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Chapter 1.  

INTRODUCTION AND AIM OF THE THESIS 
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I. Introduction 

Liver functions, architecture and composition 

 The liver is a highly specialized organ that carries out fundamental functions in 

vertebrates. These include 1) regulation of macronutrient (carbohydrates, fat, and 

protein) metabolism (1), 2) blood volume control (the liver is a unique organ that is 

dually supplied with blood from the portal vein and the hepatic artery) (2), 3) removal 

of pathogens and antigens from the blood, 4) lipid and cholesterol homeostasis, 5) bile 

production, 6) storage of fat-soluble vitamins, 7) endocrine regulation, and last but not 

least 8) detoxification. The hepatic metabolism of macronutrients supplies the whole 

body with energy. Moreover, glucose, in the form of glycogen, and lipids, in the form of 

triglycerides, are stored in the liver as an energy reservoir during fasting. The liver 

produces 85-90% of all proteins present in blood. In addition, amino acids from skeletal 

muscle or intestine are converted to glucose in the liver, which also supports whole 

body energy homeostasis (3).  

The functions of the liver are carried out by various highly-specialized and 

differentiated cell types. The most abundant epithelial cell in the healthy liver is the 

hepatocyte and they carry out most of the hepatic functions mentioned above. 

Cholangiocytes line the lumen of bile ducts and are the second most abundant 

epithelial cell type in the liver. Hepatic stellate cells (HSC) are vitamin A-storing cells 

that, in healthy conditions, control systemic vitamin A homeostasis. However, upon 

liver injury, HSC become activated, lose their vitamin A stores and transdifferentiate 

towards myofibroblast-like cells that migrate to the site of damage and produce 

collagens to participate in the wound healing process. If the liver injury is unresolved, 

activated HSC contribute to liver fibrosis development and progression towards 

cirrhosis. Kupffer cells (KC) are the innate immune component of the liver, as they are 

resident hepatic macrophages that patrol the portal circulation and mediate first 

responses to liver-damaging insults by pro- or anti-inflammatory signals. Finally, liver 

sinusoidal endothelial cells (LSEC) are highly-specialized endothelial cells that present 

fenestra in the sinusoidal lumen to allow exchange of proteins and other molecules 

between the plasma and the hepatocyte compartment of the liver (1). A diagram of 

functional organization of cell types in the liver is provided in Figure 1A. 
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Figure 1: Liver architecture: A) Schematic representation of the architecture and cell composition of 
the hepatic sinusoid, composed of the portal triad reaching the central vein. B) Diagram representing 
the organization of the hepatic lobule, showing the direction of flow of blood and bile. Figure adapted 
from (4) and created with BioRender.com. 

 

The liver is a highly structured organ. The cells comprising the liver are tightly 

organized around the functional unit called lobule. A lobule is composed of portal triads 

surrounding the central vein to form a hexagonal like structure (Figure 1B). Each portal 

triad consists of a hepatic artery, portal vein and a bile duct. Oxygenated blood coming 

through the hepatic artery mixes with the nutrient-rich blood coming from the gut 

through the portal vein in the sinusoid. This particular physiology allows the generation 

of a number of gradients that allow liver metabolic zonation (1). 

Liver fibrosis development  

Liver fibrosis is the common pathology associated with chronic liver diseases, 

like viral hepatitis, alcoholic liver disease (ALD), non-alcoholic steatohepatitis (NASH), 

autoimmune hepatitis, hemochromatosis, Wilson’s diseases, biliary atresia,  primary 

biliary cholangitis (PBC) and primary sclerosing cholangitis (PSC), which is 

characterized by excessive hepatic accumulation of extracellular matrix proteins 

forming scar tissue (5). The initial injury -regardless of the source- harms the liver 
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parenchyma, which is mainly composed of hepatocytes. Damaged hepatocytes trigger 

inflammation, which activates resident macrophages further enhancing the 

inflammatory and oxidative environment. Dying hepatocytes and activated 

macrophages produce transforming growth factor-beta (TGFβ), amongst many other 

cytokines, which activate HSC. In a primary response to repair the injured liver tissue, 

HSC activate, migrate to the site of damage, and start a wound healing response by 

producing extracellular matrix (ECM) proteins.  

If the source of damage is not resolved or treated, HSC-mediated deposition of 

ECM progresses causing liver fibrosis, which disrupts the normal liver architecture and 

impairs liver function. If not halted or reversed, liver fibrosis may further progress to 

cirrhosis. End-stage cirrhosis patients develop life-threatening complications, such as 

portal hypertension, variceal bleeding, ascites, liver failure and are at increased risk to 

develop hepatocellular carcinoma (6). Liver cirrhosis is the fourth most common cause 

of death in Europe and causes twice as many deaths now as it did 25 years ago (7). 

There is no cure for liver fibrosis despite enormous current efforts put into research in 

this medical problem. Liver transplantation is the only treatment available for end-stage 

cirrhosis and more than 60% of all liver transplantations are performed because of 

cirrhotic liver disease (8) (Figure 2).  
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Figure 2: Liver fibrosis progression in a patient’s lifetime. Liver fibrosis is a wound healing response 
of the liver to different sources of chronic injury. Independent of the underlying cause, injury causes 
inflammatory damage, matrix deposition, parenchymal cell death and angiogenesis leading to 
progressive fibrosis. ECM accumulation is a slow process that develops over time (the median time to 
cirrhosis in chronic hepatitis C is 30 years), but once cirrhosis is established the potential for reversing 
this process is decreased and complications develop. If the cause of fibrosis is eliminated, resolution 
(that is, complete reversal to near-normal liver architecture) of early hepatic fibrosis can occur. Anti-
fibrotic therapies are emerging that can slow, halt or reverse fibrosis progression. Currently, liver 
transplantation is the only available treatment for liver failure and for some cases of primary liver cancer. 
Hepatocellular carcinoma is rising in incidence worldwide and is a major cause of liver-related death in 
patients with cirrhosis (figure adapted from (9) and created with BioRender.com). 

 

Matrix-depositing cells: Hepatic Stellate Cells 

HSC reside in the space of Disse and were described for the first time by von 

Kupffer in 1876. They are located between LSECs and hepatocytes and compose 

around 5-15% of all liver cells (10). Depending on the health status of the liver, HSC 

are present in two different forms, quiescent and activated HSC. Quiescent HSC 

(qHSC) are non-proliferative cells present in the healthy liver and their most distinctive 

feature is the storage of up to 80% of total body supply of vitamin A, stored as retinyl 

esters in large cytoplasmic lipid droplets (11).  qHSC tightly control the release of retinol 

to maintain stable blood levels (11,12). However, upon liver damage, qHSC lose their 

vitamin A pools and transdifferentiate to myofibroblast-like cells called, activated HSC 

(aHSC). aHSC are proliferative, highly migratory and contractile, and produce 

excessive amounts of ECM proteins, including collagens, fibronectins and fibrinogens, 

that form the scar tissue characteristic of liver fibrosis (Figure 3) (6). High expression 

of alpha-smooth muscle actin (αSMA) supports the migratory and contractile features 
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Figure 3: Hepatic Stellate Cell activation and fibrosis progression. After the onset of liver injury, q-
-HSC transdifferentiate to their activated form, aHSC. If the source of damage is not resolved, 
perpetuation of the disease is characterized by specific phenotypic changes including proliferation, 
contractility, fibrogenesis, chemotaxis and inflammatory signaling. Figure was adapted from (5) and 
created with BioRender.com. 

 

of aHSC. The molecular mechanisms regulating HSC transdifferentiation have been 

studied in detail in the past decades, as emerging concepts are expected to reveal 

novel therapeutic targets to treat liver fibrosis. Below, we review the main pathways 

involved in HSC activation that will be addressed in this thesis. 

Different fibrogenic and proliferative cytokines are secreted during liver injury to 

support HSC activation. Most of these signals interact with each other leading to 

common pathways to further enhance the fibrotic response. Platelet-derived growth 

factor (PDGF) (13) and vascular endothelial growth factor (VEGF) (14) are key 

profibrogenic cytokines that control HSC proliferation and migration. However, the 

most potent fibrogenic cytokine characterized until now is TGFβ, and it is released by 

different hepatic cell types, including hepatocytes and Kupffer cells, as well as HSC 

themselves. The canonical TGFβ signaling pathway induces a phosphorylation 

cascade in SMAD proteins by activation of the TGFβ type I and II receptors (15). 

However, the canonical TGFβ pathway does not cover all the target genes that are 

activated during TGFβ signaling. Other studies suggest that TGFβ might also activate 



 

17 

 

 Introduction and Aim of the thesis 

pathways like the mitogen-activated protein kinase (MAPK), mammalian target of 

rapamycin (mTOR), phosphatidylinositol-3-kinase/AKT and Rho GTPase (15). 

Furthermore, the tight control by positive and negative feedback loops involved in 

TGFβ signaling is lost during liver fibrosis, enhancing liver fibrogenesis (15). The target 

genes that are activated by TGFβ signaling are many, and support many different 

processes like angiogenesis, apoptosis, autophagy, proliferation, epithelial-to-

mesenchymal transition (EMT), ECM production, immune response and tissue 

regeneration (15). All these processes participate in liver fibrogenesis, making liver 

fibrosis very complex to treat. Among the many target genes controlled by TGFβ, the 

most important ones related to HSC activation and fibrogenesis are: 1) ACTA2 which 

encodes for αSMA, 2) CTGF encoding for connective tissue growth factor, and the 

genes encoding the main components of the extracellular matrix, e.g. 3) COL1A1 and 

4) COL3A1 that encode for collagen-I and collagen-III (the main collagens produced in 

liver fibrosis), 5) FN1 which encodes for fibronectin) and 6) LAMC2 encoding laminin 

that further modulate the ECM composition and remodeling in liver fibrosis (16). It is 

important to note that the ECM, once deposited, may undergo extensive remodeling 

through the activity of  matrix metalloproteinases (MMPs), which in turn are controlled 

by tissue inhibitors of metalloproteinases (TIMPs). Expression of MMPs and TIMPs is 

also controlled by   TGFβ (16) and the MMP:TIMP balance supports either ECM 

resolution (MMP activity dominates) or ECM build-up (TIMP activity dominates). The 

work described in this thesis, however, focuses on the primary activation of HSC and 

the production of ECM as a result of it.  

Another potent regulator of HSC activation is the hedgehog signaling pathway 

(5,17–19), a key controller of cellular metabolism. HSC activation, where they become 

highly proliferative, migratory and ECM producers, is a high energy-demanding 

process. Cellular energy, in the form of ATP, is produced by two main mechanisms: 

glycolysis and oxidative phosphorylation (20). Glycolysis is a cytoplasmic process that 

uses glucose to produce ATP and generates pyruvate or lactate as end-products, 

depending on the specific extracellular conditions (such as the oxygen supply to cancer 

cells in tumors). Glycolysis provides intermediates for other metabolic processes in the 

cells, like pyruvate for mitochondrial metabolism, and nicotinamide adenine 

dinucleotide (NADH) required for oxidative phosphorylation. Mitochondrial metabolism 

is the process by which pyruvate and free fatty acids are transformed into acetyl-
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Coenzyme A (acetyl-CoA) that fuels the tricarboxylic acid (TCA) cycle. TCA cycle 

metabolites, together with NADH, in turn fuel the electron transport chain (ETC) to 

produce ATP in a process called oxidative phosphorylation (OXPHOS). Glutamine also 

fuels the TCA cycle after being transformed to alpha-ketoglutarate (α-KG). Importantly, 

intermediates produced by the TCA cycle and OXPHOS fuel many other cellular 

processes as well, like nucleotide biosynthesis to sustain DNA replication, transcription 

and thereby cell proliferation. A graphical summary of the main metabolites and 

pathways that play a role in cell metabolism is shown in Figure 4. Glycolysis and 

OXPHOS together satisfy the energy requirements for cells. However, in the 

metabolization of glucose to CO2 and H2O most of the ATP is generated by OXPHOS 

(26 molecules out of 30). 

During activation of HSC, the lipogenic qHSC become highly dependent on 

glucose and glutamine to support the transition to become proliferative, and this initial 

metabolic change is controlled by hedgehog signaling (17,18). Targeting glycolysis and 

glutaminolysis has been proven successful for suppressing HSC activation in vitro and  

liver fibrosis in animal models, however, the exact contribution of glycolytic versus 

mitochondrial metabolism has not been studied in detail yet. Mitochondrial metabolism 

is highly dynamic and adapts quickly and functionally to specific changes in 

physiological or pathological conditions.  

One important factor controlling mitochondrial activity is calcium (21,22) and the 

role of calcium in HSC transdifferentiation has been extensively investigated. 

Intracellular calcium levels control proliferation, migration and contraction of activated 

HSC (23,24). Upon activation, HSC synthesize L-type voltage operated calcium 

channels (25). Moreover, the ER-resident calcium transporter inositol-3-phosphate 

receptor (IP3R) type I is translocated from the perinuclear cytoplasm in qHSC to αSMA- 

microfilaments in the cellular extensions, where it regulates aHSC contraction. Calcium 

released from IP3R-rich areas in the endoplasmic reticulum (ER) is taken up by 

mitochondria, where it regulates the activity of transporters, enzymes (some in the TCA 

cycle) and proteins (21,22,26). Inhibiting calcium uptake by mitochondria or the release 

from ER by targeting IP3R suppresses cell bioenergetics in cancer cells reducing tumor  
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Figure 4: Cell metabolism diagram. Eukaryotic cells rely on glycolysis (in red) and mitochondrial 
metabolism (or oxidative phosphorylation, in green) to produce ATP and other metabolic intermediates 
to meet their energetic demands. Asterisk mark calcium dependent processes. Created with 
BioRender.com. 

 

growth (27). In line, inhibiting the mitochondrial calcium uniporter (MCU) in HSC 

lowered mitochondrial calcium concentration and suppressed HSC proliferation and 

activation (23). Thus, different pathologies and molecular mechanisms link calcium 

with mitochondrial metabolism, and although the molecular basis for calcium signaling 

have been deeply investigated, very few specific calcium modulators have been 

discovered for treating liver fibrosis in patients. 

As described above, activation and transdifferentiation of HSC is the central 

process leading to liver fibrosis, as it controls the pathological remodeling of the liver 

architecture and function. A solid organ like the liver contains a defined ECM to support 

the complex three dimensional architecture of the tissue, but this changes dramatically 

during fibrogenesis (28). The ECM is composed of collagenous and non-collagenous 

proteins. Non-collagenous proteins are fibronectin, tenascins, laminins, elastin, 

fibrillins, proteoglycans, and matricellular proteins (28). Collagenous proteins include 

the large family of 28 different collagens, both fibrillar and non-fibrillar variants (29). 

Among all collagens, collagen-I and -III are the most abundant components of the ECM 

in the fibrotic liver (28,30), which are produced and secreted by HSC and portal 

myofibroblasts after being activated by different chemokines and cytokines, in 
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particular by TGFβ (31). TGFβ triggers signaling intermediates, such as Smad 

proteins, that increase transcription of procollagen I and III (32).  

Collagens are synthesized as procollagen molecules, which are subjected to 

numerous post-translational modifications, including hydroxylation of L-proline and L-

lysine residues, on their way to be secreted (33,34). Prolyl- and lysyl-hydroxylation is 

necessary for the formation of stable collagen triple helices. Procollagen molecules 

accumulate in the ER when collagen hydroxylation is impaired (33–35). Importantly,  

hydroxylases use ascorbic acid, e.g. vitamin C, as a cofactor to efficiently hydroxylate 

collagen in the biosynthetic pathway (31). While the role of vitamin C in collagen 

biosynthesis and secretion is well-known for fibroblasts from many different tissues, 

including skin (33,36–38), its role in liver fibrogenesis is still highly controversial. Some 

reports have shown that vitamin C indeed promotes collagen release from hepatic 

myofibroblasts and is pro-fibrotic in in vivo animal models (39–41), while others have 

reported anti-oxidant and anti-fibrotic effects (42,43). A complex issue is that we cannot 

produce ascorbic acid ourselves, while laboratory animals like mice and rats. Rodents 

have a functional Gulo gene which encodes for the enzyme gulonolactone oxidase that 

is required for ascorbic acid biosynthesis, while a specific mutation makes this gene 

non-functional in humans. Remarkably, no studies have specifically reported the effect 

of vitamin C on collagen production and secretion by human HSC yet. 

Before leaving the ER, procollagen is glycosylated and self-assembled into a  

triple helix (44). Procollagen is then transferred to the trans-Golgi network (TGN) in a 

vesicle-mediated process thought to involve the transient protein complexes COPII 

which coat the outer surface of the transporting vesicles. The process by which most 

proteins are transported through the secretory pathway has been very well described 

(45) and it involves spherical vesicles that are typically 60-80 nm in diameter.  The size 

of collagen fibrils largely exceed the size of these cargo vesicles, e.g. the triple-helical 

domains of the fibril-forming collagens are about 300 nm long, and the exact molecular 

mechanism by which collagen is transported through the TGN to the plasma 

membrane for secretion is therefore still largely unknown. At the end of the secretory 

pathway, procollagen is cleaved from its pro-peptides, self-assembled into fibrils and 

after secretion it assembles into fibers in the extracellular space. For a graphical  
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Figure 5: Collagen-I synthesis and secretion. Collagen I is synthesized by a procollagen molecule 
that is folded by chaperone-mediated folding in the ER (1). L-Proline and L-lysine residues are then 
hydroxylated (2) and N-terminal residues are glycosylated before self-assembling and forming the triple 
helix (3). Procollagen then leaves the ER into the trans-golgi network where it is transported to the cell 
membrane (4). Before excretion, pro-peptides are cleaved (5) and the triple helix self assembles into 
fibrils (6). Once in the extracellular space, collagen I assembles into fibers and is deposited. Created 
with BioRender.com. 

 

summary of the collagen secretory pathway see Figure 5. Further analysis are needed 

to identify molecular players that contribute to collagen trafficking from ER to plasma 

membrane. 

 

In summary, the mechanisms responsible for liver fibrogenesis, specifically in 

hepatic stellate cell biology, have been extensively studied over the past decades, 

revealing molecular mechanisms underlying hepatic fibrogenesis, as well as identifying 

therapeutic targets. Activated HSC are the central players liver fibrogenesis. The 

activation process includes key features, like transition to a myofibroblast-like 

(contractile and migratory) phenotype and enhanced extracellular matrix production. 

Still, also many fundamental questions of HSC biology remain, like the role of 

mitochondrial metabolism, vitamin C and identification of molecular players involved in 

transdifferentiation and/or collagen secretion. Moreover, HSC-targeting drugs that are 

safe and do not harm other liver cells and/or tissues still need to be identified. Thus, 
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the hunt continues for better understanding of the molecular mechanism underlying 

hepatic fibrogenesis in order to develop effective treatment for the ever increasing 

number of patients suffering from liver fibrosis.   
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II. Aim and outline of this thesis 

 There is a great need for effective drugs that can be used to treat liver fibrosis 

in order to lower morbidity and mortality associated with chronic liver diseases, such 

as non-alcoholic steatohepatitis (NASH), viral and immune-mediated hepatitis. The 

aim of this thesis is therefore to identify specific molecular targets that prevent HSC 

transdifferentiation and/or or reverse their fibrogenic phenotype.  

Following the general introduction in Chapter 1, we aimed in Chapter 2 to 

determine the contribution of glycolysis and mitochondrial metabolism in HSC 

transdifferentiation. Selective inhibitors of these metabolic pathways were used in rat 

and human HSC to evaluate their potential as drugs to prevent and/or reverse liver 

fibrosis in vitro.  

Following observations in Chapter 2, in Chapter 3 we evaluated the anti-fibrotic 

potential of a selective inhibitor of the ER-resident calcium transporter inositol-3-

phosphate receptor (IP3R) type I on in vitro-cultured HSC, which is expected to 

suppress mitochondrial metabolism in HSC.  

 In Chapter 4, we aimed to determine the role of ascorbic acid (vitamin C) in 

collagen production, maturation and secretion by human HSC. Moreover, a 

pharmacological inhibitor of hydroxylases was used to determine whether collagen 

production can be inhibited in the presence of vitamin C, which would be an attractive 

co-treatment option for patients with a chronic liver disease. 

In Chapter 5, we aimed to identify molecular factors of the secretory pathway that 

are required for collagen secretion by HSC. We hypothesized that one or more 

member(s) of the P4-ATPase superfamily, lipid flippases that are implicated in the 

biogenesis and trafficking of transport vesicles, may be involved. 

Finally, in Chapter 6 we shortly summarize the results presented in this thesis and 

discuss future direction and perspectives.  
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