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General introduction 

As early as 2,000 years ago, Celsus found that “rich” foods and drinks increased the risk of 
gout, and Indian physicians revealed that the urine of diabetic patients was attractive to ants, 
whereas normal urine was not (1). The realization of metabolic perturbations accompanying 
common human diseases promoted formal research of metabolism. Generally, metabolism is 
defined as the sum of all biochemical processes in living organisms that either produce or 
consume energy. The most abundant nutrients involved are carbohydrates, lipid and proteins. 
These are essential for energy homeostasis and synthesis of macromolecules in mammals. 
The main metabolic pathways can be classified into 3 categories: 1) anabolism, which refers 
to the pathways synthesizing simple molecules or polymerize them into more complex 
macromolecules; 2) catabolism, which refers to the pathways degrading molecules ultimately 
leading to the release energy or provide new metabolic building blocks; 3) waste disposal, 
which refers to pathways that help to eliminate toxic waste produced by intermediate 
metabolism or ingested with the diet. 

 

1.0 Metabolic plasticity of the liver 

The liver is a key organ involved in metabolic homeostatis and the metabolic activities of 
hepatocytes is tightly controlled at different regulatory levels by hormones, metabolites, 
enzymes and transcription factors. The liver functions as a regulatory center and provides 
nutrients to extrahepatic tissues, such as skeletal muscle, adipose tissue and central nervous 
system. Food is digested in the gastrointestinal tract, after which glucose, fatty acids, and 
amino acids are absorbed into the bloodstream and reach the liver via the portal vein. 
Intrahepatic metabolism shows a high level of plasticity. It can adjust to dynamic changes in 
nutrient availability and -demands resulting from food intake, exercise and circadian rhythms 
(2). After being transported across the hepatocyte membrane, glucose is phosphorylated by 
glucokinase (GCK) to generate glucose 6-phosphate (G6P), which goes through either 
glycogen synthesis or glycolysis by different enzymes to produce pyruvate. Pyruvate is 
subsequently transported into mitochondria to be oxidized to generate ATP via the 
tricarboxylic acid (TCA) cycle and oxidative phosphorylation. Moreover, in the fed state, 
glycolytic products such as citrate and NADPH are used for fatty acid and cholesterol 
synthesis. Fatty acids are subsequently used to produce triglycerides, phospholipids and 
cholesteryl-esters. These lipids are either stored in hepatic lipid droplets and membrane 
structures, or incorporated into very low-density lipoprotein (VLDL) particles to be secreted 
from the hepatocyte into the circulation. In contrast, in the fasted state or during exercise, 
hepatic glycolysis and lipogenesis are arrested and fatty acid β-oxidation is enhanced to 
produce ATP for energy supply (3, 4). In the meantime, hepatic glycogen stores are broken 
down. Moreover, hepatocytes switch to gluconeogenesis for the de novo synthesis of glucose, 
which is secreted into the circulation to maintain circulating glucose levels in order to feed 
extrahepatic tissues and cells such as skeletal muscle, brain and erythrocytes (5, 6). The 
thesis-relevant important metabolic pathways in liver will be introduced in the following 
paragraphs. 
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1.1 Hepatic glucose metabolism 

The liver is a highly glucose-sensitive organ because hepatocytes express glucose transporter 
2, GLUT2 (a plasma membrane glucose transporter) and GCK (or HK4). GCK is a high Km 
hexokinase with low affinity for glucose. Unlike the other hexokinase isotypes (HK1-3), GCK 
activity is not allosterically inhibited by its product glucose 6-phosphate, therefore the rate of 
hepatic glucose uptake and its subsequent intracellular metabolism is determined by 
extrahepatic glucose availability (i.e., the blood glucose concentration) (7). A similar 
mechanism operates in neurons and pancreatic β-cells, rendering also brain and pancreas 
glucose sensitive. For tissues expressing GLUT1/3/4 and HK (such as muscle and adipose 
tissue), the rate of glucose uptake and its intracellular metabolism is merely determined by 
the expression and cellular localization of GLUT1/3/4 and HK. In the fed state, following 
glucose uptake and -phosphorylation, hepatic G6P has 3 metabolic fates: 1) glycogen 
synthesis mediated by glycogen synthase (GYS2); 2) glycolysis to produce ATP via the TCA 
cycle and oxidative phosphorylation in mitochondria; 3) enter the pentose phosphate 
pathway (PPP) to generate nucleotides and NADPH, which is needed for lipogenesis and 
biosynthesis of and other bioactive molecules. In the fasted state, glycogen is broken down 
by glycogen phosphorylase (PYGL) and debranching enzyme (AGL) to produce G6P and free 
glucose. G6P is furthermore synthesized via gluconeogenesis from different precursors, i.e., 
lactate, glycerol, and amino acids. G6P is then transported into the endoplasmic reticulum 
(ER) via glucose-6-phosphate transporter (SLC37A4 or G6PT) and subsequently 
dephosphorylated by glucose-6-phosphatase (G6PC) to yield glucose (Figure 1). 
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Figure 1. Schematic overview of hepatic glucose metabolism. In the fed state (black lines), G6P is 
either used for glycogen storage, or for glycolysis either directly, or via the pentose phosphate 
pathway (PPP) after which it can be processed in the TCA cycle or be used for protein or lipid 
synthesis. Via the PPP, G6P is also used as a precursor for the synthesis of purine and pyrimidine 
nucleotides. In the fasted state (brown lines), G6P is formed through glycogenolysis or via 
gluconeogenesis. GCK: glucokinase; G6PC: glucose-6-phosphatase; GLUT2: glucose transporter 2; GP: 
glycogen phosphorylase; GS: glycogen synthase. 
 

1.2 Hepatic triglyceride metabolism 

The liver is also an important organ in control of lipid metabolism (Figure 2). It governs fatty 
acid uptake from plasma, de novo lipogenesis, fatty acid storage, fatty acid β-oxidation as 
well as lipid secretion via bile and VLDLs, processes that are all tightly regulated. Triglycerides 
(TG) represent a neutral storage form of fatty acids.  
 

 
 
Figure 2. Fatty acid and triglyceride metabolism in the liver. Fatty acids generation pathways are 
marked in blue. Fatty acids utilization pathways are marked in purple. Fatty acid uptake into the 
hepatocyte is facilitated by fatty acid transporters. After activation to fatty acid-CoA, this can be used 
to synthesize TG which are then either stored in lipid droplets or are secreted out of the liver in the 
form of VLDL. Fatty acid-CoA can also enter the β-oxidation pathway to generate ATP in mitochondria, 
and ketone bodies can in turn be synthesized from acetyl-CoA produced through β-oxidation. 
Moreover, fatty acids can also be synthesized de novo and derived from hydrolysis of TG stores. CD36: 
cluster domain 36; FABP: fatty acid-binding protein; FATP: fatty acid transport protein; FFA: free fatty 
acids; ACS: acyl-CoA synthase; TG: triglyceride; VLDL: very low density lipoprotein. 
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1.2.1 Origins of hepatic triglycerides 

1.2.1.1 Dietary intake 

In the intestine, TGs from food are emulsified by bile acids and hydrolyzed by, amongst 
others, pancreatic lipase. The fatty acids are then taken up by enterocytes and re-esterified 
into TG. TG are subsequently incorporated into chylomicrons and delivered to various tissues 
via the lymphatic system. Chylomicron remnants are taken up the liver and are then 
hydrolyzed to release fatty acids (8).  

1.2.1.2 de novo lipogenesis (DNL) 

The liver is the main organ to convert carbohydrates into fatty acids. Glucose is used to 
produce citrate via glycolysis and the TCA cycle in mitochondria. Citrate is exported into the 
cytoplasm and is catalyzed to form acetyl-CoA by ATP-citrate lyase (ACLY), then carboxylated 
to malonyl-CoA by acetyl-CoA carboxylase (ACC). Malonyl-CoA and NADPH are precursors to 
synthesize palmitic acid (16:0) by fatty acid synthase (FAS), which is the rate-limiting enzyme 
in this process. Palmitic acid is elongated by fatty acyl-CoA elongase (Elovl) family members 
to form stearate (C18:0) and other long chain fatty acids (LCFA). LCFA can be desaturated to 
generate a variety of FA species by stearoyl-CoA desaturases (SCD). Fatty acids are used to 
form TG by a series of enzymatic reactions including G3P acyltransferase (GPAT, esterifies 
long-chain acyl-CoA to generate glyceraldehyde 3-phosphate (G3P), acylglycerol-3-phosphate 
acyltransferases (AGPAT, acylates G3P to form phosphatidic acid), and DG acyltransferase 
(DGAT, acylates diacylglycerol to form TG). 

1.2.1.3 Lipolysis of lipid droplets stored in adipose tissue 

When plasma insulin concentrations are low upon fasting, and in case of insulin resistance, 
lipolysis in white adipose tissue is stimulated to release non-esterified fatty acids (NEFA) to 
plasma which are then taken up by the liver. FFA can be taken up by FA translocase (CD36), 
FA-binding protein (FABP) or other FA transport proteins (FATPs).  
 

1.2.2 Hepatic triglyceride utilization  

1.2.2.1 Fatty acid β-oxidation and ketogenesis 

During the fasting state, NEFA are oxidized in mitochondria or peroxisomes (9, 10). Short-, 
medium- and long-chain fatty acids are first translocated into the mitochondrial matrix, then 
they go through β-oxidation to generate acetyl-CoA, which can be used in the TCA cycle and 
oxidative phosphorylation. Under these conditons, ketone bodies can also be generated from 
acetyl-CoA (ketogenesis) and excreted to circulation to fuel extrahepatic tissues such as 
skeletal muscle, heart and brain (11). Very-long chain fatty acids can also be oxidized in 
peroxisomes by acyl-CoA oxidase. This process is less efficient in terms of ATP production 
compared to mitochondrial β-oxidation due to the lack of an electron transport chain (12). 
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1.2.2.2 Triglyceride export (VLDL synthesis and secretion) 

TGs are exported from liver in the form of VLDLs to be oxidized in the muscles and stored in 
adipose tissue. Microsomal triglyceride transfer protein (MTTP) is the main component that 
controls VLDL production in the endoplasmic reticulum (ER). VLDL synthesis is initiated by the 
addition of small amounts of lipids (TG, cholesteryl esters and PL) to apolipoprotein B 
(apoB100 in human) by MTTP. More TG is packaged into the nascent apoB-containing 
particles as they traverse from the ER to the Golgi apparatus to eventually form mature VLDL 
particles (13). Transmembrane 6 superfamily member 2 (TM6SF2) may also contribute to 
VLDL lipidation and secretion (14, 15). Mature VLDL-containing vesicles bud off the Golgi 
membrane, migrate to the hepatic sinusoidal membrane and fuse to the membrane to 
release the VLDL into the circulation (12).  

1.3 Regulation of systemic glucose and lipid homeostasis  

Overall, glucose and lipid metabolism are directly regulated by intracellular levels of 
metabolic intermediates and by energy availability. In case glucose supply exceeds the 
energy demand in postprandial conditions, a larger proportion of citrate produced in the TCA 
cycle is exported out of the mitochondria, and converted into acetyl-CoA that can be used for 
DNL. Besides, under these conditions malonyl-CoA produced from acetyl-CoA inhibits the 
activity of carnitine palmitoyltransferase-1 (CPT1), which mediates the translation of fatty 
acids into mitochondria, hence inhibiting β-oxidation. On the other hand, when energy 
supply from glucose is insufficient, such as in fasted or exercise conditions, hepatic glycolysis 
and DNL are inhibited while fatty acid β-oxidation is enhanced to produce ATP to meet body 
energy needs (3, 4). In the meantime, hepatic glycogen stores are broken down and 
hepatocytes switch to gluconeogenesis to produce glucose and secrete this into the 
circulation to maintain glycemia. 
 
The main hormones that regulate glucose and lipid metabolism are insulin and glucagon. 
They achieve this by controlling transcription, post-translational modifications and cellular 
localization of (metabolic) enzymes, metabolite transporters and transcription factors. For 
example, in the postprandial phase, elevated glucose levels stimulate the release of insulin 
by pancreatic β-cells. The insulin receptor substrate (IRS)/phosphatidylinositol 3-kinase (PI3K) 
pathway subsequently activates protein kinases to regulate glucose homeostasis by 
promoting glucose uptake, glycogen synthesis, DNL while simultaneously inhibiting 
gluconeogenesis and adipose tissue lipolysis. When glucose levels are low, insulin secretion is 
inhibited and glucagon is released by pancreatic α-cells. Glucagon regulates glucose 
metabolism by promoting glycogen breakdown, gluconeogenesis, and adipose tissue lipolysis 
while inhibiting glycolysis. 
 
Research has shown that the metabolic regulatory function of hormones can be mediated by 
various transcription factors and co-activators, for instance forkhead box protein O1 (FOXO1), 
carbohydrate responsive element binding protein (ChREBP), sterol regulatory element 
binding proteins (SREBP), liver X receptors (LXR), farnesoid X receptors (FXR), peroxisome 
proliferator activated receptors (PPARs), peroxisome proliferator-activated receptor gamma 
coactivator-1α (PGC-1α), and CAMP responsive element binding protein 1 (CREB1). These 
factors regulate energy metabolism by controlling the mRNA expression of metabolic 
enzymes expressed in liver.  
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1.4 Postprandial regulation of hepatic glycolysis and lipogenesis 

In the postprandial period, glycolysis is the major route for energy supply. Glycolytic flux is 
mainly controlled by three kinases: glucokinase (GCK), 6-phosphofructo-1 kinase (PFK-1) and 
liver pyruvate kinase (L-PK) (7, 16). GCK is the rate-limiting hexokinase that converts glucose 
into G6P and it is regulated via its interaction with glucokinase regulatory protein (GKRP) (17). 
In the fasting state, the binding of GCK and GKRP is increased and leads to the nuclear 
localization, hence inhibiting GCK activity. In the fed state, GCK is released from the complex 
and translocated to the cytoplasm to promote the production of G6P (18). PFK-1 converts 
fructose 6-bisphosphate into fructose 1,6-bisphosphate and its activity is allosterically 
inhibited by ATP and citrate and allosterically activated by ADP or AMP (19). L-PK converts 
phosphoenolpyruvate (PEP) into pyruvate and its activity is regulated by both allosteric 
interactions and post-translational modifications (PTM). L-PK activity is allosterically 
activated by fructose 1,6-bisphosphate and allosterically inhibited by ATP, acetyl-CoA, and 
long-chain fatty acids. The activity of L-PK is regulated by PTMs as well. For example, under 
fasted conditions, the glucagon-induced increase in intracellular cAMP inhibits L-PK activity 
via PKA while insulin-mediated dephosphorylation of L-PK promotes its activity in feeding 
conditions (7, 19).  
 
Upon feeding, in addition to the allosteric activation of enzymes, transcriptional mechanisms 
also play essential roles in the induction of glycolytic and lipogenic enzyme expression. 
SREBP-1c, a member of the basic helix-loop-helix leucine zipper (b/HLH/LZ) type 
transcription factor family, is mainly regulated at the transcriptional level by insulin through 
phosphatidylinositol 3-kinase (PI3K) and AKT (20). SREBP-1c activates the genes involved in 
lipogenesis as well as glycolysis, such as FAS, ACC, SCD1, and GCK (21). Liver-specific 
SREBP-1c knockout mice showed an impaired induction of lipogenic genes upon feeding a 
high carbohydrate diet. These data confirmed the critical role of SREBP-1c in regulating 
hepatic glycolysis and lipid synthesis in the postprandial state (22). Another key transcription 
factor controlling glycolysis and lipogenesis in the liver is ChREBP (23). ChREBP is activated by 
intermediates of glucose metabolism, and is a central component of the hepatic glucose 
sensing system (24). As a consequence, ChREBP has a central focus in the work described in 
this thesis. Its biology and function will be discussed more extensively in the following 
section. 
 

2.0 Carbohydrate-response element-binding protein (ChREBP) 

Carbohydrate-response element-binding protein (ChREBP), a member of the Mondo protein 
family, was identified by Uyeda and colleagues in 2001 as the principal mediator of 
glucose-induced transcription (25). It is mainly expressed in liver, white and brown adipose 
tissue, intestine, muscle, and pancreatic β-cells (26). ChREBP interacts with its functional 
obligatory binding partner Max-like protein x (MLX) (27) to form a heterotetramer that binds 
to carbohydrate responsive elements (ChoRE) in its target genes (28-30). With the 
exponential increase in the prevalence of obesity and hepatic steatosis, ChREBP has been 
extensively studied in the last decade to unravel its roles in carbohydrate sensing in 
physiological and pathological states. 
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1.4 Postprandial regulation of hepatic glycolysis and lipogenesis 
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physiological and pathological states. 
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2.1 ChREBP isoforms 

ChREBP has two isoforms: α and β (31, 32). Under conditions of low intracellular glucose 
signaling, ChREBPα is localized mainly in the cytosol. Upon glucose stimulation, ChREBPα is 
translocated from the cytosol to the nucleus to promote the transcripton of its target genes 
amongst which ChREBPβ, which is transcribed from an alternative first exon promoter 1b to 
exon 2. ChREBPβ is exclusively localized in the nucleus and has a much more potent (20-fold 
higher) transactivation activity than ChREBPα (32). The ChREBPα protein contains a low 
glucose inhibitory domain (LID) and a glucose response conserved element (GRACE) (31) 
while ChREBPβ only has a GRACE and lacks a LID (32), hence the ChREBPβ isoform is a 
shorter protein of 687 amino acids (the full length ChREBPα contains 864 amino acids). 
Compared to ChREBPα, the shorter version ChREBPβ might be unstable (32), because it lacks 
the N-terminal domain which interacts with 14-3-3 and causes cytosolic sequestration (33). 

2.2 Regulation of ChREBP activity 

ChREBP is regulated in several ways, namely by shuttling between the cytosol and the 
nucleus, conformational changes by metabolites, different PTM and protein degradation. 
Under low glucose conditions, the LID inhibits ChREBPα activity conferred by GRACE (34). 
Therefore, ChREBPβ is constitutively active while ChREBPα is inefficient and has less potent 
transactivity than ChREBPβ (32). 
  

 
 
Figure 3. Pathways that activate ChREBP in response to intracellular glucose signaling. ChREBP is 
activated through metabolite signals derived from glucose, including glucose-6-phosphate (G6P), 
xylulose-5-phosphate (Xu-5P), fructose-2.6-bisphosphate (F2,6P2), and glucose-dependent 
post-translational modifications, including dephosphorylation, O-GlcNAcylation and acetylation. 
Glc-6P, glucosamine 6-phosphate. 
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2.2.1 ChREBP activation 

Intracellular glucose metabolism activates ChREBP by multiple mechanisms (Figure 3). 
i) via glucose metabolites, including xylulose-5-phosphate (Xu-5P), G6P, and fructose 

2,6 bisphosphate (F2,6P2). In fed conditions, increased glucose concentrations 
promote the synthesis of Xu-5P, which activates protein phosphatase 2A (PP2A) and 
leads to ChREBP nuclear translocation and activation by dephosphorylation (35). 
However, this model was challenged by further research showing that G6P, rather 
than Xu-5P, was required for glucose-mediated ChREBP activation. G6P could 
promote an allosteric conformational change that induces an open conformation of 
ChREBP, facilitating the interaction with co-factors and subsequent translocation to 
the nucleus (36, 37). F2,6P2, the major regulator of glycolysis and gluconeogenesis, 
has also been implicated in ChREBP nuclear shuttling and activation (38).  
 

ii) via post-translational modifications, including dephosphorylation (such as introduced 
above), acetylation and O-GlcNAcylation. High glucose leads to ChREBP acetylation 
on Lys672 located in the DNA-binding domain by the histone acetyltransferase (HAT) 
transcriptional coactivator P300, thereby increasing its transcriptional activity by 
enhancing its binding to promoters of target genes (39). High glucose also activates 
O-linked N-acetylglucosamine transferase (OGT)-mediated ChREBP O-GlcNacylation, 
which enhances ChREBP DNA binding and protein stability. O-GlcNacylation was 
suggested to decrease ubiquitin-mediated degradation of ChREBP (40, 41).  

2.2.2 ChREBP suppression 

Upon fasting, ChREBP activity is inhibited in a number of ways. 
i) the glucagon-dependent activation of protein kinase A (PKA) phosphorylates ChREBP 

on residues Ser196 and Thr666, leading to ChREBP binding to the protein 14-3-3 and 
its retention in the cytosol (42, 43). 

ii) The central cellular energy sensor, AMP-activated protein kinase (AMPK) 
phosphorylates ChREBP on residue Ser568, which in turn decreases binding of 
ChREBP to promoters of its target genes (44-46). 

iii) metabolites such as AMP and ketone bodies produced from fatty acid oxidation 
allosterically alter ChREBP and 14-3-3 protein affinity, enhancing complex stabilization 
and inhibiting the nuclear localization (47, 48). 

2.3 ChREBP target genes 

The ChREBP/Mlx heterodimer regulates glucose and lipid metabolism through control of 
glycolytic, gluconeogenic, and lipogenic gene expression (49-53) (Table 1). Moreover, ChREBP 
regulates genes involved in circadian rhythmicity, hormone levels and the expression of their 
receptors, as well as redox signaling (54-63) (Table 1). 
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Table 1. Overview of ChREBP target genes 
 
Pathway Representative genes 

Glycolysis Liver type pyruvate kinase (Lpk), fructokinase (Fk), glucose transporter 2 
(Glut2) and glucose transporter 4 (Glut4) 

Gluconeogenesis Glucose 6 phosphatase catalytic subunit (G6pc), glucose-6-phosphate 
transporter (G6pt), fructose-1,6-bisphosphatase 1(Fbp1) 

Pentose Phosphate 
Pathway Glucose-6-phosphate dehydrogenase (G6pdh), transketolase (Tkt) 

De novo 
lipogenesis 

Fatty acid synthase (Fasn), acetyl coA carboxylase 1 (Acc1), fatty acid elongase 
6 (Elovl6), stearyl coA desaturase 1 (Scd1) and malic enzyme (Me) 

VLDL assembly Mttp 

Transcriptional 
regulation 

Peroxisome proliferator activated receptor α (Ppara), pancreatic and 
duodenal homeobox 1 (Pdx1), hypoxia inducible factor-1b (Hif1b) and sirtuin 
1 (Sirt1), basic helix-loop-helix domain containing,class B, 2 (Bhlhb2), 
Kruppel-like factor 10 (Klf10), Klf11, Klf15, hepatocyte nuclear factor 1α 
(Hnf1α) 

Hormones and 
their receptors 

Insulin 1 (Ins1), insulin 2 (Ins2), glucagon receptor (Gcgr), regulator of 
G-protein signaling 16 (Rgs16), fibroblast growth factor 21 (Fgf21) 

Redox signaling Thioredoxin interacting protein (Txnip) 

 

2.4 Metabolic functions of ChREBP in hepatocytes 

ChREBP plays essential role in glucose-mediated induction of glycolytic and de novo lipogenic 
genes (64, 65) and is hence closely related to metabolic pertubations in obesity, glucose 
tolerance, and type 2 diabetes (66-68). Liver-specific ChREBP deletion resulted in impaired 
insulin sensitivity and glucose homeostasis (64). Systemic ChREBP knockout or hepatic 
ChREBP knockdown significantly improves the metabolic profile of leptin-deficient obese 
(ob/ob) mice, by reducing obesity, lowering hepatic steatosis and improving glucose 
tolerance (69, 70). Liver-specific ChREBP knockout prevents high fructose diet-induced 
adiposity and improves glucose homeostasis (65). These findings deliniate the importance of 
ChREBP in glucose and lipid metabolism, energy balance, and the development of the 
metabolic syndrome. 
 
Altogether, ChREBP integrates intracellular glucose metabolism and extrahepatic hormone 
signaling with hepatic glycolysis, DNL and VLDL-TG synthesis. Given the central role of the 
liver in nutrient storage and systemic distribution, ChREBP-dependent glucose signaling in 
liver also allows for adequate accommodation of hepatic glucose storage and systemic TG 
redistribution in response to hepatic glucose supply. On the other hand, aberrant ChREBP 
signaling in liver likely results in hepatic lipid imbalance, and may hence contribute to 
development of NAFLD and dyslipidemia. 
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3.0 Metabolic control of hepatocyte proliferation 

Besides generating energy, cellular metabolism also provides macromolecules (such as 
proteins, phospholipids and nucleotides) that can be used as building blocks for cell 
proliferation. Although it is well-established from in vitro studies that cellular metabolism 
and -proliferation are closely linked (71), the contribution of metabolism to hepatocyte 
growth and proliferation in vivo is as yet poorly understood. Under normal conditions, 
hepatocytes of the adult liver are in a quiescent state. They are renewed very slowly and 
their average life span ranges between 200 and 300 days (72). Yet, the liver has an extremely 
strong potential to recover from damage caused by drugs, pathogens and trauma. The 
complete restoration of liver size is a unique feature referred to as ‘hepatostat’ (73). The 
mechanisms driving this regenerative response are specific to the type of injury. Two-thirds 
partial hepatectomy (PHx) is one of the most common experimental approaches to provoke 
acute liver injury and hepatocyte loss in rodents. PHx allows to study liver generation by 
monitoring hepatocyte proliferation, and the recovery of liver mass, -architecture and 
-function. In response to PHx, liver mass is usually restored by the proliferation of mature 
hepatocytes, instead of liver stem cell proliferation and differentiation (74). The process of 
liver recovery is tightly regulated and involves cytokine release and signal transduction 
pathways. It encompasses initiation, active regeneration and termination phases (74-76).  
 
Interestingly, research has shown that PHx-induced hepatic insufficiency provokes metabolic 
signals that are essential for the initiation and termination of liver regeneration (77-79). 
Once liver mass is restored and systemic metabolism is balanced, these metabolic 
regenerative signals are abolished. In the next section the current state-of-research on 
systemic metabolic changes after PHx is discussed.  

3.1 Hepatic glucose metabolism during PHx-induced liver regeneration 

In the first hours after surgery, mice subjected to PHx develop significant hypoglycemia as 
compared to controls (80). This is likely caused by the acute loss of hepatic glycogen content 
and gluconeogenic capacity. After PHx, the glycogen store of the remnant liver is depleted 
(81), the gluconeogenic machinery is induced and hepatic glycolysis is inhibited (82). These 
adapations limit the post-PHx decline in blood glucose at the expense of glucose-derived 
hepatic ATP production (79). However, hypoglycemia plays important role during liver 
regeneration. Several studies have shown that enteral or parenteral glucose supplementation 
suppresses hepatocellular proliferation induced by either surgery or toxins (80, 83). Similarly, 
dietary caloric restriction accelerates onset of hepatocellular proliferation in response to 
surgical- or toxin-induced hepatic insufficiency (84, 85). Although the mechanisms 
responsible for these effects have not been completely elucidated, disturbed hepatic 
expression of C/EBPα, CDK inhibitors, p21 and p27 have been reported in 
glucose-supplemented PHx-challenged animals (80). 

3.2 Hepatic lipid metabolism during PHx-induced liver regeneration 

Many studies have reported that prior to the induction of active liver regeneration, adipose 
tissue depots decrease and circulating free fatty acids increase (86, 87). A transient 
accumulation of fat in hepatocytes is notable after PHx (88-91) and the primary source of 
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these lipids is adipose tissue rather than de novo lipogenesis (92). These observations 
indicate that changes in lipid metabolism support liver regeneration and may imply that 
perturbed lipid metabolism affects liver regeneration. This notion is supported by data 
showing that chronic hepatic steatosis in obese diabetic mice is associated with impaired 
liver regeneration after PHx (93-95). However, other studies have shown that mild liver 
steatosis induced by orotic acid and choline-deficient diets did not affect liver regeneration 
(96, 97). Combined, these data suggest that the degree of liver steatosis, and/or the type of 
the lipids that accumulate, determine the outcome on liver regeneration.   

3.3 Hepatic bile acid metabolism during PHx-induced liver regeneration 

Bile salt signaling has been identified as an important player in liver regeneration after PHx. 
Dietary bile salt-supplementation accelerates liver regeneration after PHx (98), while 
depletion of hepatic bile salts by a bile salt-sequestering resin leads to impaired DNA 
synthesis and liver regrowth (98, 99). In bile salt deficient Cyp27a1-/- mice, liver regeneration 
after PHx was also impaired (100). Upon surgery, circulating and hepatic levels of bile salts 
rise shortly and this causes activation of bile salt receptors at the cell surface of Kupffer cells 
(TGR5) and inside the hepatocyte (FXR) (101, 102). FXR regulates cell cycle progression 
through induction of transcription factor Forkhead box m1b (Foxm1b) (103), and through the 
ileal FXR/FGF19/FGFR4 signaling axis (104, 105). Excessive bile salt levels result in 
mitochondrial damage and release of reactive oxygen species (ROS) thus trigger apoptosis or 
necrosis of hepatocytes (106). To limit the bile salt-induced hepatotoxicity, hepatic FXR is 
activated by bile salts and results in the induction of SHP, which transcriptionally represses 
cholesterol-7a-hydroxylase (CYP7A1) and thus reducing bile salt synthesis (107). FXR is also 
expressed in enterocytes, where bile acids stimulate the expression of fibroblast growth 
factor 15/19 (FGF15/19), which is released to the portal blood. On the surface of hepatocytes 
FGF15/19 binds the receptor complex formed by the tyrosine kinase FGFR4 and co-receptor 
β-Klotho, leading to the suppression of CYP7A1 expression and inhibition of bile acid 
synthesis (104, 108, 109). However, it has also been recently shown that FGF15 is critical in 
promoting liver regeneration independent of bile acid levels in mice (110). 

 

4.0 Glycogen Storage Disease type I 

Glycogen Storage Disease type I (GSD I) is an autosomal-recessive metabolic disorder with an 
incidence of 1 in 100,000 live births. This monogenetic disorder is caused by defects in the 
activities of the G6PC/G6PT complexes leading to an impairment of endogenous glucose 
production, which consequently leads to life-threatening hypoglycemia in the fasted state 
(111-113). G6PC is an enzyme that mediates the hydrolyzation of G6P to generate glucose in 
the final step of glycogenolysis and gluconeogenesis. Defects in mainly 
liver/kidney/intestine-restricted G6Pase-α (or G6PC1) result in GSD Ia, which constitutes 80% 
of GSD I. If the defects concern G6PT, which is ubiquitously expressed, the disease is 
categorized as GSD Ib, which represents about 20% of GSD I. Deficiency in the ubiquitously 
expressed G6Pase-β (or G6PC3) is named GSD I-related syndrome (GSD-Irs) (111). 
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Figure 4. The primary anabolic and catabolic fates of G6P in hepatocytes. A simplified cell is 
depicted containing an enlargement of the ER. G6PC1 and G6PT are shown embedded within the 
membrane of the ER. GLUT2, the transporter responsible for the transport of glucose in the 
hepatocyte. 
 

4.1 Biochemical symptoms and complication of GSD I 

Both GSD Ia and GSD Ib patients show broadly similar manifestations, including fasting 
hypoglycaemia with hyperlipidaemia, hypercholesterolaemia, NAFLD, lactic acidaemia, 
hyperuricaemia and growth delay (114). Impaired G6PC activity results in the accumulation 
of G6P and glycogen in hepatocytes and proximal renal tubules leading to hepatomegaly and 
nephromegaly. Elevated G6P promotes the intracellular synthesis of lipids, which further 
exacerbates hepatomegaly (Figure 4). Impaired gluconeogenesis results in elevations of lactic 
acid. Chronic lactic acidosis in GSD I leads to hyperuricemia, as lactic acid and uric acid 
compete for the same renal tubular transport mechanism. Increased purine catabolism also 
contributes to hyperuricemia (115, 116). Without treatment, growth retardation is common, 
due to chronically low insulin levels, persistent acidosis, chronic elevation of catabolic 
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these lipids is adipose tissue rather than de novo lipogenesis (92). These observations 
indicate that changes in lipid metabolism support liver regeneration and may imply that 
perturbed lipid metabolism affects liver regeneration. This notion is supported by data 
showing that chronic hepatic steatosis in obese diabetic mice is associated with impaired 
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steatosis induced by orotic acid and choline-deficient diets did not affect liver regeneration 
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mitochondrial damage and release of reactive oxygen species (ROS) thus trigger apoptosis or 
necrosis of hepatocytes (106). To limit the bile salt-induced hepatotoxicity, hepatic FXR is 
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4.0 Glycogen Storage Disease type I 

Glycogen Storage Disease type I (GSD I) is an autosomal-recessive metabolic disorder with an 
incidence of 1 in 100,000 live births. This monogenetic disorder is caused by defects in the 
activities of the G6PC/G6PT complexes leading to an impairment of endogenous glucose 
production, which consequently leads to life-threatening hypoglycemia in the fasted state 
(111-113). G6PC is an enzyme that mediates the hydrolyzation of G6P to generate glucose in 
the final step of glycogenolysis and gluconeogenesis. Defects in mainly 
liver/kidney/intestine-restricted G6Pase-α (or G6PC1) result in GSD Ia, which constitutes 80% 
of GSD I. If the defects concern G6PT, which is ubiquitously expressed, the disease is 
categorized as GSD Ib, which represents about 20% of GSD I. Deficiency in the ubiquitously 
expressed G6Pase-β (or G6PC3) is named GSD I-related syndrome (GSD-Irs) (111). 
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depicted containing an enlargement of the ER. G6PC1 and G6PT are shown embedded within the 
membrane of the ER. GLUT2, the transporter responsible for the transport of glucose in the 
hepatocyte. 
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compete for the same renal tubular transport mechanism. Increased purine catabolism also 
contributes to hyperuricemia (115, 116). Without treatment, growth retardation is common, 
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hormones, calorie insufficiency, and/or nutrient malabsorption. GSD Ib exhibits the same 
metabolic phenotype as GSD Ia but evokes additional complications such as neutropenia, 
myeloid dysfunction, and inflammatory bowel disease, caused by a defective G6Pase-β/G6PT 
complex in myeloid tissues (117, 118). Long-term consequences of GSD Ia/b include 
osteoporosis, gout, pulmonary hypertension, renal disease, and especially hepatocellular 
adenoma (HCA) with the risk of progression to hepatocellular carcinoma (HCC) (111, 
119-121). Thus, in GSD I impaired G6Pase activity in hepatocytes causes cellular glucose 
imbalance, resulting in NAFLD, hyperlipidemia, hepatomegaly and liver tumor development. 
Moreover, based of the similarities in liver disease, GSD I is considered as a valuable model to 
investigate the pathophysiology of more complex metabolic diseases that show hepatic 
glucose imbalance, such as type 2 diabetes (114, 122). 

4.2 GSD I therapies 

Currently, metabolic abnormalities of GSD I can be controlled with dietary therapy, such as 
nasogastric infusion of glucose or intake of uncooked cornstarch, depending on the age of 
the patients (123, 124). However, such dietary management does not correct the underlying 
pathological processes. As a result, complications including hyperlipidemia, hyperuricemia, 
lactic acidemia, and hepatomegaly are common, and long-term renal disease and HCA with 
malignant potential occur in GSD Ia and GSD Ib patients (125). 
 
Liver or combined liver/kidney transplantation is an alternative treatment. However, this 
treatment is considered as a last resort because of its high mortality compared to other 
treatments. Liver transplantation is recommended to patients with un-resectable and dietary 
unresponsive HCAs, particularly in cases of serious compression, hemorrhage or HCC (120). 
Liver resection is only performed in case tumors are not diffuse. Gene therapy has also been 
developed and proved to be effective in GSD I mice (126-132), however, the first clinical trial 
has only started, and in case it proves effective, it will still take time before it will be 
implemented. Therefore, other treatments remain needed and mechanistic insights into the 
disease pathophysiology are therefore warranted. 

 

5.0 Scope of this thesis 

In GSD I, an imbalance in cellular G6P causes NAFLD, hyperlipidemia, hepatomegaly and liver 
tumor development. Research in conditional G6PC knockout mice has shown that most of 
the biochemical symptoms and long-term hepatic complications can be attributed to the 
specific impairment of G6PC activity in hepatocytes (133, 134). Although the physiological 
and molecular mechanisms underlying these symptoms and complications are poorly 
understood, it is conceivable that constitutive intrahepatic glucose signaling plays a key role 
herein. Research has shown that the hepatic activity of ChREBP is enhanced in mouse 
models for GSD Ia and Ib (135-137), and that ChREBP mediates the induction of glycolytic 
and lipogenic genes in acute GSD Ib (135). Thus, hepatic ChREBP is a potential therapeutic 
target to reduce NAFLD and hyperlipidemia in GSD Ia, and potentially also to prevent liver 
tumor formation as NAFLD predisposes to HCA/HCC development (138). Moreover, 
considering the role of metabolic signals in initiation and termination of liver regeneration, 
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an imbalance of hepatic G6P and TG as well as recurrent hypoglycemia in GSD I may affect 
hepatocyte proliferation and liver regeneration in response to PHx. 
 
The studies in this thesis concern the physiological and molecular mechanisms that link 
hepatic G6P imbalance to liver function and -health in the context of GSD I. The work focuses 
on the following aspects: 1) the consequences of enhanced ChREBP activity for hepatocyte 
function and liver disease development in GSD Ia; 2) the impact of metabolic imbalance on 
liver regeneration in GSD Ia; 3) the expression of glucose transporters, GCK and ChREBP 
during HCC progression in humans. For these studies, we employed a genetic mouse model 
for GSD Ia, i.e., hepatocyte-specific G6pc knockout (L-G6pc-/-) mice (111, 133), an acute 
pharmacological mouse model for GSD Ib, i.e., mice infused with the chlorogenic acid S4048 
(135), as well as in vitro cultures of immortalized human hepatocytes (IHHs) (139). 
 
In Chapter 2, we used a short-hairpin RNA to reduce hepatic ChREBP expression in livers of 
L-G6pc-/- mice to investigate whether ChREBP normalization alleviates metabolic liver disease. 
In Chapter 3, we investigated the regulatory role of hepatic G6P-ChREBP signaling in bile acid 
and cholesterol metabolism in L-G6pc-/- mice. In Chapter 4, we compared the impact of 
ChREBP knockdown on the survival and proliferation of IHHs and G6pc-/- hepatocytes. In 
Chapter 5, we monitored hepatocyte proliferation and liver regeneration in response to PHx 
in L-G6pc-/- mice. In Chapter 6, we evaluated the expression pattern of different glucose 
transporters, GCK and ChREBP in different grades of human HCC in comparison to 
non-diseased liver. Finally, Chapter 7 contains a general discussion of ChREBP and liver 
metabolism, based on experimental data presented in Chapter 2-6.  
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