is called non-alcoholic steatohepatits (NASH) [5]. Currently, NAFL is regarded as 
relatively innocent, while NASH is associated with increased hepatic and extrahepatic morbidity 
and mortality [11–13]. 

It has become clear that NAFLD is a multifactorial disease with a very dynamic interplay between 
different ‘hits’ that contribute simultaneously and/or sequentially to its pathogenesis. However, 
the exact interplay of the driving forces behind the disease and its progression is still faced 
with major lacunae [18,19]. Autophagy is a central regulator of the cellular homeostasis and 
was recently shown to be involved in the  lipid metabolism [32]. Therefore, autophagy could 
potentially be an important ‘hit’ within the NAFLD pathophysiology. Together with the debated 
role of autophagy in the liver lipid metabolism (Chapter 1) we aimed to explore the role of 
hepatocellular autophagy in the liver and its role in the pathophysiology of NAFLD.

After the introduction of a hepatocellular-specific autophagy-deficient mouse model, we were 
able to show that autophagy is an essential intermediate in the formation of lipid droplets, 
independently of the lipid stimulus used to induce steatosis. Fasting-induced steatosis is a 
physiological endogenous stimulus, resulting in the influx of fatty acids from peripheral adipose 
tissues into the hepatocytes [83]. Repetitive experiments confirmed that fasting-induced 
steatosis was impaired in our mouse model of hepatocyte-specific autophagy deficiency in 
younger and older aged mice. Also two different mouse models of NAFLD were applied. The first 
model we used was the methionine choline deficient diet (MCDD) model. This model relies on an 
impaired VLDL production and is widely used, even though outside the liver it does not resemble 
the metabolic phenotype that is seen in NAFLD patients [191,192]. In this model autophagy 
deficiency appeared to largely impair lipid droplet formation (Chapter 5). Steatosis was also 
completely abolished in the second NAFLD model that was used: the high fat diet (HFD) model. 
In the HFD based model the Western-style diet is mimicked, supplying the animals high dietary 
energy and an exogenous supply of lipids [199]. This model resembles more closely the human 
phenotype, including obesity and the occurrence of insulin resistance. Autophagy deficiency 
prevented fat accumulation within the livers of mice fed a HFD. Moreover, the other metabolic 
derangements, such as an increase in weight, adipose tissue mass and glucose-intolerance were 
prevented as well (Chapter 6). 

The close relationship of autophagy with lipid droplets was strengthened by the finding of isolated 
fat-containing cell groups within ‘autophagy-deficient’ mice (Atg7F/FAlb-Cre+). These foci of cells 
were observed in the different experimental series. Furthermore, the presence of this finding on 
consecutive slides, with different lipid-stains (ORO and SBB), argue against an artefactual finding 
in the first place. The hypothesis that autophagy-competent cells develop or home to the livers 
of Atg7F/FAlb-Cre+ mice was proven by TEM and immunohistochemistry. On TEM lipid containing 
and autophagy-competent cells could be observed in the livers of these mice. Overlapping stains 
with p62 and ATG7 on consecutive slides, which also overlapped with the ORO stain, showed 
that these lipid-containing cell groups were indeed autophagy-competent. The origin of these 
cell groups is most likely extra-hepatic, since it has been shown that the intrahepatic progenitor 
cells already express albumin, meaning that Cre-recombination has taken place [184,216]. 
An explanation might be found in bone marrow derived cells transdifferentiating in newly 
hepatocytes, or bone marrow/myelomonocytic cells fusing with existing hepatocytes [216]. 
As elegantly shown with fluorescent reporters, albumin-Cre mice have cell groups which are in 
transition of albumin-naive (i.e. in our case autophagy-competent) pre-hepatocytes to recent 
albumin-expressing (i.e. autophagy-deficient) hepatocytes [184]. This particular finding of foci 
of autophagy-competent cells therefore not only seems to confirm our findings that autophagy 
deficiency protects against lipid droplet formation, but also has implications on the knowledge 
of the different origins of hepatocytes especially in case of severe hepatocellular injury and loss: 
our finding supports previous findings that the regenerating capacities of the liver not solely 
depend on progenitor cells residing within the liver, but also derive from extrahepatic sources 
[216]. 

The mechanisms by which autophagy-deficiency deplete the intrahepatic lipid stores is not 
fully clear. It might be related to the effects of autophagy on the lipid metabolism itself. Gene 
expression of key-genes involved in lipid metabolism were not able to show an unequivocal 
pattern. Both genes involved in the lipogenesis and in the lipid breakdown were downregulated 
within the liver. Since autophagy maintains homeostasis via the delivery of energy and building 
blocks, autophagy-deficient cells can be interpreted as in a state of virtual starvation, in which the 
downregulation of lipid synthesis would be adequate. Downregulation of the lipid breakdown 
can be seen as inadequate and secondary to the observed deformed mitochondria. Deformed 
mitochondria have been shown to induce FGF21 production in the liver, inducing peripheral 
consumption of lipids/energy [87]. The increase in FGF21 could therefore not only help explaining 
the decreased steatosis but also the improved glucose tolerance and the decreased fat mass (see 
below). Whereas peripheral adipose tissue masses indeed decreased, FGF21 expression in the 
liver was unaltered and gene expression in the adipose tissue was compatible with an increased 
lipid synthesis instead of a breakdown or browning of the fat. This suggests that in our setting 
mechanisms other than FGF21 drive the increased energy-expenditure on whole-body level. 

Another explanation may be found within the effects of autophagy deficiency on cellular 
homeostasis. Autophagy-deficient livers showed signs of severe distress inducing other cellular 
homeostatic pathways to become activated: more precisely the UPR and the NRF2 pathway. Both 
pathways orchestrate adaptive responses to diverse forms of stress [148,245]. The UPR actually 
exist out of 3 different pathways that may act synergistically and in parallel, but also can operate 
individually. Many crosslinks exist between the different UPR pathways and other cellular 
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pathways [148]. Moreover, the UPR and autophagy have shown to be dynamically interconnected 
and although autophagy is mainly considered to be downstream of the UPR, reciprocal feedback 
mechanisms have been suggested [149,151]. We have shown that autophagy influences the 
different UPR pathways in a different manner, in which the ATF6 pathway was attenuated. Ablation 
of the ATF6 pathway in chronic, but not acute ER stress, has shown to prevent steatosis [169], 
hence the attenuated ATF6 pathway in autophagy-deficient mice might at least in part explain 
the loss of fat within the hepatocytes. Notwithstanding, the effects of the UPR seem to depend 
on whether acute or chronic ER stress is involved, and the combined action of different pathways 
rather than one single pathway seem to be responsible for fat accumulation [168]. Furthermore, 
the exact interplay between the UPR and steatosis is more complex and both seem to be cause 
and consequence of each other [240]. Even though not further explored in our experiments, the 
NRF2 pathway might also be partly responsible for the observed effects. NRF2 is able to both 
positively and negatively regulate genes related with the lipid metabolism, resulting in steatosis 
in Nrf2-knockout mice [245]. On one hand the stimulation of CD36 and the downregulation of 
lipogenic genes would be compatible with this hypothesis. On the other hand, genes involved 
in beta-oxidation are normally induced by NRF2 [245], conflicting with the results in our mice. 
Taken together, both the alterations within the UPR and the NRF2 pathway may in part explain 
the observed findings with respect to lipid metabolism. Since these findings are not sufficient 
to explain the whole picture, they rather subscribe the view that the (dys)regulation of the lipid 
metabolism involves many pathways with synergistic and dyssynergistic effects at the same time 
[206]. 

In addition, autophagy is a highly dynamic process in which the context determines its activation, 
e.g. the type of nutrient-deprivation has shown to differently regulate autophagy [221]. Similar 
modulation regarding the effects of autophagy on metabolism, and by which means of action 
this takes place, might therefore exist as well. Since the evidence on the crosstalk between the 
autophagic pathways and lipid droplets increases, the concept that autophagy is only a catabolic 
process warrants reconsideration [220]. In such perspective, autophagy is an effector depending 
on the given context and lipid breakdown as well as build-up can co-exist and both mechanisms 
are not mutually exclusive.

Given the central role of the liver within the metabolism, hepatocellular autophagy-deficiency not 
only affected the liver lipids, but had systemic metabolic consequences as well. The circulating 
lipoprotein levels were increased for HDL and LDL and decreased in case of TG. The latter is in line 
with the decreased lipid content of the hepatocytes and could be explained by decreased hepatic 
TG production [87] or VLDL production [85,115]. However, the higher LDL, which is a triglyceride-
rich lipoprotein formed out of VLDL, cannot be explained by a diminished production. Neither can 
the increased HDL be explained. The glucose metabolism was beneficially altered in autophagy-
deficient mice with similar or lower plasma levels of glucose and increased glucose tolerance 
tests, while insulin levels were similar and lower as well. Even though the latter at first seemed 
to suggest improved insulin sensitivity, the insulin tolerance test showed the opposite and was 
compatible with an increased insulin resistance. This seemingly paradox can be explained by 
increased glucose utilisation [213] that masked the underlying insulin resistance. The increased 
utilisation of glucose would be in line with an increased generalised energy expenditure and 
hence explain the decreased adipose tissue mass, the decreased circulating TG and the decreased 

liver lipids as well. More precise and detailed measurements of the energy expenditure and 
its regulators [214] of autophagy-deficient mice in the future would be interesting to test this 
hypothesis. 

Besides the general beneficial metabolic effects of autophagy-deficiency, the disruption of 
a key-homeostatic pathway has also detrimental effects that bring the liver in severe distress. 
Hepatocytes themselves demonstrate more apoptosis and necrosis, while the liver parenchyma 
becomes inflamed and is subject to architectural distortion and pericellular fibrosis. The 
pronounced ductular reaction and the infiltration of new hepatocytes from extrahepatic origin 
(see above) indicate the activation of compensatory regeneration mechanisms [180], hence 
subscribe the severity of the distressed liver. As mentioned before, the other cellular homeostatic 
pathways become influenced in autophagy-deficiency, though are not able to restore 
homeostasis. Moreover, the activated PERK-pathway might even contribute to the increased 
activation of apoptosis. While the NRF2 pathway is generally considered to be beneficial and 
cytoprotective, double knockout of autophagy and NRF2 actually improved hepatic injury 
[131,132]. This is believed to be the result of an increased cytoplasmic protein load, driven by 
NRF2, whereas the autophagy-dependent breakdown is diminished [131]. As a consequence 
of cellular injury, liver tumours developed within the autophagy-deficient livers. As previously 
shown by others [112,132,136], these tumours were adenomata and therefore benign instead 
of malignant carcinomas (HCC). However, one might fear the development of malignancy when 
other noxious stimuli are (subsequently) present. On the other hand, this might be unlikely, as 
malignant tumour cells rely on autophagy for their survival once malignancy has developed 
[135]. The application of DEN, a well-known tumour-inducing agent, was also not able to induce 
development of HCC in autophagy-deficient livers [130].

Whereas the evidence on autophagy in disease models is growing, there is a shortage of 
knowledge on autophagy in patients diagnosed with NAFLD. Therefore, the last part of this thesis 
focussed on the expression of genes related to autophagy, as well as to genes related to the UPR 
and genes associated with NAFLD in a large obese patient cohort. Alterations in the expression 
of genes related to autophagy and UPR, if present, were rather minor, and hence seem to be 
of limited clinical impact. As autophagy and UPR are crucial in cellular homeostasis, baseline 
alterations in these pathways most likely interfere with health and will lead to disease early in life. 
Hence the majority of the adult population is likely to have (near-)normal functioning of these key 
regulators. This might explain the absence of significant different alterations in these pathways 
in an adult cohort of patients in whom the presence of NAFLD is mainly driven by metabolic 
factors and lifestyle. This does, however, not preclude a potential effect of the inhibition of 
autophagy on NAFLD and its related metabolic conditions, given the data we generated on lipid 
accumulation in the hepatocytes and the potential impact on whole-body energy expenditure. 
Interestingly, several metabolic pathways significantly differed in relation to the NAFLD-severity. 
Moreover, the expression patterns in patients that were diagnosed with NASH significantly 
differed between those with remaining NASH on follow-up and those who resolved their NASH. 
Gene-expression alone is insufficient to draw solid conclusions about the effects on autophagy 
and the UPR and ideally need to be supplemented with other techniques (e.g. Western blot or 
immunohistochemistry) [198], which was not possible due to limited amount of spare liver tissue 
available. Nevertheless, gene expression is representative for autophagy [198] and in this case 
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suggests that baseline alterations in autophagy and/or UPR are of minor importance in NAFLD 
development, especially compared to the observed alterations in the metabolic pathways.

In conclusion, our results indicate that the inhibition of autophagy is a double-edged sword 
with beneficial effects on NAFLD and the metabolic syndrome, in particular obesity and glucose-
intolerance, though at the expense of severe hepatocellular and liver injury. However, in our 
experiments autophagy was totally absent, while it would be more physiologically to modulate 
the degree of (active) autophagy. Partial and/or transient modulation, ideally organ-targeted 
would probably improve the balance between increased beneficial effects and minimised side-
effects due to the disruption of the cellular homeostasis [22].

PERSPECTIVES

This dissertation tried to contribute to the vivid discussion of the position of autophagy 
with respect to the liver lipid metabolism. From our results we conclude that hepatocellular 
autophagy has a deleterious impact on lipid accumulation and whole-body metabolism whereas 
autophagy deficiency improves the metabolic profile (at the expense of severe hepatocellular 
distress). However, our results are placed in between many other evidences showing both 
lipid accumulation as well as lipid loss by autophagy. Since autophagy is highly dynamic and 
controlled by many contextual variables influencing its activity, the outcomes of the modulation 
of autophagy will also be subject to these variables. Even though the second part of this thesis 
actively tried to level out some potential confounding influences, not all confounders are yet 
known or studied. Therefore, it would be of interest to repeat the experiments using younger 
aged mice (e.g. 3-5 weeks of age), as discussed in Chapter 6. Moreover, given the described 
oscillatory activity of autophagy under HFD, the study of autophagy at different sequential ages 
would be of interest too. Meanwhile, other parameters must be strictly controlled and should 
ideally be identical to previous published studies, and mapped meticulously to detect potential 
other confounders. Mechanistically, to further explore the hypothesis of an increased energy 
expenditure, metabolic cages with the ability to record temperature, oxygen consumption and 
the locomotor activity should be implemented to compare both knockout and wild-type mice. 

In the liver other cell types than hepatocytes reside as well, in which autophagy can be 
modulated. Several studies demonstrated that stellate cells use autophagy to fuel their 
activation into myofibroblasts, which leads to fibrogenesis (Chapter 1). Inhibition of autophagy, 
presuming a lipogenetic role of autophagy, would hence improve NAFLD and the progression 
to fibrosis. Hepatocytes and stellates cells are, however, not the only cells involved in the 
pathophysiology of NASH. Recently, using LysM-induced Cre-recombinase targeting Atg5, 
autophagy-deficiency within liver resident macrophages showed to induce increased hepatitis 
after LPS [246]. Simultaneous knockout of autophagy in hepatocytes and macrophages, i.e. 
cross-breeding albumin-Cre and Lysm-Cre mice, would probably be detrimental given their 
individual effects on the liver parenchyma. Though, until present these effects have not been 
investigated, and paradoxical effects might even be true. Furthermore, in case of (organ-specific) 
targeting of autophagy, the effects on the whole organ and its individual components have to 
be investigated. The laboratory of physiopharmacology of the University of Antwerp, having 
an existing longstanding and close collaboration with our laboratory, possesses LysM-Cre mice 
making such a double knockout possible. 

The effects of hepatocellular autophagy-deficiency were almost fully restored when these mice 
were also deficient in NRF2 [131,132]. However, these studies focussed on the effects of autophagy 
on liver cell integrity and the formation of liver tumours, but they did not look specifically into 
metabolic effects of this double knockout. The development of steatosis and NASH is reduced or 
abolished by the effects of NRF2 [245,247], that becomes accumulated in autophagy-deficient 
mice. Further exploration of the (partial) contribution of the NRF2-pathway to the observed 
effects in autophagy-deficiency would be interesting. Not only autophagy diminishes with 
increasing age [109], also the NRF2-signalling and its effect on hepatic lipids decreases with 
aging [247]. Hence, this might contribute to the aforementioned potential role of age on the 
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effects of autophagy deficiency. In order to be able to perform these experiments, that can be 
combined with the previous proposed age-related sequential sampling, NRF2-knockout have to 
be obtained (e.g. strain 017009, Jax Laboratories) and a new bred to be started. 

Finally, our current study on patients with NAFLD showed that the effects of alterations in 
autophagy were rather minor. The study-cohort within this study is dynamic and new patients are 
still actively recruited, which offers the possibility to expand the current data and to complement 
them with Western blotting and immunohistochemical stains. The results of a current 
observational study on the polymorphism in autophagy-related pathways (NCT01988441) is of 
particular interest and might adjust our study targets. 

In conclusion, in the last decade our knowledge on the regulation, mechanisms, effects and 
context-dependency of autophagy increased largely. Nevertheless, we are still on the eve 
of many discoveries that need to elucidate the effects of the context (cell-type, tissue-type, 
timing, involved disease, …), the interactions with other cellular mechanisms, the interactions 
with surrounding cells and extracellular structures and the possibilities for a more targeted 
modulation of autophagy. The growing knowledge on autophagy will help to clarify the 
position of autophagy in the pathophysiology of metabolic diseases, NAFLD in particular, and 
consequently offer potential new options for treatment. 

SUMMARY
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Non-alcoholic fatty liver disease (NAFLD), which describes a spectrum of disease hallmarked 
by fat accumulation within hepatocytes, is a growing health problem in the  Western society. 
It is associated with the metabolic syndrome, which is a clustering of obesity, diabetes mellitus, 
arterial hypertension and dyslipidaemia. The spectrum of NAFLD encompasses NAFL, the 
isolated finding of fat accumulation, and NASH, in which fat accumulation is accompanied by 
inflammation and liver cell injury. While the former is considered as relatively innocent, the latter 
can evolve to cirrhosis and is related to an increased hepatic and extrahepatic morbidity and 
mortality. The pathophysiology of NAFLD and its progression is not fully understood. Amongst 
others autophagy might be one of the driving mechanisms.

Autophagy is a cellular process that secures cellular homeostasis via the delivery of cytoplasmic 
content to the lysosomes, after which this content is degraded to macromolecules for re-use or 
energy production. Autophagy plays a role in lipid and glucose metabolism and is as such involved 
in the pathophysiology of NAFLD. However, as outlined in Chapter 1, the role of autophagy in the 
lipid metabolism is still under debate with evidence supporting both lipid breakdown and lipid 
build-up. The discrepancies and their potential underlying reasons were extensively discussed. 
Furthermore, the role of autophagy in glucose metabolism, insulin sensitivity, hepatic injury and 
fibrogenesis were described as well.

After the implementation of a hepatocellular-specific autophagy-deficient mice model, the 
effects of this autophagy-deficiency were investigated on mice fed a control diet (Chapter 4). 
We demonstrated that autophagy-deficiency led to hepatomegaly and severe parenchymal 
liver injury, with the activation of a different homeostatic cellular mechanism: the UPR. The UPR 
exists out of three distinct and interconnected pathways.  Interestingly, these pathways were 
selectively modulated upon autophagy-deficiency. The IRE1α pathway was unaltered, whereas 
the activity of the ATF6 pathway was attenuated, and the pro-apoptotic PERK pathway was 
activated. Concerning metabolism, fasting-induced steatosis, a normal phenomenon in mice in 
adaptation to starvation, was completely abolished in the autophagy-deficient mice. This finding 
was endorsed by the observation of autophagy-competent, and fat-containing, cell groups 
within the livers of these autophagy-deficient mice. The attenuated ATF6 pathway can be held in 
part responsible for the observed absence of fasting-induced steatosis.

In a second part of the thesis two different dietary models of NAFLD were applied to study the 
effects of autophagy in NAFLD more on depth. The first diet, the MCDD (Chapter 5), led to more 
than expected weight loss, necessitating to sacrifice animals after 3 weeks instead of 4 weeks 
of diet. After these 3 weeks, autophagy-deficient mice exhibited an increased liver cell injury 
(ballooning) and inflammation compared to their wild-type littermates. Moreover, the strongly 
attenuated fat content in autophagy-deficient mice was reconfirmed, whereas autophagy-
competent mice displayed normal fasting-induced steatosis. 

When autophagy-competent mice were fed a HFD for 16 weeks they developed a diet-
induced obesity and glucose intolerance (Chapter 6). Autophagy-deficient mice, however, did 
not develop obesity and had a decreased peripheral fat tissue mass compared to wild-type 
littermates. This was also true in control fed conditions. Likewise, autophagy-deficient mice had 
improved glucose-tolerance in both control fed and HFD fed conditions, while insulin sensitivity 

was attenuated. Together this might reflect an increased insulin resistance outweighed by an 
increased whole-body glucose/energy-utilisation. Autophagy-deficient mice showed, in line 
with the previous experiments, the absence of liver lipid accumulation in case of fasting and after 
HFD. Analysis of the UPR pathways showed a similar pattern to what was observed in younger 
mice after fasting. Additional rt-qPCR analysis of genes involved in the lipid breakdown and 
synthesis, showed a decrease in the expression of both, making the exact mechanism puzzling, 
but one might likely consider it as the consequence of an adequate downregulation of the lipid 
synthesis in the absence of fuel, and an inadequate downregulation of lipid breakdown. 

The close relationship of autophagy and lipids was reinforced by the finding of fat containing cell 
groups, as in the previous set of experiments. These lipid containing cells proved to be autophagy-
competent. This is likely the consequence of the infiltration of new albumin-naïve cells from 
extra-hepatic origin, since we used the albumin-promotor for our hepatocellular knockout and 
all hepatic (progenitor) cells express albumin. This observation adds to the growing knowledge 
on the potential of liver regeneration from extrahepatic cellular sources besides the intrahepatic 
(progenitor or mature) cell populations.

The beneficial metabolic consequences of autophagy-deficiency were at the expense of 
severe hepatocellular distress, evidenced by an increased cell death, inflammation and hepatic 
fibrosis, all augmented by HFD compared to CD. Finally, spontaneous tumours were observed 
in autophagy-deficient livers, compatible with hepatocellular adenomata, not carcinomas. HFD 
appeared to be an extra stimulus with increased occurrence of these adenomata. 

In the last part we analysed gene-arrays of obese patients without and with NAFLD, in which both 
NAFL and NASH were represented (Chapter 7). Moreover, we analysed a subgroup of patients 
diagnosed with NASH and with a follow-up biopsy after 1 year. Analysis of the selected genes 
revealed a rather minor role for alterations of the UPR and autophagy in these adult patients with 
NAFLD. Differences were mainly found in genes and pathways related to metabolism. The largest 
difference was seen in the expression of PAI-1, in patients that were able to heal their NASH after 
1 year. 

Altogether, this thesis shows that the inhibition of autophagy is a double-edged sword with 
beneficial effects on NAFLD and the metabolic syndrome, particularly on obesity and glucose-
intolerance. However, this is at the expense of severe hepatocellular injury with the activation 
of other homeostatic cellular pathways. One should take into account that we used total 
knockout of autophagy. Graded modulation of the degree of (active) autophagy would be more 
physiological, since it seems not to be a full on-off-phenomenon in patients with NAFLD, and 
could potentially reduce the unfavourable effects and maintain the beneficial effects.

Summary Summary
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Non-alcoholic fatty liver disease (NAFLD), in het Nederlands niet-alcoholische leververvetting, 
beschrijft een ziektespectrum gekenmerkt door de accumulatie van vet in hepatocyten (levercellen) 
en is een toenemend probleem in de Westerse samenleving. NAFLD is geassocieerd met het 
metabool syndroom, wat de clustering is van obesitas, diabetes mellitus, arteriële hypertensie 
en dyslipidemie. Het ziektespectrum van NAFLD omvat NAFL, de geïsoleerde accumulatie van 
vet, en NASH, waarbij de vetaccumulatie gepaard gaat met inflammatie en levercelschade. NAFL 
wordt nog als betrekkelijk onschuldig beschouwd, terwijl NASH kan evolueren tot levercirrose 
en geassocieerd is met een toegenomen hepatische en extrahepatische morbiditeiten en 
mortaliteit. De pathofysiologie van NAFLD en de progressie naar ernstigere ziekte, bijvoorbeeld 
het ontwikkelen van NASH uit NAFL, is slechts ten dele begrepen. Meerdere mechanismen zijn 
waarschijnlijk tegelijkertijd actief, waarbij autofagie een van deze mechanismen kan zijn.

Autofagie is een cellulair proces dat bijdraagt aan de cellulaire homeostase via de afbraak van 
cytoplasma en cytoplasmatische inhoud, door deze na isolatie af te leveren aan lysosomen. 
De inhoud van autofagosomen wordt hierbij afgebroken tot macromolecules, die vervolgens 
herbruikt worden in de cel of verbrand worden tot energie. Autofagie speelt een rol in het 
metabolisme van glucose en lipiden en is derhalve ook betrokken in de pathofysiologie van 
NAFLD. De rol van autofagie in het lipidenmetabolisme van de lever is echter onderwerp 
van discussie, met zowel argumenten voor een rol in lipidenafbraak als in lipidenopbouw. 
Hoofdstuk 1 bespreekt deze discrepantie, zowel als de eventuele onderliggende oorzaken 
van deze tegenstelling. Bovendien wordt de rol van autofagie in het glucosemetabolisme, 
insulinegevoeligheid, leverschade en fibrogenese besproken in dit hoofdstuk.

De effecten van hepatocellulaire autofagie werden in deze thesis bestudeerd in een muismodel 
waarin autofagie hepatocyt-specifiek werd uitgeschakeld. In een eerste luik (Hoofdstuk 4) 
werd aangetoond dat muizen met een controledieet ernstige hepatomegalie en ernstige 
parenchymateuze leverschade ontwikkelden wanneer autofagie deficiënt was. We bestudeerden 
ook een ander cellulair homeostatisch mechanisme, de ‘unfolded protein response’ (UPR), 
dat uit drie afzonderlijke en gerelateerde pathways bestaat. De UPR bleek op een pathway-
selectieve manier te worden beïnvloed door de autofagie-deficiëntie. De IRE1α pathway werd 
niet beïnvloed, terwijl de ATF6 pathway was afgenomen en de pro-apoptotische PERK pathway 
werd geactiveerd. Autofagie-deficiëntie voorkwam de ontwikkeling van leversteatose zoals deze 
normaal gezien wordt bij vasten. Dit werd bekrachtigd door de bevinding van de aanwezigheid 
van meerdere groepjes van vethoudende hepatocyten in de levers van autofagie-deficiënte 
muizen, waarbij deze vethoudende hepatocyten autofagie-competente cellen bleken te zijn. De 
verminderde activiteit van de ATF6 pathway kan de afwezige vetstapeling ten dele verklaren.

In een tweede luik van deze thesis werden twee dieetmodellen van NAFLD geïntroduceerd, om zo 
de gevolgen op de pathofysiologie van NAFLD meer specifiek te bestuderen. In het eerste dieet, 
het MCDD-model (Hoofdstuk 5), verloren de dieren dermate veel gewicht dat experimenten 
reeds na 3 weken werden gestaakt in plaats van de beoogde 4 weken. Na deze 3 weken was er 
sprake van toegenomen leverschade en -inflammatie in autofagie-deficiëntie muizen vergeleken 
met autofagie-competente nestgenoten. Bovendien werden de eerdere bevindingen in muizen 
met een controledieet bevestigd namelijk een sterk afgenomen hoeveelheid vet in de levers van 
autofagie-deficiëntie muizen, terwijl autofagie-competente nestgenoten de verwachte normale 

steatose ontwikkelden na het vasten. 

Autofagie-competente muizen ontwikkelden een dieet-geïnduceerde obesitas en glucose-
intolerantie wanneer zij 16 weken werden gevoed met HFD (Hoofdstuk 6). Autofagie-deficiënte 
nestgenoten ontwikkelden daarentegen geen obesitas en hadden verminderde perifere 
vetmassa’s (zoals dit ook het geval wanneer zij 16 weken werden gevoed met controledieet). 
De glucosetolerantie was eveneens verbeterd in autofagie-deficiëntie muizen vergeleken met 
autofagie-competente muizen, hoewel de insulinegevoeligheid gelijktijdig was verminderd. 
Deze schijnbare paradox kan worden verklaard door een toegenomen glucose- en/of 
energieverbruik van het lichaam, waardoor een onderliggende insulineresistentie wordt 
overschaduwd. In overeenstemming met de voorgaande experimenten, blijkt hepatocellulaire 
autofagie-deficiëntie de accumulatie van lipiden (steatose) te voorkomen, zowel ten gevolge 
van vasten als na HFD. Analyse van de UPR toont veranderingen gelijkaardig aan veranderingen 
zoals eerder beschreven in jongere muizen. Additionele rt-qPCR analyse van genen betrokken 
bij lipidenopbouw en –afbraak toont een afgenomen expressie van beide, waardoor een 
eenduidige conclusie niet te maken is; waarschijnlijk dient dit te worden beschouwd als het 
gevolg van een adequate onderdrukking van lipidenopbouw, en een inadequate onderdrukking 
van lipidenafbraak. De argumenten voor een nauwe relatie tussen autofagie en lipiden werden 
versterkt door de aanwezigheid van vethoudende cellen in autofagie-deficiëntie levers, zoals 
reeds eerder geobserveerd, die autofagie-competent bleken te zijn. Dit is waarschijnlijk het gevolg 
van de infiltratie van albumine-naïeve cellen van extrahepatische origine in de lever, aangezien 
de albumine-promotor werd gebruik voor de creatie van hepatocyt-specifieke knockout, en 
hepatische (progenitor)cellen reeds albumine tot expressie brengen. Deze observatie draagt 
bij aan de toenemende kennis omtrent leverregeneratie van extrahepatische origine, naast de 
regeneratie vanuit intrahepatische (progenitor of mature) cellen.

De gunstige metabole veranderingen voortvloeiend uit autofagie-deficiëntie gingen ten koste 
van ernstige levercelschade, celdood, inflammatie en fibrose, effecten die versterkt werden door 
het HFD. Tenslotte werden er spontane levertumoren waargenomen in autofagie-deficiënte 
levers, compatibel met adenomata maar niet met carcinomata. HFD blijkt een extra stimulus voor 
de ontwikkeling van deze tumoren, daar het aantal toenam in vergelijking met het controledieet. 

In een laatste luik werden genexpressie arrays van obese patiënten zonder en met NAFLD, met 
inbegrip van zowel NAFL als NASH, bestudeerd (Hoofdstuk 7). Daarenboven konden we in een 
subgroep van patiënten met NASH, biopten vergelijken tussen de eerste oppuntstelling en na 
1 jaar opvolging. Uit de analyse van de geselecteerde genen lijkt dat er eerder een kleine rol is 
voor autofagie en de UPR in volwassen patiënten met NAFLD. De verschillen tussen de groepen 
in functie van de ernst van de NAFLD werden voornamelijk geobserveerd in genen en pathways 
gerelateerd aan het metabolisme. Het grootste verschil werd gezien in de expressie van PAI-1, in 
patiënten die hun NASH konden klaren na 1 jaar.

Samenvattend toont deze thesis dat hepatocyt-specifieke inhibitie van autofagie een 
tweesnijdend zwaard is met gunstige effecten op NAFLD en het metabool syndroom, in het 
bijzonder op obesitas en glucose-intolerantie. Deze effecten gaan echter ten koste van enkele 
ongunstige effect met leverschade en de activatie van andere cellulaire homeostatische pathways. 
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Onze studies maakten evenwel gebruik van totale uitschakeling (knockout) van autofagie, terwijl 
meer graduele modulatie van autofagie (-activiteit) fysiologischer zou zijn (temeer omdat het 
in patiënten met NAFLD geen aan-uit-fenomeen blijkt te zijn) en waarbij modulatie dus de 
ongunstige effecten zou kunnen verkleinen met gelijktijdig behoud van de gunstige effecten.

LIST OF ABBREVIATIONS

αSMA alpha smooth muscle actin
AASLD American association for the study of liver diseases
ALT alanine transaminase
ALP alkaline phosphatase
AMPK AMP-activated protein kinase
ANOVA Analysis of variances
AST aspartate transaminase
AT adipose tissue
ATF activating transcription factor
Atg/ATG autophagy-related gene 

B2M beta-2-microglobulin
BAT brown adipose tissue
BCA bicinchonicic acid assay
BSA bovine serum albumin

CD control diet
cDNA complementary deoxyribonucleic acid
CHOP C/EBP-homologous protein
CMA  chaperone-mediated autophagy
COPII coat protein complex II
CREB cAMP response element-binding protein

DEN dethylnitrosamine
DEUP diethylumbelliferyl phosphate
DG  diacylglycerol
DKO double knockout

EDTA ethylenediaminetetraacetic acid
EIF2α eukaryotic translation initiation factor 2α
ER endoplasmic reticulum
ERN1 endoplasmic reticulum to nucleus signalling 1
ELISA enzyme-linked immunosorbent assay

FFA free fatty acids
FGF21  fibroblast growth factor 21
FOXO  forkhead box class O transcription factor
FXR farnesoid X receptor

γGT gamma-glutamyl transferase 
GADD34 growth arrest and DNA damage-inducible protein 34
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GAPDH glyceraldehyde-3-phosphatedehydrogenase
GFP green fluorescent protein
GLP-1 glucagon like peptide 1
GTPase guanosine triphosphatases
GRP78/BiP 78 kDa glucose-regulated protein/Binding immunoglobulin protein
GWAT gonadal white adipose tissue

HCC  hepatocellular carcinoma
HDL  high density lipoprotein
HE haematoxylin-eosin
HFD  high-fat diet
HPRT hypoxanthine-guanine-phosphoribosyl-transferase
HSC hepatic stellate cell

IBAT interscapular brown adipose tissue
IGFBP1 insulin growth factor binding protein 1
IWAT inguinal white adipose tissue
i.p. intraperitoneal
ipGTT intraperitoneal glucose tolerance test
ipITT intraperitoneal insulin tolerance test
IR insulin resistance
IRE1α  inositol-requiring enzyme-1α

JNK c-Jun N-terminal kinase 

LAL  lysosomal acid lipase
LAMP lysosomal-associated membrane protein
LD lipid droplet
LDL low density lipoprotein
LDLR LDL receptor
LMM linear mixed model
LoxP locus of X-over of P1

(MAP1)LC3 (microtubule-associated protein 1) light chain 3
MCDD methionine choline deficient diet
mRNA messenger ribonucleic acid
mTOR mammalian target of rapamycin
MWAT mesenteric white adipose tissue

NAFLD non-alcoholic fatty liver disease
NAFL non-alcoholic fatty liver
NASH non-alcoholic steatohepatitis
NASH CRN NASH Clinical Research Network
NRF2 nuclear factor erythroid 2-related factor 2
NQO1 NAD(P)H quinone dehydrogenase 1

ORO oil-red-O

PAI-1 plasminogen activator inhibitor 1
PDGF-BB platelet derived growth factor BB
PDIA4 protein disulphide isomerase family A member 4
PDK4 pyruvate dehydrogenase kinase 4
PERK  protein kinase RNA-like endoplasmic reticulum (ER) kinase
PI3K phosphatidylinositol 3-kinase 
PGC-1α peroxisome proliferator-activated receptor γ coactivator 1α
PKC protein kinase C
PLIN perilipin(s)
PPAR peroxisome proliferator-activated receptor
PVDF polyvinylidene difluoride

RNA ribonucleic acid
ROS reactive oxygen species
rt-qPCR real-time quantitative polymerase chain reaction
RWAT perirenalal white adipose tissue

SBB Sudan black B
SEM standard error of the mean
SERCA sarco-ER calcium pump
SERPINE1 serpin family E member 1
SFA saturated fatty acids
SREBP sterol regulatory element binding protein
SQSTM1/p62 sequestosome 1/ubiquitin-binding protein p62 

TCA tricarboxylic acid
TEM transmission electron microscopy
TFEB transcription factor EB
TG triglycerides
TNF tumor necrosis factor
TUNEL terminal deoxynucleotidyl transferase dUTP nick end labeling

ULK1 UNC51-like kinase 1
UPR unfolded protein response

VDR Vitamin D receptor
VLDL very low-density lipoprotein

WAT white adipose tissue

XBP1s/XBP1u spliced/unspliced X-box-binding protein 1

Some abbreviations are written in Italic, denoting the gene; while if written in capitals the protein is meant. 
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UNITS OF MEASURE

˚C degree of Celsius
% percentage
Cq quantitation cycle
dL decilitre
g gram
g gravity
G gauge
h hour(s)
IU international units
kDa kiloDalton
kg kilogram
kV kilovolt
μg microgram
µL microlitre
μm micrometer
M molair
mg milligram
min minute(s)
mm millimetre
mM millimolair
n number >> nodig??
ng nanogram
nM nanomolair
pH potential of hydrogen
rpm revolutions per minute
sec second(s)
U units
w/v weight/volume
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DANKWOORD

Dankwoord Dankwoord

All our dreams can come true,
if we have the courage to pursue them

(Walt Disney, 1901-1966)
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Iedereen heeft dromen in het leven. Niet één, niet twee, maar meerdere dromen. Sommigen 
zijn klein, sommigen zijn groot. De ene droom is wat realistischer en de ander, tja, dat blijft 
werkelijk een droom… Het hebben van dromen is iets moois, iets wat gekoesterd moet worden. 
Het hebben van dromen en deze najagen brengt je op nieuwe en ongebaande paden, doet 
je ontdekken, laat je nieuwe mensen ontmoeten en verrijkt je leven. Vandaag is één van mijn 
dromen uitgekomen: het behalen van mijn doctoraat. 

Het streven naar dit moment is niet altijd gemakkelijk geweest en zeker ook niet iets wat ik alleen 
had kunnen doen. Daarom wil ik graag, zoals het hoort in een dankwoord, een paar woordjes van 
dank uitspreken aan zij die bijgedragen hebben aan dit resultaat. Het is wellicht een cliché, maar 
zonder de input en motivatie van iedereen om mij heen, had ik hier niet gestaan.

Vooreerst wil ik mijn promotor prof. dr. Sven Francque bedanken. Sven, uw tomeloze energie en 
voorliefde voor de hepatologie, zowel in kliniek als in research, zijn een voorbeeld voor velen. 
Door de jaren heen heeft u veel van mij moeten dulden, maar was u altijd diegene die met een 
engelengeduld mijn geraas, mijn enthousiasme of mijn zware gedachten als het even tegenzat, 
aanhoorde en me weer op het rechte pad zette. Ik kon het ook niet laten om u regelmatig te 
bestoken met e-mailtjes, telefoontjes en bezoekjes, die immer met even veel zorg en aandacht 
werden beantwoord. Het zal misschien even wennen zijn nu het aantal sterk gereduceerd is 
na mijn vertrek op de unief. Sven, hartelijk dank om altijd vertrouwen te hebben in mij, mij te 
steunen en een inspiratiebron en gids te zijn in dit doctoraat.

Prof. dr. Peter Michielsen, u als co-promoter bent een waar orakel als het gaat over academisch 
schrijven, zowel in het Engels als in het Nederlands. Geen enkele onmogelijke, bijtijds kromme, 
formulering ontsnapte aan uw kritische geest. Ook het maken van ‘dt’-fouten behoren (helaas) 
tot mijn repertoire, maar werden even vakkundig aangestipt en gecorrigeerd. Samen met prof. 
dr. Paul Pelckmans heeft u mij destijds geïnspireerd voor gastro-entero, met de hepatologie in 
het bijzonder. Dankzij u kreeg ik ook de kans om te starten met onderzoek. Bovendien wil ik u 
danken voor uw hulp en steun gedurende mijn doctoraat.

Hoe u het volhoudt in de heksenketel zoals T2/LEMP soms kan zijn, is mij een wonder. Zeker als ik 
weer “zo’n dag” had en een paar keer met “een klein vraagje” kwam kloppen. Prof. dr. Benedicte de 
Winter, uw inzet voor het labo, wetenschappelijk en daarbuiten, verdient een pluim. Zonder deze 
gezonde en inspirerende omgeving had ik waarschijnlijk al lang het bijltje neergesmeten gehad. 
Benedicte, jij hield mij met de voeten op de vloer als ik door mijn enthousiasme overambitieus 
werd of als ik weer wild werd van een nieuw idee en een zou-perfusie-experiment-nummer-
zoveel-dan-eindelijk-toch-lukken-momentje? Of juist andersom, als datzelfde experiment weer 
niet lukte of de hoeveelheid data mij deden puzzelen. Bedankt om te geloven in mij.

Mijn doctoraat had wellicht nooit bestaan als op mijn eerste T2-presentatie (ergens in de 
eerste weken) geen vraag kwam van u, prof. dr. Wim Martinet, over wat ik wist te vertellen over 
leververvetting en autofagie. Eerlijk gezegd hoorde ik het destijds in Keulen donderen. Toch 
wist u mij te overhalen voor een klein proefproject rondom autofagie en NAFLD, wat uiteindelijk 
resulteerde in een zij-project dat meer en meer de overhand kreeg en uiteindelijk mijn doctoraat 
vormt. Wim, hartelijk dank voor dit ‘proefprojectje’ en het beantwoorden van al mijn moeilijke 

vragen over celfysiologie.

Beste juryleden, dear members of the jury. I would like to thank you for all the time you have 
invested in critically evaluating this dissertation. Your comments and questions have contributed 
substantially to the value of this work. Ik wil graag prof. Ysebaert en prof Moorkens danken voor 
het opvolgen van de voortgang van mijn doctoraat in de afgelopen jaren. My special thanks 
go to prof. dr. Isabelle Leclercq and prof. dr. Amalia Gastaldelli for their willingness and time to 
participate in the evaluation and the defense of this dissertation.

Als er één bureau is op T2 een titel verdient dan is dat het ‘gastro-bureau’. In dat bureau heb ik 
heel wat uren versleten, soms ook op de onmogelijkste tijdstippen of dagen, maar dat blijkt 
eigen te zijn aan diegenen die er zaten/zitten. Vooreerst wil ik misschien sorry zeggen aan mijn 
bureaugenootjes (en bij uitbreiding aan T2) voor al het geluid, gebabbel dat ik produceerde en 
mijn onmogelijkheid om lang stil te zitten en/of zonder koffie te kunnen. Maar ik wil ze vooral 
bedanken voor alle leuke momenten, zalige koffiepraatjes, geniale adviezen, machtige peptalks 
en heerlijke lachsalvo’s.

Beste Sara, vier jaar geleden begonnen we samen aan ons doctoraat. Hoewel we beiden een 
voorliefde hadden voor ‘de gastro’ en research, wisten we amper van elkaar af. Gelukkig is dat 
de afgelopen vier jaar helemaal goed gekomen en heb ik jou leren kennen als een briljante en 
ijverige ‘tante’ die met hart en ziel voor haar zaak gaat en daardoor tot veel in staat. Je bent 
inmiddels meer dan louter een collega, maar een goede vriendin! Hanne, onze gezamenlijke 
voorliefde voor flauwe humor (genre kakhiel en consorten) is heerlijk. Met een paar halve 
woorden en een goede prent konden we de hele middag blijven lachen, met als hoogtepunt een 
hele middag bulderen van het lachen in het labo toen je me kakhiel hebt leren kennen. Ik hoop 
iets van dit plezier in jouw thesis te mogen terugvinden. De tweede gangmaker ben jij Hannah, 
of de combinatie van ons getwee (dat laat ik even diplomatiek in het midden). Een blik opzij en 
een willekeurig topic en we hadden al een geanimeerd gesprek. Ik waardeer je uitbundigheid en 
je directheid en hoop je nog regelmatig tegen te komen voor een drankje, terrasje of een dansje, 
want die voorliefde delen we allebei. Dames, ik wil jullie allen een mooie en succesvolle toekomst 
wensen, want ik ben er van overtuigd dat dit helemaal goed gaat komen! En ik hoop dat we de 
avondjes ‘komen eten’ blijven doorzetten…

Ook wil ik Annemie, Marthe en Johanna niet vergeten. Destijds ben ik door jullie opgevangen op 
T2 en hebben jullie als ware meters mij wegwijs gemaakt op T2 met haar gewoonten, statistiek 
en dergelijke nog meer. Het was vanaf begin een gezellige groep, waarvoor dank! 

De volgende generatie staat ook al te trappelen, Mikhaïl en Denise, ik ben er van overtuigd 
dat jullie een leuke en leerzame tijd tegemoet gaan. Het is leuk om te weten dat ik opvolging 
heb in de experimentele hepatologie en dat er twee huzarenstukjes over enkele jaren worden 
afgeleverd. En stiekem ben ik heel trots dat mijn perfusie-opstelling toch zal gaan renderen. 
Philip, jij blijft bij de darmen, maar daar zal ook voldoende beweging in zijn.

Op T2 liepen en lopen er veel talenten rond. Samen met mij nemen jullie, Mandy en Miche, ook 
afscheid van het labo. Mandy, jouw inzet, precisie en netheid zijn onevenaarbaar. En leer ze in 
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Cambridge ook je taarten kennen! Miche, FACS-tastisch dat gaat je thesis worden, net zoals de 
tijd op T2. Lynn, waar zijn de ochtendlijke korte babbels voordat iedereen T2 binnen huppelde? 
Carole, je was een straffe dame met nog straffere koffie. Dorien en Isabelle, jullie zullen de eer 
van dat bureau zeker met bravoure verdedigen. Ilse, jij zat een stukje verder, ik waardeer je open 
houding die je had naar iedereen en onze babbels. Maya, jij hebt nog niet zo lang geleden het 
plekje daar ingenomen, inflammatie zal weldra niet meer te mijden zijn. 

Aan de andere zijde van ons bureau had ik ook regelmatig een tussenstop. Arthur dankjewel 
voor de verse kopjes percolator-koffie incluis de babbels over vasculaire fysiologie. Wanneer 
het concept autofagie ook voor mij weer even te complex werd, kon ik altijd even advies aan 
jou vragen, Ammar. Bieke, jij hebt de rol als vroege vogel met hartelijke goedemorgen mooi 
overgenomen. Hadis, een doctoraatsthesis in de fotografie zou jouw niet misstaan, merci voor de 
mooie kiekjes. En Dries, cardio en hepato liggen toch dichter bijeen dan wij dachten. 

Soms ging ik op expeditie naar het verste hoekbureau voor een babbel met de fysioladies. Leni, 
Zarha en Lindsey, jammer dat jullie zo ver weg zaten, maar des te leuker waren de gesprekken 
dan ook. Altijd leuk om daar te passeren. Jullie resultaten zullen nog wel even verrassend ‘uit de 
hoek’ blijven komen.

Direct daarnaast is een bureautje dat je dat je gerust het brein en het geweten van T2 kunt 
noemen. Cor en Joris, wat jullie betekenen voor het labo is onbetaalbaar. Zonder jullie zou zo veel 
meer in het honderd lopen. Cor, dank voor je kritische geest en je lastige (en terechte) vragen 
bij de werkvergaderingen en daarbuiten. Joris, jou wil ik in het bijzonder danken voor alle hulp 
die je me geboden hebt bij het oneindig knutselen aan mijn opstelling. Merci, voor je rustige 
heldere analyses en hulp bij alle keren dat ik weer over de drempel binnen kwam gevlogen, of 
juist schoorvoetend iets kwam bestellen. 

Hoewel mijn thesis handelt over autofagie ben ik ooit begonnen binnen de wereld van 
vasculaire reactiviteit. Die liefde is nooit helemaal weggegaan en daarom was ik graag te 
gast in het badjeslabo, het domein van Cor en Paul. Paul, jouw luisterend oor en input in mijn 
doctoraatstraject en de gave om alles altijd positief in te zien, ook al zag ik het zelf somber in, 
hebben veel voor mij betekend. Ik hoop dat je fantastische vinding, de ROTSAC, naam en faam 
gaat maken in de wereld, en vergeet niet om mij af en toe een update te verschaffen.

Ochtendrituelen zijn er om te koesteren. Rita, de ochtendlijke kop koffie om mijn dag te starten 
in uw labo was heerlijk. Soms mocht ik gewoon nog wat wakker worden en staren, andere keren 
passeerden alle onderwerpen de revue: actualiteiten, roddels en uw reizen met Walter. Jouw 
mooie kleuringen, bij wijlen voor jou nieuwe ongekende kleuringen, van de lever waren een 
genot voor het oog. Ik hoop dat je even veel plezier beleefd hebt aan al mijn levers. Bovendien, 
dank om mij wegwijs te maken in Wilrijk. Ik beloof dat ik tussendoor nog op de koffie kom.

Benedicte, Guido, Wim, Gilles, Vincent, Katrien, Hidde en Dorien, een labo zonder proffen is zoals 
een vis zonder water. Dank voor jullie inzet voor iedereen die behoorde tot de T2 familie en 
de fantastische mogelijkheden die T2 kon bieden door de mix van verschillende disciplines, 
invalshoeken en gedeelde infrastructuur. Dorien nog speciaal dank voor uw inzet voor het labo 

binnen en buiten de werkuren en voor het nalezen van dit dankwoord.

Chris, Inn, Annie, Marc, Min, Anne-Elise, Katrien, Maria jullie zijn misschien minder zichtbaar, 
maar niet minder belangrijk. Bedankt voor alle praktische zaken en analyses die jullie ons/mij 
uit handen konden nemen. Hetzelfde geldt voor Sonja, een week zonder jou en het labo was 
beduidend minder schoon. Maria, jouw zorg voor alle dieren en aanverwanten op ons labo was 
ook onschatbaar. Hoewel ik mijn dieren niet op het verdiep stalde, was uw interesse in mijn 
onderzoek er niet minder om. Het animalarium, waar mijn dieren wel stonden, wil ik bedanken 
voor al hun goede zorgen voor zowel de muizen als de ratten. Dirk van het 6e, merci voor de 
verschillende ratjes die ik via jou kon ontvangen voor de verschillende validatie-experimenten. 

Traplopen dat heb ik ook heel wat gedaan. Eerst naar het 4e, dan naar de S-blok en nu in het 
laatste jaar naar 3e. Angelika, Lieve, Petra, Marleen en Jessy, merci om mij labo-technisch 
bij te scholen en te helpen met mijn vele experimenten. Met in het bijzonder de hulp bij de 
opofferingen, waarbij talloze weefsels verwerkt moesten worden of de tolerantietesten wat een 
hele tijd in het animalarium bivakkeren betekende. Ik weet dat sommige daarvoor zichzelf wat 
moesten opladen, merci! Ook dank voor alle blots en PCR’s die last-minute nog plaats mochten 
hebben en geleid hebben tot dit mooie eindwerk.

Annelies, Stijn en Els, jullie boffen daarboven op het 3e maar met zulke laborantes. Jullie zijn 
allen mooi op weg, maak er iets moois van. Kristien, ik hoop dat je de nefro-tak binnen LEMP nog 
verder kunt uitbreiden, je ben alleszins al goed bezig.

Aan de overkant van de beek die de UA van het UZA scheidt heb ik evenzeer een mooie tijd 
achter de rug. Ik wil iedereen van de poli gastro-enterologie en hepatologie bedanken: 
supervisie, collegae-ASO’s, de balie, Kristine, de studieverpleegkundigen en de verpleging voor 
de leuke contacten en hulp bij mijn raadplegingen hepatologie. Maar ook bedankt voor al die 
lieve glimlachen en hulp als ik weer iets vroeg of over de poli fladderde op zoek naar de prof. 
Doorheen het doctoraat zijn we vrienden geworden en binnenkort ben jij, Wim, ook aan de beurt 
om te verdedigen. Zoals de rest ga je dit ook met je natuurlijke flair afronden. Succes! Jonas, na 
een korte pose op T2 kies jij nu resoluut voor klinisch onderzoek, veel succes. 

Agnes jij was mijn steun en toeverlaat, een beetje mijn ‘mama’ op de unief. Al vanaf het eerste 
moment dat ik op de unief rondliep kon ik bij jou binnenwippen in het Kaf. Even vlug tussendoor, 
of wat langer voor een koffie en langere babbel. Aan dit gebruik komt helaas, na al die jaren (tel 
even mee: 12 jaar), een eind. Vanaf nu is het gedaan met het graaien naar Mokatientjes uit de 
pot…

Ik wil mijn vrienden in Nederland en België bedanken om altijd vol interesse te polsen naar 
mijn vorderingen op het labo, wat soms met meewarige blik werd beantwoord. Dankzij jullie 
kon ik mijn boog met regelmatige tussenpozen ontspannen, even de stress vergeten en mijn 
denkmolen uitschakelen. Jullie hebben mij ook helpen onthouden dat er meer is dan werk 
alleen, en wat had ik een saai leven gehad zonder jullie! 
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Lieve pap en mam, op het moment dat ik hier sta te glunderen, weet ik dat jullie ook staan te 
glimmen van trots. Jullie hebben mij altijd van jongs af aan weten stimuleren in mijn zoektocht 
naar “het waarom?” en mij altijd gesteund in mijn keuzes. De woorden “Wilco, het komt goed, 
alles komt toch altijd goed” of “Wilco, je maakt je zoals gebruikelijk weer veel te druk” zijn vaak 
gevallen. Vanaf het ‘Aug’ tot mijn PhD brachten jullie mij een warme thuishaven en mijn dank is 
niet in woorden uit te drukken. Manon, zussie, ik weet dat mijn vertrek naar Antwerpen je in het 
begin niet zo makkelijk viel. Weet dat het wederzijds was, maar dat we inmiddels ook weten dat 
afstand relatief is. De hele wereld moet jaloers zijn met zo’n top-zus! 
 
Mijn doctoraat was niet alleen een ontdekkingstocht in de wondere wetenschappelijke wereld, 
maar ook een ontdekking naar mijzelf. Toen ik jou ontmoette, Peter, stond mijn wereld op mijn 
kop. Je rolde wel in een heel turbulente tijd in mijn leven binnen, maar we hebben het doorstaan. 
Je niet-aflatende begrip en bemoedigende lieve woorden om mij door mijn schrijfkwellingen te 
helpen waren fantastisch, zelfs al begreep je van mijn thesis geen jota. Merci voor alles wat je 
voor mij betekent en om mijn lief te willen zijn…

Tenslotte wil ik iedereen bedanken die ik tijdens mijn doctoraat heb mogen leren kennen en mij 
op persoonlijk en wetenschappelijk gebied verrijkt hebben.
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Background of the cover image
The cover images depicts an image of the Ouroboros built out of livers. The Ouroboros is a ancient 
symbol in which a serpent or dragon is eating its own tail (i.e. autophagy taken litterally). It can 
be found in many different cultures over the world and was used often in the art of alchemy. The 
Ouroboris symbolises self-reflexivity, re-creation and the unity of all things.

Mensen die lezen zijn mensen die weten dat
woorden geregen tot goede verhalen
zich als ouroboros zullen blijven herhalen
want mensen die lezen herkennen de zin:
in ieder einde schuilt een nieuw begin.

Uit: Mensen die lezen. 
Anthoinette Weijn, 1e prijs Willem Wilminkdichtwedstrijd 2011
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