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Non-alcoholic fatty liver disease (NAFLD) is a complex and multisystemic 

disorder, characterized by lipid accumulation in liver parenchyma in individuals who 

do not consume significant amount of alcohol. It may progress towards more severe 

states, ranging from simple steatosis (fatty liver) to non-alcoholic steatohepatitis 

(NASH). NASH is characterized by inflammation, hepatocyte injury, fibrosis, 

lipotoxicity, mitochondrial dysfunction, oxidative stress, and by microbiota 

alteration. NASH might progress towards cirrhosis, end-stage liver disease, and, 

eventually, to hepatocellular carcinoma (HCC). Despite potential therapies 

progressing to Phase II and III clinical trials, no pharmacological treatments for 

NAFLD have been officially approved. Therefore, it becomes urgent to gain a 

comprehensive understanding of the cellular and molecular mechanisms that 

contribute to the disruption of liver lipid metabolism. Obeticholic acid (OCA), a 

semisynthetic analogue of bile acids, is an agonist of the farnesoid X receptor (FXR), 

a nuclear receptor present at high levels in the liver. It plays a key role in repressing 

or activating target genes that are involved in lipid and glucose metabolism. Recently, 

two different clinical trials were conducted to study the efficacy of OCA on 

NAFLD/NASH patients, as it seems to be a promising therapeutic strategy.  

For this thesis, ob/ob mice fed with high fat diet (HFD), a model of NASH, 

were used to clarify the molecular mechanisms involved in liver fibrosis and to 

evaluate the protective effect of OCA. These experiments showed that OCA has a 

positive effect in the development of the disease, as it reduces liver weight, bilirubin, 

bile acids and cholesterol levels. OCA has also been shown to be effective in 

increasing eNOS expression and reducing both lipid droplet accumulation and 

collagen fibres deposition. Moreover, for the first time, the upregulation of RECK 

levels associated with a reduction in hepatic metalloproteinases has been found 

mediated by OCA in an animal model of NASH. Therefore, our results supported the 

hypothesis that FXR receptor is a crucial target for the development of therapeutic 

approaches, in the control of progression from NAFLD to NASH. 

The aim of the project was also to investigate regenerative processes that 

occur during the disease progression. These mechanisms have not yet been elucidated 

in humans especially in chronic liver disease. Using single nuclei RNA sequencing 



on end-stage livers, we were able to identify a population of cells expressing both 

cholangiocyte and hepatocyte markers. These cells were defined as biphenotypic 

cells. The latter are believed to be associated with regenerative processes in the liver 

of patients with progressive NAFLD. Further, computational analyses identified two 

transcription factors, SOX4 and KLF6, which were highly expressed by this 

population and thus potentially involved in cell plasticity acquisition. To validate this 

hypothesis, two in vitro platforms were used in this thesis project: patients-derived 

intrahepatic cholangiocyte organoids (ICOs), and hiPSCs-derived hepatocytes 

through Forward Programming (FoP-Heps). Both systems have proven effective in 

the study of cell plasticity. SOX4 and KLF6 gain of function experiments were 

conducted on ICOs and FoP-Heps using lentiviral vectors. Surprisingly, SOX4 

overexpression was toxic for ICOs, whereas KLF6 overexpression seems to increase 

the bipotent phenotype of hiPSCs-derived hepatocytes. Together, these results 

highlights a potential role of KLF6 in liver cell plasticity and opens the way for 

further exploration of the role of this transcription factor in the molecular mechanism 

driving liver regeneration. 
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A1AT Ŭ-1-antitrypsin 

AFP Alpha-1-Fetoprotein 

ALB  Albumin 

ALT  Alanine transaminase 

APOA1 Apolipoprotein A1 

AST Aspartate transaminase 

BA Bile acid 

BMP-7 Bone morphogenetic protein 7 

BSA Bovine serum albumin 

CL103/CL109 Cirrhotic line 103/109 

CYP3A4 Cytochrome P450 3A4 

CYP3A4 Cytochrome P450 3A4 

DM Differentiation medium 

DNL De novo lipogenesis 

DPBS Dulbecco's phosphate-buffered saline 

EGF Epidermal growth factor 

EM Expansion medium 

eNOS Endothelial nitric oxide synthase 

FA fatty acid 

FGF10 Fibroblast growth factor 10  

FGF-19 Fibroblast growth factor 19 

FoP Forward programming 

FoP-Heps Hepatocytes derived from hiPSCs through Forward 

Programming 

FSK Forskolin 

FXR Farnesoid X receptor 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 

H&E  Hematoxylin and eosin 

HBO Hepatoblast organoids 

HCC  Hepatocellular carcinoma 

HFD High Fat Diet 



 

HGF Hepatocyte growth factor 

hiPSC Human pluripotent stem cell 

HL1/HL6  Healthy line 1/6 

HNF4A/HNF4Ŭ Hepatocyte nuclear factor 4 alpha 

HPZc Hepatozyme complete medium 

HSC Hepatic stellate cell 

ICO Intrahepatic cholangiocyte organoid 

IL  Interleukin 

KC Kupffer cell 

Ki67 Ki-67 protein 

KLF6  Krueppel-like factor 6 

KRT19 Cytokeratin 19 

KRT7  Cytokeratin 7 

LPLC  Liver progenitor-like cell 

LSEC Liver sinusoidal endothelial cell 

MMP -2/9 Metalloproteinase 2/9 

MOI  Multiplicity of infection 

MtS Metabolic syndrome 

NAC N-acetyl cysteine 

NAFLD  Non-alcoholic fatty liver disease 

NASH Non-alcoholic steatohepatitis 

OCA Obeticholic acid 

PBGD Porphobilinogen deaminase 

PHH Primary human hepatocytes  

RECK Reversion Inducing Cysteine Rich Protein With Kazal Motifs 

RLU Relative light unit 

ROS Reactive oxygen species 

RPLP0 Ribosomal protein lateral stalk subunit P0 

RPS9 Ribosomal Protein S9 

SOX4 SRY-Box Transcription Factor 4 

SOX9 SRY-Box Transcription Factor 9 



 

T2DM Type 2 diabetes mellitus 

TCA tricarboxylic acid cycle  

TG Triglyceride 

TGF-ɓ Transforming growth factor-beta  

TIMP -1/2 Tissue inhibitor matrix metalloproteinase 1/2 

UI Uninfected 

VLDL  Very low density lipoprotein 
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1.0 The liver: a complex organ  

The liver is the largest solid organ in the body and it is located in the right 

upper quadrant of the abdominal cavity, protected by the rib cage (Abdel-Misih and 

Bloomston, 2010). It constitutes 2.5% of the total body weight and in human it is 

composed of 3 lobes (left, right and caudate) (Abdel-Misih and Bloomston, 2010).  

The liver plays a crucial role in various vital biological processes involved in 

physiological homeostasis, such protein synthesis, detoxification, and metabolism 

(Crispe, 2009). The liver is composed for 80% of the volume by parenchymal cells, 

named hepatocytes (Malarkey et al., 2005). Liver non parenchymal cells (NPCs), 

named liver endothelial cells (LECs), hepatic stellate cells, biliary epithelial cells or 

cholangiocytes, Kupffer cells, and additional immune cell populations, support 

hepatocytes function (Ben-Moshe and Itzkovitz, 2019).  

The liver is not a uniform mass, and it carries out different functions 

according to the different subset of cells involved. It is organized in repeating 

anatomical units, termed liver lobules (Hoehme et al., 2010). These latter are 

hexagonal structures measuring ~ 0.5 mm in diameter in mice and ~ 1 mm in humans 

(Teutsch, 2005). Hepatocytes are arranged in sheets spanning the radial lobule axis 

(Ben-Moshe and Itzkovitz, 2019). Blood reaches the lobule from the corners, where 

it enters through the so-called portal nodes, and flows radially towards the central 

vein through sinusoidal blood vessels. Bile canaliculi transports bile acids secreted 

by hepatocytes in the opposite direction, from the centre of the lobule outwards to the 

portal nodes, from which they are transported to the intestine (Ben-Moshe and 

Itzkovitz, 2019). 
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Figure 1.0. Graphical representation of liver lobule organization and cell composition (Ben-Moshe 

and Itzkovitz, 2019).  

1.0.1 Liver cells  

During development, hepatocyte and cholangiocyte lineages arise from 

common progenitors called hepatoblasts.  

Hepatocytes are cuboidal cells which secrete serum albumin, bile and crucial 

blood clotting factors (Gordillo et al., 2015). The ones localized at the periphery of 

the lobule are named periportal hepatocytes, whereas the ones located close to the 

central vein are called pericentral hepatocytes. The cells in the middle of the lobule 

are termed mid-lobular hepatocytes (Pek et al., 2021). According to their location and 

their proximity to portal or central vein, they perform distinct metabolic roles. This 

/ƘƻƭŀƴƎƛƻŎȅǘŜ 
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phenomenon is called zonation (Gebhardt, 1992; Jungermann, 1995).  Pericentral 

hepatocytes carry out functions as glutamine synthesis, glycolysis, lipogenesis, bile 

acid synthesis and excretion, and xenobiotic metabolism. On the other hand, 

periportal hepatocytes are involved in glucose and glycogen synthesis, urea synthesis, 

cholesterol biosynthesis, and fatty acid oxidation (Jungermann, 1995). 

Approximately 75% of the afferent lobule blood is venous blood that comes from the 

intestine; only 25% originates from the highly oxygenated arterial blood. Thus, as 

blood flows from the portal node towards the central vein, the periportal hepatocytes 

receive more oxygen than the pericentral ones. In order to maximize energy yield for 

periportal hepatocytes while limiting risk to pericentral hepatocytes, it seems that 

hepatocyte respiration is spatially fine-tuned (Arteel et al., 1997; Kietzmann et al., 

2006). Moreover, hepatocytes excrete lipids, salts, and degraded proteins from their 

apical plasma membranes into the intricate ductal system that is the biliary tree. Bile 

is drained from the liver to the gall bladder for storage. Thus, it is released in the 

intestine during feeding (Schulze et al., 2019).  

Cholangiocytes, or biliary epithelial cells, are a highly heterogeneous 

populations of cells that line the three-dimensional network of bile ducts that is the 

biliary tree. This latter is divided in two functionally different compartments: 

intrahepatic and extrahepatic (Strazzabosco and Fabris, 2008). Intrahepatic biliary 

tree develops in the intricate system of canaliculi and ductules that begins with the 

canals of Hering (Strazzabosco and Fabris, 2008). The extrahepatic biliary tree 

include the common hepatic duct, cystic duct, gallbladder (absent in rats), and 

common bile duct, the distal portion of which drains into the duodenum (Si-Tayeb et 

al., 2010). Furthermore, intrahepatic cholangiocytes derive from the hepatoblast, the 

cellular precursor of both cholangiocyte and hepatocytes, whereas extrahepatic 

cholangiocytes derived from endoderm and share a common developmental origin 

with pancreas and duodenum (Raynaud et al., 2011). The morphological 

heterogeneity of cholangiocytes along the biliary tree is due to the different functions 

they perform. They drain the bile into the intestine, but they are also involved in the 
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modification of its chemical composition through absorption and secretion of ions, 

solute and water (Tabibian et al., 2013).  

Liver sinusoidal endothelial cells (LSECs) form the endothelium of hepatic 

sinusoids. LSECs are fenestrated cells which allow the exchange of substrates 

between the blood and liver parenchyma. They are also involved in lipoprotein traffic 

to and from hepatocytes (Wisse et al., 1985). Since LSECs contribute to liver blood 

flow, they were found also involved in hepatic complications, such as liver fibrosis 

and metastasis generation (Sßrensen et al., 2015).  

Hepatic stellate cells (HSCs), which make up 5%ï8% of the liver's cells, are 

found in the Disse space between sinusoidal endothelial cells and hepatic epithelial 

cells (Yin et al., 2013). They are quiescent cells and contain numerous vitamin A lipid 

droplets. When the liver is injured, HSCs receive signals generated by damaged 

hepatocytes and immune cells, which causes them to transdifferentiate into active 

myofibroblast-like cells (Yin et al., 2013). HSCs are the primary extracellular matrix 

producing cells: when activated after an injury, they deposit material in the 

extracellular space, causing a scar at the site of injury to protect the liver from further 

damage. However, during chronic liver injury, extracellular matrix deposition leads 

to severe liver fibrosis, which perturb liver architecture and function (Yin et al., 

2013). 

Kupffer cells (KCs) are liver resident macrophages and play a role in immune 

response. They are localized within the liver sinusoids and are adherent to the 

endothelial cells that compose the blood vessel walls (Nguyen-Lefebvre and 

Horuzsko, 2015). Due to their position in the sinusoidal lumen, they are the first cells 

of the mononuclear phagocytic system to come in contact with intestinal bacteria, 

endotoxins, and microbial debris from the gastrointestinal tract reaching the liver via 

the portal vein (Nguyen-Lefebvre and Horuzsko, 2015). KCs play a role in host 

defence, and they are involved in the metabolism of protein complexes, small 

particles, and lipids, and in removing apoptotic cells from the circulation (Crispe, 

2009). Alteration in one of these function can be associated with various liver 
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diseases, among which steatohepatitis, intrahepatic cholestasis, and liver fibrosis 

(Kolios et al., 2006).   

1.1 Non-alcoholic fatty liver disease 

Non-alcoholic fatty liver disease (NAFLD) is a complex and multisystemic 

disorder, characterized by lipid accumulation in liver parenchyma in individuals who 

do not consume significant amount of alcohol. It may progress towards more severe 

states, ranging from simple steatosis (fatty liver) to non-alcoholic steatohepatitis 

(NASH). NASH is characterized by inflammation, hepatocyte injury and death, and 

fibrosis, lipotoxicity, mitochondrial dysfunction, oxidative stress, and microbiota 

alteration are others conditions involved in NASH progression (Nassir, 2022). Since 

NASH is accompanied by liver stiffness and fibrosis, this condition can lead to 

cirrhosis, end-stage liver disease, and, in the most severe cases, to hepatocellular 

carcinoma (HCC) (Younossi, 2019). 

1.1.1 Origin of NAFLD 

Non -alcoholic fatty liver disease was found to be strongly associated with 

metabolic comorbidities. The prevalence of obesity resulted high in individuals 

affected with NAFLD, with 51% of NAFLD cases being obese. Among patients 

diagnosed with NASH, an even higher percentage, 82%, was obese, reaffirming that 

obesity is a significant contributor to NAFLD cases (Younossi et al., 2016). 

Moreover, NAFLD was reported to be associated with type 2 diabetes mellitus 

(T2DM) (22.51%), dyslipidemia (69.16%), hypertension (39.34%), and metabolic 

syndrome (MtS) (42.54%) (Younossi et al., 2016).  

Obesity is one of the leading causes of metabolic syndrome (MtS) and non-

alcoholic fatty liver disease, although not all the patients affected by liver disorder 

are obese. Moreover, the excessive consumption of foods high in added simple sugars 

has been linked to various health issues, including T2DM, MtS, and NAFLD/NASH. 
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It is interesting to note that NAFLD prevalence in also influenced by age (Yki-

Jªrvinen, 2014). 

Genetic mechanisms in NAFLD progression 

Non-alcoholic fatty liver disease has been reported to be strongly influenced 

by genetic mechanisms. Consequently, among the genetic variants identified to play 

a role in the pathogenesis of the disease, the genes PNPLA3 (patatin-like 

phospholipase domain containing 3), TM6SF2 (Transmembrane 6 superfamily 

member 2) and MBOAT7 (Membrane bound O-acyltransferase domain containing 7) 

are relevant. In detail,  PNPLA3 isoleucine to methionine substitution at position 148 

(PNPLA4 I148M) is the most reliable and well-replicated genetic variation linked to 

NAFLD (Dongiovanni et al., 2015; Romeo et al., 2008). The wildtype PNPLA3 

protein exhibits hydrolase activity towards triglycerides and retinyl esters. This 

activity is essential for the breakdown of triglycerides and retinyl esters, facilitating 

the release of fatty acids and retinol for various cellular processes. The genetic variant 

leads to a loss-of-function in the enzymatic activity of the PNPLA3 protein. As a 

result, the 148M substitution impairs the normal breakdown of triglycerides and 

retinyl esters, leading to their accumulation within lipid droplets in hepatocytes and 

hepatic stellate cells (Huang et al., 2011; Pingitore et al., 2014; Pirazzi et al., 2014).  

Similarly, genetic variant in Transmembrane 6 superfamily member 2 

(TM6SF2) plays a role in the enrichment of triglycerides to apolipoprotein B100 in 

the pathway of very low density lipoprotein secretion from the hepatocytes. The lysin 

to glutamic acid substitution at position 167 results in a loss of function of the protein. 

This leads to an increase in triglyceride content in the liver and a reduction in the 

amount of circulating lipoproteins (Eslam et al., 2018). 

 Additionally, Membrane bound O-acyltransferase domain containing 7 

(MBOAT7) is a protein involved in the Lands cycle's remodelling of 

phosphatidylinositol with arachidonic acid. The rs641738 C>T variant is a common 

genetic variant associated with downregulation of MBOAT7 at transcription and 
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protein levels. It is linked to reduced levels of phosphatidyl-inositol containing 

arachidonic acid in hepatocytes (Luukkonen et al., 2016). This variant has been 

recently associated with the risk of NAFLD, inflammation and fibrosis (Mancina et 

al., 2016).  

The importance of obesity and the role of these genetic variants in disease 

progression have clearly established the importance liver lipid metabolism in 

NAFLD. Therefore, understanding the cellular and molecular mechanisms that 

contribute to the disruption of liver lipid metabolism represent a major step in 

developing new therapies.  

1.1.2 Non-alcoholic fatty liver disease: a global burden 

The global prevalence of NAFLD (diagnosed by imaging) has been estimated 

to be 25%, with higher rates in South America (31%) and Middle East (32%), and 

lower rates in Africa (14%) (Younossi et al., 2016). In Europe, NAFLD burden has 

increased in parallel with obesity rates (Z. Younossi et al., 2018): indeed, hepatic 

triglycerides levels are directly proportional to the severity of the metabolic syndrome 

(Kotronen et al., 2007). Although the prevalence varies throughout the different 

countries from 5% to 44%, the average prevalence of the disease in Europe is 24% 

(Younossi et al., 2016).  

1.1.3 Non-alcoholic fatty liver disease and lipid metabolism 

The initial fat accumulation in the liver is due to an imbalance between the 

lipid uptake and export. In NAFLD patients, lipid uptake is compromised, and it has 

been estimated that 15 % of fatty acids (FAs) derive from the diet, 26% from de novo 

lipogenesis, and 59% from circulation after adipose tissue lipolysis. In this condition, 

the lipidic export mechanisms, such as ɓ-oxidation mechanism, very low density 

lipoproteins (VLDLs) formation and secretion are impaired (Alves-Bezerra and 

Cohen, 2017; Donnelly et al., 2005).  
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Figura 1.1.  Mechanisms involved in lipid accumulation during NAFLD progression (Seebacher 

et al., 2020).  

Fatty acid uptake from the diet 

The accumulation of lipids in liver parenchyma is determined by the presence 

of FAs translocator proteins, which mediate their uptake. One major player is the 

integral membrane glycoprotein fatty acid translocase CD36, expressed in a variety 

of cells, such as adipocytes, macrophages and hepatocytes (Hajri and Abumrad, 

2002). High CD36 translocase expression is closely associated with NAFLD 

development both in mice and humans in in vitro models (Krammer et al., 2011), and 

its translocation to the plasma membrane of the hepatocytes seems to lead to the 

disease progression (Rada et al., 2020). Besides CD36, the FA transport proteins 

(FATPs) play a role in FAs uptake. FATP2 and FATP5 are the two isoforms present 

in liver, and their knockdown or knockout is associated with a decreased fatty acid 

uptake (Ipsen et al., 2018).  
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De novo lipogenesis 

De novo lipogenesis (DNL) is a metabolic pathway that synthetizes fatty 

acids from excess carbohydrates. The FAs produced through this mechanism are 

incorporated in triglycerides (TGs) for energy storage. It normally takes place in liver 

and adipose tissue, and it plays a role in maintaining the homeostasis of TGs levels. 

DNL first step is the conversion of citrate or acetate in Acetyl-CoA by ATP citrate 

lyase (ACYL) or acyl-CoA synthetase short chain (ACSS) family members, 

respectively.  Acetyl-CoA carboxylase (ACC) converts Acetyl-CoA into malonyl-

CoA and then into palmitate by the rate-limiting enzyme fatty acid synthase (FASN). 

Palmitate which is further converted into other fatty acids with longer or shorter 

chains through desaturation, elongation, and esterification reactions (Ameer et al., 

2014). This molecular cascade is involved in NAFLD: it has been demonstrated that 

about 26% of free fatty acids in NAFLD patientsô liver is associated with this 

mechanism (Donnelly et al., 2005). De novo lipogenesis rate is influenced by the 

amount of ingested lipids as well as the type of them. High carbohydrate diets have 

demonstrated a stronger involvement of DNL in the liver, which in turns leads to very 

low density lipoprotein production and release in the bloodstream (Strable and 

Ntambi, 2010). Moreover,  DNL rate is affected by the quality of the carbohydrates 

ingested: fructose, for instance, has been demonstrated to stimulate the mechanism 

(Schwarz et al., 2015).     

DNL is controlled at the transcriptional level. Post prandially, lipogenesis is 

activated by the increased concentration of glucose and insulin. These two latter lead 

to lipogenesis activation through the involvement of two transcription factors: 

carbohydrate response element binding protein (ChREBP) and sterol regulatory 

element binding protein 1c (SREBPc1) (Ferr® and Foufelle, 2010). Once 

proteolytically activated, they migrate in the nucleus where they induce the 

expression of de novo synthesis genes (Horton et al., 2002). 
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Lipid droplets formation and lipophagy  

Lipid droplets and lipoproteins are two key components implicated in hepatic 

liver metabolism. Lipoproteins are proteins that transport lipids through the 

bloodstream, whereas lipid droplets are organelles for lipid storage, playing also a 

role in protecting cells from lipotoxicity (Seebacher et al., 2020). Lipoproteins and 

lipid droplets are constituted by a core of triglycerides and cholesteryl esters 

surrounded by a phospholipid monolayer. Interspersed in the monolayer, proteomic 

and microscopy-based investigations have identified proteins engaged in cellular 

trafficking, key signal protein, transcription factors, and histones on the surface of 

lipid droplets, in addition to proteins regulating lipid metabolism and flux (Bersuker 

et al., 2018; Kramer et al., 2018).  

Lipid droplet formation and lipoprotein released should be well balanced 

with the other mechanisms involved in fatty acid metabolism. If there is not a 

correspondence between these mechanisms, the lipid accumulation can lead to 

NAFLD. This phenomenon frequently manifests in obesity, wherein the adipose 

tissue surpasses its capacity to store lipids, leading to an overflow of lipids that 

infiltrate the liver (Seebacher et al., 2020). 

Lipid droplets turnover and mobilization of lipids in hepatocytes is related to 

a phenomenon called lipophagy, a specialised subtype of macroautophagy (Singh et 

al., 2009). Double membrane structures sequester lipids to target them to lysosomal 

degradation (Singh and Cuervo, 2012). Emerging findings have revealed a significant 

interplay between lipolysis and lipophagy, indicating tight coordination and 

connection between these processes. Studies conducted in a hepatic cell line have 

demonstrated that lipolysis acts upstream lipophagy. Specifically, adipose 

triglyceride lipase (ATGL) activity on large lipid droplets is essential in the 

production of small, newly formed lipid droplets through re-esterification. These 

newly formed lipid droplets, in turn, become susceptible to being targeted and 

degraded by lipophagy. Such findings hold potential implications for understanding 

and treating disorders related to lipid dysregulation (Schott et al., 2019). 
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ɓ-oxidation  

In hepatocytes, lipolysis and autophagy work in synergy to mobilize lipids 

for degradation through two main pathways: ɓ-oxidation and re-esterification for 

very-low-density lipoprotein (VLDL) secretion. 

Fatty acyl-CoAs, which are the activated forms of fatty acids, cross the inner 

and the outer mitochondrial membranes in a carnitine-dependent manner. The 

translocation through the outer mitochondrial membrane is coupled with fatty acyl-

CoAs conversion into acyl-carnitine by the involvement of carnitine 

palmitoyltransferase (CPT) 1 enzyme. It catalyses the formation of acyl-carnitine 

from acyl-CoA and free carnitine. Thus, acyl-carnitines are transported across the 

inner mitochondrial membrane via carnitine acylcarnitine translocase. CPT2, present 

on the inner membrane, converts acyl-carnitines back to acyl-CoAs. Once inside the 

mitochondria, acyl-CoAs are broken down by the ɓ-oxidation process into acetyl-

CoAs. ɓ-oxidation mechanism involves 4 different enzymes: acyl-CoA 

dehydrogenase, 2-enoyl-CoA hydratase, 3-hydroxyacyl-CoA dehydrogenase, and 3-

oxoacyl-CoA thiolase. Acetyl-CoAs are further oxidized in the tricarboxylic acid 

(TCA) cycle where NADH and FADH2 are produced for ATP synthesis (Kawano and 

Cohen, 2013). When acetyl-CoA is present in excess, it can be processed to form 

ketone bodies through a series of reactions known as ketogenesis. The key rate-

limiting enzyme in this process is 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) 

synthase. Acetoacetate, beta-hydroxybutyrate, and acetone are largely produced in 

the liver during periods of prolonged fasting, minimal carbohydrate intake, or 

strenuous exercise. When glucose levels are low, they provide an alternate source of 

energy for numerous tissues, including the brain (McGarry and Foster, 1980).  

In post prandial state, ɓ-oxidation is inhibited by the presence of insulin. It 

has antilipolytic effect on white adipose tissue: this reduces the flux of non-esterified 

fatty acids to the liver (Sidossis et al., 1996). On the other hand, insulin increased 

stimulate the DNL, upregulating the expression of SREBP1c (Kawano and Cohen, 

2013). 
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VLDL generation and secretion 

Triglycerides are secreted by the liver in the form of VLDL particles for 

transport to peripheral tissues such as skeletal muscle, cardiac muscle, and adipose 

tissue. VLDLs are triglyceride-rich lipoproteins with a hydrophobic core primarily 

composed of triglycerides and cholesteryl esters. This core is surrounded by a 

hydrophilic coating composed of phospholipid monolayers and unesterified 

cholesterol. VLDL are delivered in peripheral tissues, where they are converted in 

smaller and denser lipoproteins by lipoprotein lipase, such as low density lipoproteins 

(LDL) and intermediate density lipoproteins (IDL) (Kawano and Cohen, 2013).  

VLDL are stabilised by a single molecule of apolipoprotein B 100 (apoB 

100): this is long polypeptide that is lipidated with triglycerides while being translated 

and translocated through the ER membrane. VLDL particles are exocytosed into the 

plasma within the Disse space after maturation (Kawano and Cohen, 2013). 

1.1.4 Non-alcoholic fatty liver disease: pathogenesis  

Mitochondrial oxidative dysfunction 

Hepatic TCA cycle is tightly related to mitochondrial respiration and ATP 

production. It is responsible for reactive oxygen species (ROS) generation. When 

deregulated, TCA cycle process can lead to the overload of mitochondrial electron 

transport chain with a consequent ROS over production (Satapati et al., 2015, 2012).  

During obesity and hepatic insulin resistance, chronic FFA overload and 

prolonged activation of mitochondrial TCA cycle flux can act as a metabolic 

mechanism that increases oxidative stress, inflammation, and progression to NASH 

(Sunny et al., 2017). Some toxic lipid intermediates, for instance ceramides and 

diacylglycerols, are generated from a small portion of free fatty acids from their 

normal oxidative route (Patterson et al., 2016).  These lipid by-products inhibit insulin 

transmission in a range of tissues, including the liver, and also activate a number of 



+r^§®kª ¿ × 7|®ª~i¯g®s~| × 

 

¿Ã 

inflammatory pathways (Perry et al., 2014). Excessive ROS production lead to 

hepatocellular oxidative stress and the consequent progression towards NAFLD 

(Begriche et al., 2006). ROS overproduction is associated to an increased 

detoxification and antioxidant production in hepatic steatosis conditions. However, 

these mechanisms seem not to be sufficient in NASH condition (Koliaki et al., 2015).  

Inflammation  

During NAFLD progression, inflammatory and pro-apoptotic pathways are 

activated, involving factors such as tumour necrosis factor (TNF)Ŭ and nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-əB), promoting cell death 

mechanisms and senescence (Loomba et al., 2021). In parallel, the upregulation of 

developmental pathways such as Notch signalling or Hippo-YAP-TAZ mechanism, 

can induce pro-fibrotic cell-cell communication between hepatocytes and 

neighbouring cells (Zhu et al., 2021). Hepatocyte stress and cell death induces the 

release of signalling molecules such as cytokines/chemokines, lipids, extracellular 

vesicles, and, eventually, damage-associated molecular patterns (Peiseler et al., 

2022).  

It has been shown that there is a link between insulin resistance, obesity, 

TNF- levels, and mitochondrial dysfunction (Paradies et al., 2014). Increased serum 

and hepatic levels of TNF-Ŭ have been demonstrated to be related with NASH and 

histological severity of the disease (Crespo et al., 2001). Furthermore, ROS and 

oxidized LDL particles may activate Kupffer and hepatic stellate cells, resulting in 

inflammation and fibrosis (Cusi, 2009). 

JNK-AP-1 and IKK-NF-əB are two major inflammatory pathways 

implicated in the establishment of the chronic inflammatory state in NAFLD 

(Hotamisligil, 2006). In both NAFLD animal models (Cai et al., 2005) and NASH 

patients (Ribeiro et al., 2004) , persistent NF-B pathway activation has been found. 

Chronic inflammation and insulin resistance are caused by IKK2 overexpression and 

prolonged NF-kB activation in hepatocytes (Cai et al., 2005). 
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During NAFLD progression, inflammasomes are activated in the cytoplasm 

of the hepatocytes. Inflammasomes are complex composed by different proteins, that 

contribute to immune activation upon different stimuli (Strowig et al., 2012). These 

multi-protein complexes play a role in response to oxidative stress and FAs overload 

in liver cells. In particular, they mediate the production of IL-1ɓ, through the 

suppression of peroxisome proliferator-activated receptor-Ŭ (PPAR-Ŭ) and the 

activation of TNF-Ŭ-induced apoptosis (Miura et al., 2010). One of the best 

characterized inflammasomes, is NLRP3. It is worth to note that it has been 

demonstrated to be highly expressed in liver diseases.  It leads to the release of the 

pro-inflammatory cytokine IL-1ɓ (Knorr et al., 2020).   

Fibrosis  

Fibrosis is pathological feature that is related to a worse prognosis in NASH 

patients. It is a wound healing response, characterized by an excessive ECM 

production by hepatic stellate cells (HSCs). In physiological conditions, HSCs are 

involved in extracellular matrix homeostasis, vasoregulation, and drug detoxification 

(Puche et al., 2013). In pathological conditions, HSCs become active. Their activation 

is related to increased proliferation, to the production of chemotactic substances, 

augmented cell migration and adhesion, and to the acquisition of fibrogenic potential 

(Puche et al., 2013).   

Transforming growth factor-beta (TGF-ɓ) is a key player in liver fibrosis. It 

is produced in the liver mainly by Kupffer cells, hepatic resident macrophages, and 

it is involved in HSCs activation (Dooley and ten Dijke, 2012). It is present in 

different isoforms, but the one that is involved in liver fibrosis is TGF-ɓ1. Indeed, its 

function is related to cell proliferation, differentiation, and fibrosis progression 

(Weng et al., 2007).  
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Gut-liver axis  

It is becoming increasingly clear that the gut microbiota is involved in the 

development and progression of NAFLD via the so-called gut-liver axis (Buzzetti et 

al., 2016). Indeed, advanced liver diseases, characterized by inflammation and 

cirrhosis, are accompanied by a leaky gut (Trebicka et al., 2021). When compared to 

healthy individuals, patients with NAFLD have considerably increased gut 

permeability and a greater incidence of small intestine bacterial overgrowth (Miele 

et al., 2009). It has been demonstrated that microbiota dysbiosis can contribute to 

NASH by lowering choline levels or increasing methylamine levels (Spencer et al., 

2011). Microbiota can also play a role in altering bile acid metabolism, since it can 

affect farnesoid X receptor signalling, affecting the functionality of mechanisms such 

as DNL and VLVD production (Tremaroli and Bªckhed, 2012). 

Moreover, the perturbation of the gut-liver crosstalk is related to the type of 

diet followed. In fact, high fat diet (HFD) has emerged to impair gut epithelial barrier 

function (Erridge et al., 2007).  

1.1.5 Pre-clinical models to study NAFLD 

Since there are not pharmaceutical strategies to counteract NAFLD 

progression to more severe stages, the employment of pre-clinical models is 

fundamental to try to mimic the disease advancement. Pre-clinical studies can be 

performed using in vivo or in vitro models. 

Although a lot of pre-clinical in vivo animal models have been widely studied 

and used so far, none of them recapitulate the human disease in full. A ñhumanizedò 

model that displays macrovescicular steatosis, lobular inflammation, hepatocellular 

ballooning, and fibrosis would be needed. In human the disease is strongly associated 

with different disorders, such as T2DM, obesity, disturbed lipid, glucose and insulin 

metabolism, hypertension. Therefore, it is difficult to resemble all these features with 

an animal model (Oligschlaeger and Shiri-Sverdlov, 2020). Several models have 
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expanded our understanding of NAFLD progression, particularly early-onset low-

grade inflammation. Alternative models (genetic or chemically produced) provide 

information about the fibrotic aspects of human NAFLD (Z. M. Younossi et al., 

2018). Some others were important for testing some therapeutic strategies in the 

context of NAFLD/NASH (Haczeyni et al., 2018).  

Some alternatives to animal models for the study of NAFLD are available. 

Advanced in vitro platforms, such as two- and three-dimensional cultures, spheroids, 

organoids, and liver on a chip models using human cells, will provide a viable tool 

for investigating NAFLD (Ramos et al., 2022).  

In vivo animal models  

Thanks to the advancement of genetic engineering, it is now possible to 

develop a variety of experimental rodent models. The specific gene modification 

required distinguishes these mice from humans who do not have these specific genes 

altered. Modified diets are usually necessary to elicit histopathological and 

biochemical alterations associated with NASH in these mice. 

Obesity induced by diet is one of the major causes of NAFLD progression in 

humans. The dietary-based pre-clinical models have been demonstrated to be suitable 

for studying the pathology progression, even if is difficult to perfectly mimic the 

human process (Gallage et al., 2022). A lot of dietary models have been developed 

over the years, but the most widely utilized have been those based on the so called 

ñWestern dietsò. These diets are based on high-fat/high-carbohydrate intake. These 

diets are widely considered as the best option for studying NASH progression and 

the NASH-to-HCC transition in a state of obesity and metabolic syndrome (Im et al., 

2021).   
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ob/ob mice  

Leptin is a peptide hormone released primarily by adipocytes of white 

adipose tissue that plays an important function in energy balance management. 

In physiological conditions, leptin confines the storage of triglycerides to the 

adipocytes, while limiting the storage in non-adipose tissues (Unger et al., 1999). In 

animal studies, leptin inhibits hepatic steatosis by influencing both lipid and glucose 

metabolism. Under normal settings, leptin inhibits hepatic glucose synthesis and 

lipogenesis, providing insulin sensitization and anti-steatosis effects (Moon et al., 

2013).  

 ob/ob mice carry a mutation resulting in the synthesis of a truncated, non-

functional leptin protein. The lack of functional leptin leads to severe insulin 

resistance (Lindstrºm, 2007). Fat is redistributed in tissues other than the adipose, 

such as the liver, due to a deficiency of this hormone. Hepatocyte lipotoxicity and 

lipoapoptosis are caused by hepatic lipid overload. It has been demonstrated that 

leptin administration to these mice results in the reversion of the condition (Polyzos 

et al., 2015).  

Since ob/ob mice do not display NASH (Javor et al., 2005), a second insult 

is needed. Usually, these animals are fed with a specific diet that can lead to 

NAFLD/NASH progression (such as LPS, high fat diet, or MCD) (Santhekadur et al., 

2018). 

High Fat Diet: amylin liver NASH model 

Clapper and colleagues have established Amylin (AMNL) diet-induced 

mouse model to resemble NASH progression (Clapper et al., 2013). Male C57BL/6 

mice were allowed ad libitum access to diet enriched in fat (40% kcal), fructose (22% 

by wt), and cholesterol (2% by wt) (Research Diets, New Brunswick, NJ, cat. no. 

D09100301). A low-fat diet (10% kcal) was used as control diet (Research Diets, cat. 

no. D09100304). The mice were fed with these diets for 30 weeks.  
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This NASH dietary model resulted to be very similar to the disease's origin 

in humans and replicates many of the biochemical and histological features of clinical 

NAFLD development. Mice developed obesity and insulin resistance, mirroring the 

natural course of clinical illness. High levels of alanine transaminase (ALT), aspartate 

transaminase (AST), periportal inflammation, ballooning degeneration and portal and 

bridging fibrosis (Clapper et al., 2013). 

 It is possible to administer this diet to wild type mice, as it is able to induce 

NASH development without the need of genetic mutations (e.g., leptin deficiency), 

the use of toxins (e.g., CCl4), or nutrient deficiencies (e.g., methionine and choline 

deficiency) (Clapper et al., 2013).  

Interestingly, it was also demonstrated that AMNL diet can be administered 

to ob/ob mice. In this case, after 12 months, mice showed NASH with fibrosis. 

Compared with C57BL/6 mice administered with AMNL diet, ob/ob showed a more 

consistent pronounced disease after 16 weeks (Trevaskis et al., 2012). Prolonged 

exposure to the diet resulted in more frequent and severe NASH phenotype (Clapper 

et al., 2013).  

In vitro models 

2D and 3D cultures have been extensively studied as in vitro models that 

resemble NAFLD/NASH progression.  

The most well-established in vitro model for studying NAFLD is 2D 

monoculture. Steatosis is routinely induced in this system by adding a mixture of 

unsaturated and saturated FFA to the growth media. Typically, oleic acid (OA) and 

palmitic acid (PA), which are the most abundant in humans, are chosen (Hodson et 

al., 2008). More complex 2D cultures have been established by using 2 or more cell 

types and growing them in a monolayer. Co-cultures with hepatocytes and 

macrophages have clarified the role on inflammatory pathways in NAFLD and 

NASH (Zhong et al., 2017).  Moreover, NAFLD and NASH can be resembled in vitro 
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by using a coculture of primary human hepatocytes and induced pluripotent stem 

cells-derived hepatocytes (Parafati et al., 2018). 

3D cultures allow cell-cell interactions and cell polarity (Treyer and M¿sch, 

2013). They can improve our understanding of NAFLD by shedding light on complex 

physiological pathways and potential therapy targets (Ramos et al., 2022). Among 

the 3D in vitro systems, it is worth to mention spheroids and organoids. 

Spheroids are 3D structures composed of the same cell type, in the presence 

or absence of an ECM that can resemble some functional aspects of the liver. The 

cells that are part of the spheroid can be obtained from different sources, such as 

immortalized cell lines, primary tissue-obtained cell lines, embryonic stem cells or 

induced pluripotent stem cells (iPSCs) (Ramos et al., 2022). Organoids, instead, are 

three-dimensional structures composed by different cell types and derived from 

primary tissues or from iPSCs. They require an ECM to grow, which imposes a live-

like spatial organization (Kang et al., 2021). To induce NAFLD phenotype, free fatty 

acids supplementation is required.  

 

Figure 1.2. Representative figure of obtainment of spheroid and organoid cell lines (Ramos et al., 

2022).  
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1.2 Farnesoid X Receptor 

Farnesoid X receptor (FXR) is a member of nuclear receptor family (Lee et 

al., 2006). Nuclear receptors play a role in transcriptional activation in response to 

lipophilic signalling molecules, for example endocrine hormones, vitamins, 

xenobiotics and dietary lipids. They bind specific portions of the DNA, inducing the 

expression of genes involved in a variety of pathways (Mangelsdorf and Evans, 

1995). 

 FXR was initially identified as a nuclear receptor activated by farnesol 

metabolites (Forman et al., 1995), but subsequent research indicated that FXR is 

mainly a bile acid (BA) receptor (Makishima et al., 1999; Matsubara et al., 2013). It 

is activated by specific bile acid metabolites, such as chenodeoxycholic acid 

(CDCA), cholic acid, deoxycholic acid (DCA) and lithocholic acid (LCA) and their 

glycine and taurine-conjugated metabolites (Wang et al., 1999).   

In mammals, two members of the FXR family are present at high levels in 

the liver, intestine, kidney and adrenal glands (Zhang et al., 2003): FXRŬ and FXRɓ. 

FXRɓ is a pseudogene in humans and primates, whereas FXRŬ is present in 4 

isoforms in humans: FXRŬ1-Ŭ4 (Boesjes et al., 2014; Zhang et al., 2003).  

FXR plays a key role in repressing or activating target genes that are involved 

in lipid and glucose metabolism (Fiorucci et al., 2009; Lee et al., 2006; Zhang and 

Edwards, 2008).  

1.2.1 Farnesoid X receptor: structure  

FXR presents four different functional domains, connected by a hinge region: 

1) a ligand independent transcriptional activation domain (AF1), 2) a core DNA 

binding domain (DBD), 3) a C-terminal ligand binding domain (LBD), 4) a ligand 

dependent activation function domain (AF2) (Weikum et al., 2018). 

The AF1 domain can interact with coregulator proteins. Alternative splicing 

give rise to different AF1 isoforms, leading to the generation of different FXRs 

isoforms. FXRŬ3 and FXRŬ4 present a longer N-terminus than FXRŬ1 and FXRŬ2 
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isoforms (Figure 1.3) (Lee et al., 2006). The DNA binding domain is highly 

conserved, and it contains two Ŭ helices, called H1 and H2, and four cysteine/zinc 

nucleated modules (Devarakonda et al., 2003). The hinge region is a short and 

flexible region, which acts as a linker between AF1-DBD and LBD-AF2 domains. 

FXRŬ1 and FXRŬ3 display the same sequence of four amino acids (MYTG) in the 

hinge region(Zhang et al., 2003). The LBD region binds to FXR ligands, mediating 

the interaction with coregulators. This domain is made up of four Ŭ-helices that fold 

into 3 parallel layers to form an Ŭ-helix sandwich and contains a hydrophobic ligand 

binding pocket at the base of the receptor to accommodate its ligands (Wang et al., 

2018). AF2 is in the LBD region and contains H12. When H12 binds the ligand, it 

undergoes dynamic conformational changes like the other nuclear receptors: this 

modifies AF2 orientation to promote interaction with other regulatory proteins 

(Laffitte et al., 2000).  
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Figure 1.3. Graphical representation of FXR functional domains and structure (Jiang et al., 2021). 

FXR can regulate gene expression both as a monomer or an heterodimer with 

retinoid X receptor (RXR) -Ŭ, and binds to specific DNA sequences, called FXR 

response elements (FXREs) (Claudel et al., 2002). In palindromes or direct 

repetitions with varying numbers of nucleotides in the spacer, the more prevalent 

FXREs contain two monomeric sites of the consensus half site 5'-AGGTCA-3'. The 

best-known and most-affinity FXRE motif is an inverted repeat of two AGGTCA 

consensus sequences separated by one nucleotide (IR1) (Figure 1). FXR's 

coactivator-binding site (H10/11) undergoes allosteric conformational changes as a 

result of dimerization with RXR, and these modifications may improve FXR 

transcriptional activity to bind FXREs (Wang et al., 2018; Zheng et al., 2018).  

The FXR/RXR heterodimer binds DNA sequences made of two inverted 

repeats (IR) separated by one nucleotide, IR-1, and can be activated by ligands for 

both receptors (BAs and/or 9-cis-retinoic acid). FXR exhibits conformational 

changes in response to ligand binding, allowing corepressors such as NCor (nuclear 

co-repressor) to be released and coactivators such as SRC-1 (steroid receptor 

coactivator 1),  PRMT-1 (protein arginine(R) methyl transferase-1), CARM1 

(coactivator-associated arginine(R) methyltransferase-1), PGC-1a (peroxisome-

proliferator-receptor (PPAR)-g coactivator-1a) and DRIP-205 (vitamin-D-receptor-

interacting protein-205) to be recruited (Fiorucci et al., 2007). 
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Figure 1.4. Graphical representation of the mode of action of co-activator and co-repressor 

complexes involved in FXR activation and repression, respectively (Fiorucci et al., 2007).  

Nuclear receptors perform effector functions via a variety of mechanisms, 

including trans-activation and trans-repression activities upon receptor-specific 

ligand binding. Nuclear receptors can also be target of other signalling pathways that 

change the receptors or their transcriptional co-modulators, influencing their activity 

and functions (Pawlak et al., 2012).  

1.2.2 Endogenous ligands of FXR: bile acids 

The endogenous ligands of FXR are the bile acids. They are a family of 

atypical steroids generated in the liver. Bile acids are characterized by an amphipathic 

nature, which is owing to the presence of a hydrophilic (Ŭ-face, concave lower side) 

and a hydrophobic (ɓ-face, convex upper side) side. The hydrophilic feature is 

provided by the hydroxyl groups, which are directed towards the Ŭ-side and the 

carboxylic side chain. The hydrophobic methyl groups (at C-18 and C-19) are 

oriented towards the ɓ-side (Monte et al., 2009). In addition to the bile acids' 

distinctive form, the FXR ligand binding pocket makes use of the bile acids' 

amphipathic characteristics to give additional molecular recognition (Mi et al., 2003). 
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It is possible to divide the bile acids in two different families: 1) the primary 

bile acids and 2) the secondary bile acids. The primary bile acids are generated from 

cholesterol, and they are the cholic acid (CA) and the chenodeoxycholic acid 

(CDCA). The secondary bile acids are the lithocholic acid (LCA) and deoxycholic 

acid (DCA), that are generated from CA and CDCA, respectively (Fiorucci et al., 

2020). Not all of them have the same potency to activate the receptor: CDCA is the 

most potent one, followed by DCA, LCA and, eventually, by CA (Wang et al., 1999).  

Bile acids may act as signalling molecules, regulating their own synthesis and 

influencing a variety of biological and pathological processes such as liver 

regeneration, proapoptotic and proinflammatory responses (Chiang, 2013; van 

Sutphin et al., 2019). 

 

 

Figure 1.5. Bile acids structures representation (Jiang et al., 2021). 

The primary bile acids are generated from cholesterol in the liver by the 

enzyme cholesterol 7Ŭ-hydroxylase (CYP7A), which is the rate limiting enzyme in 

the classic pathway (Walters, 2000). Sterol 27-hydroxylase (CYP27A1), a 

mitochondrial cytochrome P450 enzyme that is present in the majority of tissues and 

macrophages, initiates the acidic pathway (or alternative pathway). According to 

reports, the acidic route may contribute 9% or less to the total synthesis of bile acids 

in human hepatocytes (Duane and Javitt, 1999). 
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1.2.3 Obeticholic acid: a semi synthetic FXR ligand 

6Ŭ-ethyl-chenodeoxycholic acid (6-ECDCA), known as obeticholic acid 

(OCA), is a semisynthetic analogue of the primary bile acid chenodeoxycholic acid 

(CDCA). OCA, as well as CDCA, is an agonist of the FXR. Moreover, it was 

demonstrated that is a more potent agonist of FXR than CDCA (Pellicciari et al., 

2002).  

Figure 1.6. Graphical representation of obeticholic acid 

structure (Jiang et al., 2021).  

 

 

 

 

 

OCA is characterized by a volume of distribution of 618 litres: almost all the 

compound is bound to protein. It is conjugated with glycol- and tauro- obeticholic 

acid, and the gut microbiota again transforms them into OCA through enterohepatic 

recirculation (Roy et al., 2022). This OCA is either expelled or reabsorbed, and it is 

mostly eliminated in the form of feces (87%) and urine (3%). OCA typically reaches 

its maximal plasma concentration in around 1.5 hours, whereas glyco- and tauro-

obeticholic acid may take up to 10 hours (Roy et al., 2022).  

Obeticholic acid was approved by the Food and Drug Administration (FDA) 

for the treatment of primary biliary cholangitic (PBC) in 2016. In animal models, 

OCA showed to have insulin-sensitizing, anti-steatotic, anti-inflammatory, and anti-

fibrotic effects (Roy et al., 2022). 

One of the first studies on the effectiveness of OCA on hepatic fibrosis was 

performed by Verbeke and collaborators in 2016. They demonstrated that fibrosis can 

be decreased by means of OCA administration both in cirrhotic and non-cirrhotic 

cases. In vitro studies on the hepatic stellate cells (HSCs) showed that FXR activation 
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is quickly lost: the administration of FXR agonists restored the FXR pathway, both 

in human and murine HSCs. Furthermore, in vivo studies on rats administered with 

OCA showed a decreased HSC activation and a decreased expression of type I 

collagen upon OCA treatment (Verbeke et al., 2016).  

Recently, two different clinical trials have been conducted for studying the 

efficacy of OCA on NAFLD/NASH patients: the FLINT and the REGENERATE 

trials. FLINT study was a 72-week, phase 2b randomized controlled trial, which 

comprised 283 patients with NASH. They compared the effect of OCA 25 mg vs 

placebo on hepatic histology in NASH patients. Endpoints such as NAS score and 

non-deterioration of the fibrosis were positively reached in the treated group. 

REGENERATE trial was a phase 3 trial that included 2,480 subjects with NASH and 

fibrosis with no cirrhosis. The patients involved in the study presented at least one 

co-morbidity, such as T2DM, increased body mass index (BMI), or increased ALT 

levels. Two different OCA dosage were used: 10 and 25 mg vs placebo. The fibrosis 

improvement was one of the considered endpoints of the study. Through these both 

the FLINT and the REGENERATE studies they concluded significant improvements 

of fibrosis and the key components of NASH in the participant patients (Roy et al., 

2022).  

Pruritus, is a severe side effect of OCA, as reported by 23% (n=33) of patients 

in the FLINT trial compared to 6% (n=47) in placebo. Pruritus is dose-dependent: 

this characteristic was pointed out by the REGENERATE study. Both trial have also 

revealed the increase in low density lipoprotein production (LDL) (Roy et al., 2022).   

1.3 Liver regeneration 

When damaged, the liver has a remarkable capacity of regeneration. The 

intricate tasks of the liver can still be carried out despite serious damage because to a 

variety of evolutionary safeguards (Mao et al., 2014). Since a stable liver function is 

crucial for maintaining body homeostasis, numerous regeneration systems appear to 

exist (Michalopoulos and Bhushan, 2021). If more than two-thirds of the hepatic mass 
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is eliminated through surgical hepatectomy, liver regeneration in all species is 

significantly slowed. This is likely because the remaining liver is insufficient to 

support bodily functions (Michalopoulos and Bhushan, 2021). Most of the liver mass 

is recovered within 7-8 days following a conventional two-thirds partial hepatectomy 

in rodents, and the remaining portion is recovered completely within 3 weeks 

(Michalopoulos and Bhushan, 2021). In humans, restoration of the liver mass is 

completed after 3 months from the hepatectomy (Fausto et al., 2012, 2006). 

According to numerous investigations, regeneration following partial hepatectomy is 

often characterized by cell proliferation and phenotypic fidelity: hepatocytes produce 

hepatocytes, as do cholangiocytes, hepatic stellate cells (HSCs), endothelial cells 

(such liver sinusoidal endothelial cells (LSECs)), and hepatic macrophages (also 

known as Kupffer cells) (Michalopoulos and Bhushan, 2021).  

Even though liver hepatectomy is a good model for investigating the process 

of the liver's compensatory growth, it does not accurately mimic pathological 

conditions in many human liver diseases, which involve hepatocyte death through 

chronic injury and the concomitant induction of inflammatory and fibrogenic 

responses (Miyajima et al., 2014). 

In animal models, the ability of adult organs to regenerate has been 

extensively studied, and functional studies in conjunction with lineage tracing tests 

have demonstrated that different injuries lead to different regeneration processes 

(Barker et al., 2007; Raven et al., 2017; Wang et al., 2015). The existence of different 

regenerative mechanisms remains controversial since they are difficult to study for 

technical and ethical reasons.  

Different models have been proposed in recent years to explain the 

regenerative process which occurs in liver diseases. Three alternative processes have 

been identified through animal investigations. i) The first model proposed is the one 

which involves stem/progenitor cells as cellular source for liver regeneration. 

Miyajima and colleagues suggested the existence of a unique epithelial cell 

population not normally observed in normal livers (Miyajima et al., 2014). These 

cells, which are classified as stem cell population, often exhibit immature phenotypes 
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intermediate between hepatocytes and cholangiocytes, as indicated by morphology 

and expression of genetic markers (Fausto, 2004; Roskams et al., 2003). ii) The 

second process suggested relies on cellular plasticity between cholangiocytes and 

hepatocytes. When injured, parenchymal cells have the ability to transdifferentiate 

and replace each other (Deng et al., 2018; Manco et al., 2019; Raven et al., 2017; 

Russell et al., 2019; Schaub et al., 2018). iii) The third model of hepatic regeneration 

involves dedifferentiation of hepatocytes and cholangiocytes into a foetal hepatic 

progenitor cell, which exhibits high proliferation potential (Huch et al., 2015; Kim et 

al., 2019). 

However, since the aforementioned mechanisms have not been proven in 

humans, it is still unclear which of  these regenerative processes occurs in chronic 

liver disease (Pu and Zhou, 2022). 

1.3.1 Molecular mechanisms involved in liver regeneration  

Wnt/ɓ-catenin signalling pathway   

ɓ-catenin is a transcriptional coactivator and plays a crucial role in the liver. 

In physiological conditions, hepatocytes exhibit molecular heterogeneity according 

to their location in the hepatic lobule: this is known as liver zonation. Different 

pathways and markers are involved in liver zonation, and one main player is ɓ-catenin 

(Yang et al., 2014): its localization and signalling mechanism are altered upon liver 

injury (Monga, 2015).   

ɓ-catenin is a component of the Wnt signalling pathway. When canonical 

Wnt/ɓ-catenin signalling is not active, ɓ-catenin, which is the main Wnt signalling 

transducer, is kept at a low level by the destruction complex. The destruction complex 

is formed by four proteins: Axin, adenomatous polyposis coli (APC), glycogen 

synthase kinase 3ɓ (GSK3ɓ), and casein kinase 1Ŭ (CK1Ŭ). The complex mediates 

the phosphorylation of ɓ-catenin, which is recognized by ɓ-transducing repeat 

containing protein (ɓTRCP). This latter is a component of E3 ubiquitin ligase 
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complex, which induces the ubiquitination within the destruction complex. Thus, 

ubiquitinated ɓ-catenin undergoes proteasomal degradation (Li et al., 2012; Russell 

and Monga, 2018). The proteasome recycles the complex by degrading ɓ-catenin (Li 

et al., 2012). 

It is interesting to note that, instead of a typical activation by phosphorylation 

or through the involvement of a second messenger, cells constantly produce ɓ-catenin 

and, in absence of endogenous Wnt signalling, it is degraded (Kimelman and Xu, 

2006).  

Wnt/ɓ-catenin signalling pathway is activated through Wnt ligands, a family 

of secreted glycoproteins (Russell and Monga, 2018). Wnt ligands bind Frizzled 

receptor and the coreceptor low-density lipoprotein receptor-related protein (LRP)5 

or 6. This binding leads to the Wnt/ɓ-catenin signalling pathway activation (Russell 

and Monga, 2018). Thus, Dishevelled (Dvl) protein is recruited, LRP5/6 

phosphorylated, and Axin engaged (Tamai et al., 2004).  

It is noteworthy that the family of R-spondin secreted proteins improves Wnt 

signalling by interacting with the leucine-rich repeat-containing G protein-coupled 

receptors LGR4 and LGR5. These receptors then increase the Wnt-dependent 

phosphorylation of LRP6 (de Lau et al., 2011).  

Additionally, R-spondin ligands improve Wnt signalling by removing the 

transmembrane E3 ubiquitin ligases zinc and ring finger 3 (ZNRF3) and its homolog 

ring finger 43 (RNF43), which ubiquitinate Frizzled and LRP6 and target them for 

proteasomal destruction (Hao et al., 2012). 

ɓ-catenin, when not phosphorylated, migrates to the nucleus. Here, it forms 

a complex with T cell factor/lymphoid enhancer factor (TCF/LEF): together, they 

bind DNA and mediate the expression of target genes (Cadigan and Nusse, 1997).  

Interestingly, ɓ-catenin is expressed throughout the liver. It is present at the 

cell surface of hepatocytes. Upon liver injury, ɓ-catenin localisation as well as its 

signalling pathway change (Monga, 2015). Endothelial cells under shear stress 

produce Wnt to activate Wnt/ɓ-catenin pathway in hepatocytes (Zou and Park, 2023). 
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Figure 1.7. Graphical representation of Wnt/ ɓ-catenin signalling pathway (Colozza and Koo, 

2021). 

The Hippo pathway  

The Hippo signalling pathway plays a crucial role in determining liver size 

(Camargo et al., 2007) and it has been evidenced its involvement in liver cell fate and 

regeneration (Yimlamai et al., 2014).  

In mammals, Hippo signalling pathway is mediated by different core 

proteins: Mammalian sterile 20-like 1/2 (MST1/2, also called STK4/3), Salvador 

(SAV1), Large tumour suppressor homolog 1/2 (LATS1/2), MOB kinase activator 

1A/B (MOB1a/b), and Yes-associated protein (YAP)/transcriptional co-activator with 
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PDZ binding motif (TAZ, also called WWTR1), respectively (Halder and Johnson, 

2011).  

The main kinase cascade of the Hippo pathway is highly conserved and is 

controlled by a variety of upstream inputs and transcriptional outputs (Halder and 

Johnson, 2011).  

By controlling gene transcription, YAP/TAZ are thought to mediate the 

biological actions of the Hippo pathway (Yu et al., 2015). YAP/TAZ are 

transcriptional co-activators that, in order to control target gene expression, work 

together with DNA-binding transcription factors, since they are unable to bind DNA 

directly (Yu et al., 2015). TEAD family transcription factors are the main ligands for 

YAP/TAZ, as demonstrated by Zhao and colleagues in 2008 (Zhao et al., 2008).  

Once activated, the Hippo pathway leads to YAP/TAZ phosphorylation and 

inhibition. This results in inhibition tissue growth and cell proliferation. On the other 

hand, when the Hippo pathway is off, YAP/TAZ are dephosphorylated and able to 

migrate into the nucleus, where they bind to TEAD and activate transcriptional 

patterns necessary for cell survival, migration, and proliferation (Ma et al., 2019). 

The transcriptional activity of YAP/TAZ is regulated in the nucleus by Vestigial-like 

family member 4 (VGLL4). VGLL4 competes with TEAD for the binding and 

represses target gene expression (Jiao et al., 2014; Zhang et al., 2014).  
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Figure 1.8. Graphical representation of the Hippo signalling pathway (Ma et al., 2019).  

The Notch pathway 

Numerous biological processes, including cellular proliferation, apoptosis, 

survival, and lineage commitment, are controlled by the evolutionary conserved 

signalling known as the Notch pathway (Bray, 2006). Notch plays a role in tissue 

homeostasis in adult organs as well as embryonic processes. Additionally, increasing 

evidence suggest that Notch is reactiveated in damaged organs together with the 

activation of other morphogenic pathways to control tissue restoration. Notch is 

crucial to liver biology, since it plays a role in metabolism and inflammation (Chen 

et al., 2021). Some studies have proposed that Notch is involved in progenitor cell-

mediated liver repair and in reparative morphogenesis of the biliary tree (Geisler and 

Strazzabosco, 2015).  

In mammals, Notch signalling comprises four Notch receptors (Notch-1 

through -4) and five ligands belonging to the Jagged (Jag1 and -2) or to the Delta-
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like (Dll1, -3 and -4) family (Kopan and Ilagan, 2009). Cell-to-cell contact causes 

interactions between Notch receptors and their ligands (Delta or Jagged), which in 

turn activates Notch signalling (Borggrefe and Oswald, 2009). Two proteolytic 

cleavage events are promoted by the Notch receptor's activation by ligand binding. 

The ADAM-family of metalloproteases catalyzes the first cleavage, whereas the 

second cleavage is mediated by ɔ-secretase, an enzyme complex made up of 

presenilin, nicastrin, PEN2, and APH1 (Bray, 2006). The Notch intracellular domain 

(NICD) is released by the second cleavage and is subsequently transported to the 

nucleus where it functions as a transcriptional coactivator. The DNA-binding protein 

RBP-J and NICD heterodimerize to stimulate transcription of genes with RBP-J 

binding sites (Borggrefe and Oswald, 2009). In the absence of ligand, RBP-J 

represses Notch target genes recruiting corepressor complexes (Borggrefe and 

Oswald, 2009). Notch signalling cascade leads to the transcription of canonical Notch 

target genes, such as the Hairy and Enhancer of Splt homologs (Hes and Hey) 

transcription factors. In the liver, hepatocyte nuclear factors (HNF) and the SRY-

related HGM box transcription factor 9 (Sox9), which are essential determinants of 

biliary destiny specifications, are expressed when Notch is activated (Kodama et al., 

2004; Zong et al., 2009). 

 

Figure 1.9. Graphical representation of Notch signalling pathway (Nakano et al., 2016).  
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1.3.2 Cellular plasticity in the liver of animal models  

There are growing evidence cell plasticity acquisition upon chronic injury 

could be a central process in liver regeneration. Indeed, hepatocytes were found to 

dedifferentiate into liver progenitor-like cells (LPLCs), expressing both hepatocyte 

and biliary epithelial markers, such as Sox9. In fact, according to some studies, Sox9 

has been considered a putative LPLCs marker (Tanimizu et al., 2017). Sox9 (sry-

related high mobility group-box gene 9) is a member of the Sox gene family, 

characterized by the presence of an HMG box in its sequence. This has 50% of 

homology to the sex determining gene Sry on chromosome Y (Schepers et al., 2002). 

It is a transcription factor known as essential for the development of many tissues and 

organs throughout embryonic development (Akiyama, 2008; Antoniou et al., 2009; 

Stolt et al., 2003; Vidal et al., 2005). Moreover, it has been demonstrated that Sox9 

plays a role in the liver development regulating tubulogenesis (Antoniou et al., 2009). 

It is interesting to note that hepatocytes derived from LPLCs account only 

for 20% of newly generated hepatocytes in vivo (Li et al., 2019). However, LPLCs 

can differentiate into bile duct-like cells when liver injury is prolonged (Sekiya and 

Suzuki, 2014; Tanimizu et al., 2017; Tarlow et al., 2014). The progenitor properties 

of LPLCs were further supported by the fact that both LPLCs and their duct cell-like 

offspring could self-renew when cultivated in vitro (Tanimizu et al., 2014). 

Recent studies have evidenced that mice biliary epithelial cells could be 

converted into hepatocytes (Deng et al., 2018). Deng and his group have 

demonstrated that when biliary epithelial cells were labelled as a single cell in bile 

ducts, no LPLCs markers were found in small hepatic nodules, indicating that a 

biliary epithelial cell's transformation into a hepatocyte is probably the result of a 

direct transdifferentiation process (Deng et al., 2018). Further explorations were 

performed by using zebrafish as animal model to study severe liver injury. 

Interestingly, biliary epithelial cells turned into hepatocytes as a result of severe 

hepatocyte loss (Choi et al., 2014; He et al., 2014).  
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These data collectively suggest that when hepatocytes are severally 

compromised and their capacity to proliferate is compromised, the plasticity of biliary 

epithelial cells could aid to restore the hepatocyte compartment. 

 

Figure 1.10. Graphical representation of cell plasticity in injury-induced liver regeneration (Li et 

al., 2020). 

Animal studies on liver injury models have revealed the involvement of Wnt, 

Hippo, and Notch signalling pathways in the regulation of hepatocyte to LPLC 

dedifferentiation (Okabe et al., 2016; Yanger et al., 2013; Yimlamai et al., 2014).  

In mice normal livers, hepatocyte dedifferentiation might be induced by 

hepatocyte-specific overexpression of NICD, a constitutively active version of 

Notch1, or Yap (Yanger et al., 2013; Yimlamai et al., 2014). On the other hand, injury-

induced hepatocyte dedifferentiation was inhibited through YAP or NICD deletion in 

hepatocytes (Yanger et al., 2013). It is hypothesized that the Hippo pathway regulates 

hepatocyte dedifferentiation through the modification of Notch signalling since the 

Notch pathway is a functional effector downstream of the Hippo pathway (Yimlamai 

et al., 2014). Additional studies on mice livers brought to light the Wnt signalling 

pathway activation in liver injury  (Planas-Paz et al., 2016). Interestingly, 

hepatobiliary repair following cholestatic liver injury in mice model has evidenced 

that hepatocyte specific overexpression of ɓ-catenin enhances hepatocyte 

dedifferentiation (Okabe et al., 2016).  

In recent years, increasing evidence has been demonstrating dedifferentiation 

and transdifferentiation in hepatocyte and biliary epithelial cells. The mechanisms 
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involved in liver regeneration in animal models seem to have a role in human as well. 

Zhang and collaborators used Wnt-dependent dedifferentiation to convert human 

hepatocytes to a partial progenitor state: expansion capability was endowed on 

primary human hepatocytes (Zhang et al., 2018).  

1.3.3 In vitro models to model liver cell biology and cell 

plasticity: induced pluripotent stem cells 

The road to the discovery of induced pluripotent stem cells has been marked 

by several milestones in the understanding of cell development. The characteristics 

of stem cells were first described in 1961 by two researchers in Canada, who 

discovered a type of cell from the mouse spinal cord capable of differentiating into 

different cell types (Till and McCulloch, 1961). Subsequently, in 1962, John Gurdon 

published the first example of cell reprogramming through a mechanism called 

somatic cell nuclear transfer, by which he succeeded in developing an adult frog from 

an enucleated egg to which the nucleus of a somatic cell had been introduced 

(Gurdon, 1962). These discoveries were in contrast to the widely accepted 

Waddington epigenetic landscape model, which proposed that a cell's lineage was 

pre-determined, and not possible to be modified (Waddington, 1957). Dolly, the first 

animal generated through somatic cloning of mammary epithelial cells, was born 

more than three decades later, according to a paper by Ian Wilmut and colleagues 

(Wilmut et al., 1997). 

The greatest discovery in this field dates to 2006, when Takahashi and 

Yamanaka succeeded in reprogramming mouse somatic cells to pluripotent cells. 

They achieved this goal by the addition to fibroblasts in cultures of 4 specific factors 

(Takahashi and Yamanaka, 2006). The following year they succeeded in generating a 

pluripotent cell from human fibroblasts (Takahashi et al., 2007). In the same year, the 

same discovery was also achieved by the group of Yu and colleagues (Yu et al., 2007). 

These cells were named human induced pluripotent stem cells (hiPSCs).  
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In 2012, the Nobel Prize in Physiology or Medicine was awarded jointly to 

Sir John B. Gurdon and Shinya Yamanaka for the discovery that mature cells can be 

reprogrammed to become pluripotent. These advancements have completely 

revolutionized the field of biomedical research and our understanding of evolution 

and development. 

Induced pluripotent stem cells: characteristics 

Human induced pluripotent stem cells (hiPSCs) are a particular kind of stem 

cell that have numerous crucial qualities that make them an invaluable tool for 

various applications in regenerative medicine, disease modelling, and drug 

development. One of the most important characteristics of hiPSCs is that they are 

pluripotent, so they can generate cells of all three germ layers: ectoderm, mesoderm, 

and endoderm. This property allows hiPSCs to be transdifferentiated in any human 

cell type (Jaenisch and Young, 2008). hiPSCs are similar to human embryonic stem 

cells in many aspects, such as morphology, proliferation, feeder dependence, surface 

markers, gene expression, promoter activities, telomerase activities, in vitro 

differentiation, and teratoma formation (Takahashi et al., 2007). In addition, they are 

characterized by self-renewal (Takahashi and Yamanaka, 2006) and a great 

versatility: they can be differentiated in many different cell types, including neurons 

(Ebert et al., 2009), cardiomyocytes (Itzhaki et al., 2011), and also hepatocytes 

(Davidson et al., 2015).  

Despite all the good features, the use of hiPSCs in medicine presents many 

ethical and security issues. Human embryonic stem cells (hESCs) present several 

ethical issues related to the disintegration of a human embryo. With hiPSCs, this 

problem has been overcome. However, the unlimited differentiation potential of 

iPSCs, which can be employed in human reproductive cloning, raises serious ethical 

concerns about the possibility of creating genetically modified human embryos and 

human-animal chimeras, while also posing serious safety concerns about unwanted 

differentiation and cancerous transformation (Volarevic et al., 2018). 
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Functional demonstration of the pluripotent nature of iPSCs can be done in 

several different ways (Aoi, 2016): through the generation of teratomas in vivo, by 

demonstrating their ability to form chimeras when injected into early embryos, 

through tetraploid complementation assays or, alternatively, through in vitro 

differentiation assays (Aoi, 2016). In either case, the ability to differentiate into cell 

types from all three embryonic layers is key to demonstrating the pluripotency of 

iPSCs.  

Induced pluripotent stem cells: cellular reprogramming 

Takahashi and Yamanaka discovered 4 essential factors, necessary to induce 

pluripotency in somatic cells. The key transcription factors are known as ñYamanaka 

factorsò and they are Oct3/4, Sox2, c-Myc, and Klf4 (Takahashi and Yamanaka, 

2006).  

Although it has previously been shown that, in addition to the key 

transcription factors Oct3/4 and Sox2, Nanog is also crucial in sustaining 

pluripotency (Boyer et al., 2005), it was found dispensable by Takahashi and 

Yamanaka in 2006 (Takahashi and Yamanaka, 2006).  

 Numerous downstream targets of the c-Myc protein, which promote 

proliferation and transformation, may play a role in the production of iPS cells. 

Furthermore, c-Myc protein may induce global acetylation (Fernandez et al., 2003), 

thus allowing Oct3/4 and Sox2 to bind to their specific target loci. Moreover, Klf4 

has been demonstrated to suppress p53, which in turn has been shown to repress 

Nanog during ES cell differentiation (Lin et al., 2005).  

Numerous theories have been put forward over time to explain the 

circumstances that cause the cell to be reprogrammed into its pluripotent form. Since 

the reprogramming of somatic cells is a low efficient process, an ñelite modelò has 

been proposed to explain how the whole process works. According to this model, 

only elite cells, such as progenitor and stem cells that exist in somatic cell population 

can be reprogrammed into iPSCs (Yamanaka, 2009). It has been hypothesized that 
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the induction of the expression of Oct3/4, Sox2, c-Myc, and Klf4 causes an expansion 

of a subpopulation of stem/progenitor cells in somatic cultures (Yamanaka, 2009). 

The alternative model to explain how reprogramming works on somatic cells is called 

ñstochastic modelò: the 4 factors can reprogram all transduced somatic cells. Since 

the reprogramming process is extremely complex, according to this model some cells 

do not complete it. During the process some cells fail some crucial steps, leading to 

the collapse of the entire reprogramming (Yamanaka, 2009).   

 

 

Figure 1.11. Graphical representation of elite and stochastic models of somatic cell 

reprogramming (Karagiannis et al., 2019).  

Reprogramming of somatic cells requires the simultaneous, balanced, and 

sustained expression of reprogramming factors within cells (Jaenisch and Young, 

2008). In addition, eliminating the reprogramming factors after they have served their 

intended purpose is a crucial step in lowering the likelihood of tumour development 

(Schlaeger, 2018).  

 

Numerous techniques have been devised to produce induced pluripotent stem 

cells (iPSCs) since the initial demonstrations that mouse (Takahashi and Yamanaka, 

2006) and human fibroblasts (Takahashi et al., 2007; Yu et al., 2007) may be 

reprogrammed to become iPSCs by viral overexpression of certain transcription 
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factors. The original method of reprogramming murine fibroblast was achieved by 

the retroviral transduction of Oct4, Sox2, Klf4 and c-Myc into mouse embryonic 

fibroblast (MEFs) or tail-tip fibroblasts (TTF) (Takahashi and Yamanaka, 2006). 

Since retrovirus cannot infect nondividing and proliferating cells, lentivirus infection 

become a preferential method for the generation of reprogrammed cells (Yu et al., 

2007). Nonintegrating viruses based methods were also explored, such as adenovirus 

(Eggenschwiler and Cantz, 2009), and Sendai virus (Nishimura et al., 2011). As they 

are non-integrative, their use as viral vectors allows a transient but high expression 

of the genes they carry, being eliminated naturally with successive cell passages 

(Schlaeger, 2018). They are widely used for the reprogramming of somatic cells 

because they lead to high efficiencies with a balanced expression of the four factors, 

making them one of the best options for the generation of iPSCs (Schlaeger, 2018). 

Moreover, non-viral methods have been studied as well, such as mRNA 

transfection (Warren et al., 2010), miRNA transfection (Anokye-Danso et al., 2011), 

PiggyBac vectors (Woltjen et al., 2009), minicircle vectors (Narsinh et al., 2011), 

episomal plasmids (Okita et al., 2008).  

Induced pluripotent stem cells: applications  

hiPSCs applications highlight the versatility and potential impact of these 

cells in advancing our understanding of biology, disease, and the development of 

novel therapies and treatments. Their ability to capture the genetic diversity of 

individuals and model diseases in a dish has the potential to transform personalized 

medicine and drug discovery. 

Disease modelling and drug screening 

Establishing a cell line carrying the same genetic defects of a patient is the 

first step for modelling a human disease. In either the undifferentiated or 

differentiated condition, these cells are then used to detect a robust disease phenotype, 
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and various approaches can be used to clarify the cause of the disease and develop 

innovative treatments (Avior et al., 2016).    

To create models that as precisely as possible capture the unique 

characteristics of each disease, rigorous methods for differentiation and maturation 

to target cell types must be developed (Rowe and Daley, 2019). There are already 

existing iPSC-based models of many illnesses, such as Alzheimer's disease (Hossini 

et al., 2015), and muscular dystrophy (Piga et al., 2019).   

Patient-derived hiPSCs have been shown to be helpful for drug validation in 

familial dysautonomia (Lee et al., 2009) and Rett syndrome (Marchetto et al., 2010). 

Yamashita and colleagues recently demonstrated with success that statin, a well-

known medication for high blood pressure, may restore deteriorated cartilage in both 

chondrogenically differentiated thanatophoric dysplasia type I and achondroplasia 

iPSCs (Yamashita et al., 2014).  

Cell based therapy  

Since its debut in 2006, iPSCs have been widely used to investigate the 

pathogenesis of a variety of illness disorders and identify novel therapeutic methods. 

As pointed out by Kim and colleagues (Kim et al., 2022), a lot of observational and 

interventional clinical trials using iPSCs have started in the last years. However, just 

a minority of them involve iPSCs as therapeutic strategy. One of the most successful 

approach was the one used by Mandai and colleagues: they reported effective 

submacular transplantation of retinal pigment epithelial (iPSC-RPE) cells produced 

from induced pluripotent stem cells (Mandai et al., 2017). Interestingly, another 

clinical trial sponsored by Kobe City Eye Hospital in Japan had succeed in iPSCs-

derived corneal cells transplantation to cure age-related macular degeneration 

(Takahashi, 2016). Moreover, Kikuchi and colleagues in 2017 demonstrated that 

human iPS cell-derived dopaminergic progenitors are clinically applicable for the 

treatment of patients with Parkinson disease (Kikuchi et al., 2017).  
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Induced pluripotent stem cells: hepatocyte-like cells generation 

Hepatocytes are the main cell type of the liver, as they account for 80% of its 

volume and carry out a wide range of essential tasks including lipid metabolism, 

macronutrient storage, plasma protein secretion, and xenobiotic detoxification 

(Gordillo et al., 2015). End-stage forms of diseases that impact these functions are 

fatal and require liver transplantation. Due to the scarcity of liver donors, only few of 

them can benefit from this therapy. However, some others therapeutical strategies 

have been explored in depths in recent years, such as cell-based therapy using primary 

hepatocytes (Dhawan et al., 2020). On the other hand, primary human hepatocytes 

(PHHs) can be obtained from suboptimal livers unsuitable for transplantation and in 

vitro, they also exhibit a brief lifespan, a lack of proliferation, and a quick loss of 

functionality (Mitry et al., 2002). The absence of reliable sources of hepatocytes also 

has a significant negative impact on the creation of new platforms for drug research 

and toxicity tests. Alternative hepatocyte sources are critical for all the above-

mentioned reasons. For this reason, hepatocytes derived from hiPSCs have been 

considered a good option.  

hiPSCs-derived hepatocyte: Direct Differentiation method 

hiPSCs-derived hepatocytes can be generated through direct differentiation 

method, which implicate the progression throughout the different steps of in vivo 

differentiation (Hannan et al., 2013; Touboul et al., 2010). Hepatocytes generated 

with this method exhibit key hepatocyte functions, such as albumin secretion, lipid 

metabolism, glycogen storage, and urea cycle activity. However, they are not fully 

mature: for this reason, they are indicated as hepatocyte-like cells (HLCs).  They 

consistently exhibit an immature/foetal-like phenotype and lack the full range of 

functions proper of mature hepatocytes (Baxter et al., 2015; Grandy et al., 2019).  
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hiPSCs-derived hepatocyte: Forward Programming method 

Generation of in vitro hepatocytes is challenging because the molecular 

mechanisms that drive the cellular maturation in vivo have been not fully elucidated 

yet. Overexpression of transcription factors that are known to be involved in 

developing liver cells was explored to improve in vitro hepatocytes functionality 

(Nakamori et al., 2016).  Additionally, overexpression of liver-enriched transcription 

factors (LETFs) in mouse and human fibroblasts has been shown to transdifferentiate 

somatic cells into liver cells (Rombaut et al., 2021). However, fully differentiated 

cells have a limited transdifferentiating potential, because of the strong epigenetic 

restrictions. Furthermore, their restricted capacity of proliferation limits large scale 

production and their potential use as therapeutic strategies (Tomaz et al., 2022). 

Direct overexpression of essential transcription factors in hiPSCs 

circumvented these limitations: this method was named forward programming 

(Moreau et al., 2016). Because it combines the benefits of direct cellular 

reprogramming and hPSC differentiation, it makes it possible to generate quickly and 

in large quantities different human cell types (Zhang et al., 2013). Many forward 

programming protocols are based on lentivirus transduction. This method requires 

additional purification steps to obtain the desired cell type. Furthermore, the lentiviral 

approach leads to random insertions of the transgene into the genome and unwanted 

interference with the endogenous transcriptional programme may occur (Pawlowski 

et al., 2017).  To overcome these limitations, Pawlowski and colleagues developed 

the OPTi-OX (optimised inducible overexpression) platform (Pawlowski et al., 

2017). Transcription factors controlled by an inducible genetic switch are integrated 

into genomic safe harbour sites in the stem cell genome. Genomic safe harbour sites 

protect the integrity of the cell and the inserted program by avoiding gene silencing. 

Tomaz and collaborators developed a method to forward program hiPSCs into 

hepatocytes by taking advantage of the OPTi-OX platform (Tomaz et al., 2022).  The 

choice of transcription factors, combining elements controlling early liver 

development and regulators of adult hepatic activities, was crucial to the success of 
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this strategy (Tomaz et al., 2022). Forward programming leads to the generation of 

hepatocyte (FoP-Heps) through the induction of four transcription factors expression: 

HNF1A, HNF6, FOXA3, and RORc. The process must be sustained also by the 

utilization of a culture media supporting primary hepatocytes. FoP-Heps produced by 

overexpressing the four transcription factors (HNF1A, HNF6, FOXA3, and RORc) 

exhibited functional characteristics of adult hepatocytes, such as albumin and Ŭ-1-

antitrypsin (A1AT) secretion, basal CYP3A4 activity, expression of phase I/phase II 

enzymes, gluconeogenesis and lipid metabolism markers, capacity to uptake LDL 

and fatty acids, as well as response to toxic compounds. However, CYP3A4 

expression is still insufficient, and in vitro induction of this gene is still challenging.  

The newly developed forward programming method has several advantages 

over traditional directed differentiation protocols (Tomaz et al., 2022). This reliable 

two-step approach avoids the requirement for multi-step differentiations, which are 

frequently linked to batch-to-batch variability. Additionally, forward programming is 

faster than direct differentiation, producing functional cells in 20 days as opposed to 

30-35 days. The cell yield is also appropriate for mass production. In fact, it was 

demonstrated that forward programming increased the number of cells during 

differentiation by a factor of six to eight than direct differentiation (Tomaz et al., 

2022).  

Hepatocytes derived from hiPSCs through Forward Programming can be 

considered a good model for the study of cellular plasticity. As previously explained, 

primary human hepatocytes are difficult to handle due to their short lifespan and low 

proliferation capacity (Mitry et al., 2002). To mimic the plasticity processes that occur 

in end-stage liver cells, hepatocytes derived from hiPSCs are a valid alternative to 

primary cells. They reach maturation around day 15 of the protocol, and from then 

on can be considered as substitutes for primary hepatocytes. For these reasons, FoP-

Heps were employed as in vitro model to elucidate cellular plasticity mechanisms for 

this project.  
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1.3.4 In vitro models to model liver cell biology and cell 

plasticity: organoids 

Stem cell-based platforms can model development, examine the causes of 

disease, and create viable treatments. However, for many years most of the stem cell 

techniques have been focused on pure populations of a few stem cell-derived cell 

types, rather than on the full range of cell types present in an organ (Lancaster and 

Knoblich, 2014). In the recent years, three-dimensional cultures of developing tissues 

have been established and more and more optimized. These 3D cultures are called 

organoids. Organoid biology has advanced significantly since the first tissue-derived 

intestinal organoids were generated (Ootani et al., 2009; Sato et al., 2011), and it is 

now a well-established and broad field of study. These tissue-like 3D structures can 

be produced from a growing range of sources, such as differentiated pluripotent stem 

cells, foetal and adult primary tissue, as well as main and metastatic cancers (Kim et 

al., 2020). Organoids of various sorts exhibit significant variations in their main 

features, complexity, and applicability (Marsee et al., 2021). 

By a consensus definition, an organoid is a three-dimensional structure 

created from (pluripotent) stem cells, progenitors, and/or differentiated cells that self-

organize through cell-cell and cell-matrix interactions to simulate certain 

characteristics of the native tissue architecture and function in a cultured environment 

(Marsee et al., 2021). In past years, only stem-cells derived structures were 

considered organoids, but it is now clear that they can be generated from 

differentiated cells, such as cholangiocytes (Sampaziotis et al., 2017).  

Marsee and colleagues proposed a classification of organoids based on 

defining characteristics: i) epithelial organoids, ii) multi-tissue organoids, iii) multi-

organ organoids. Epithelial organoids represent the most widely studied organoid 

type. These structures can self-renew under suitable culture conditions and are 

produced from a single germ layer (endoderm, mesoderm, or ectoderm). These 

organoids generate from the clonal expansion of a single cell (Hu et al., 2018; Huch 

et al., 2015). Cells polarize and specialize as epithelial organoids, and grow to 
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replicate features of the natural epithelium (Sato et al., 2011). Cells reaggregate, 

reorganize and proliferate to form organoids even upon mechanical or enzymatic 

dissociation (Huch et al., 2015; Sampaziotis et al., 2017). Multi-tissue organoids are 

generated from the co-cultures of cells derived from two or more germ layers (Takebe 

et al., 2017) or the co-differentiation of PSCs (Ouchi et al., 2019). Multi-tissue 

organoids in the contexts of the liver, pancreas, and biliary tree are made up of cells 

with mesodermal and endodermal origins. Contrary to epithelial organoids, multi-

tissue organoids cannot self-renew, as this would necessitate the coordinated 

expansion of supporting and parenchymal cell types. Instead, cells work together to 

reach a stable level of development and functionality (Ouchi et al., 2019; Takebe et 

al., 2017). Moreover, multi-tissue organoids are useful for the study of heterotypic 

cell-cell interactions that occur in the native tissue (Takebe et al., 2017). Multi-organ 

organoid system has been poorly established and described by Koike and colleagues 

(Koike et al., 2019). This platform is useful for studying the inter-organ 

developmental pathways and patterns. The organoids generated through this method 

could be maintained in culture for 90 days (Koike et al., 2019). 
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Figure 1.12. Graphical representation of the three sub-classifications of organoids (Marsee et al., 

2021). 

Organoids from primary tissues 

As previously mentioned, organoids can be generated both from PSCs and 

primary tissues. Human liver (Hu et al., 2018; Huch et al., 2015), pancreas (Broutier 

et al., 2016), and extrahepatic biliary tree (Sampaziotis et al., 2017) primary tissue 

can be used to culture self-renewing epithelial organoids. The growth of these 

organoids has to be sustained by a matrix which mimic the in vivo three-dimensional 

extracellular environment. Typically, the matrix used for this purpose is Engelbreth-

Holm-Swarm (EHS)-based hydrogel, also named Matrigel. The cells are cultured, 
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embedded in the matrix, and supplemented with medium containing growth factors 

and small molecules. The 3D structures generated can be passed repeatedly over the 

course of several months (Broutier et al., 2016; Hendriks et al., 2021; Tysoe et al., 

2019).   

Although hepatocytes have demonstrated a significant in vivo replication 

potential  (Michalopoulos, 2014), they have resisted long-term expansion in culture 

(Mitaka, 1998). Up to date, it is not possible to obtain long term adult patient-derived 

hepatocyte organoid culture. However, in 2021 Hans Cleversô group come out with a 

paper describing the development of human foetal hepatocyte organoid cultures. The 

limitation of the method is that the starting point for the establishment of this type of 

culture is the obtainment of human foetuses. Organoid cultures of human foetal 

hepatocytes will make much easier to study the basic biology of the human liver, and 

because of their long-term stability, they might simulate some liver illnesses and 

determine the hepatotoxicity of medications (Hendriks et al., 2021). In 2022, Wesley 

and collaborators developed a culture system to grow primary hepatoblasts in vitro. 

The derivation of primary hepatoblast organoids (HBO) and their differentiation into 

fully mature cells is a promising tool for the study of liver organogenesis and the 

production of cells for clinical applications (Wesley et al., 2022). However, studies 

to demonstrate the ability of HBOs to differentiate into fully mature hepatocytes and 

cholangiocytes after clonal isolation are still ongoing. 

For all these reasons, primary hepatocyte organoids have been replaced by 

primary cholangiocyte organoids for the current project. 

Cholangiocyte organoids 

The biliary tree is a composed of ductular tissues lined by epithelial cells 

called cholangiocytes. It is mainly divided into two compartments: intra- and 

extrahepatic. The intrahepatic compartment is further divided based on duct size, 

while the extrahepatic one can be distinguished in different anatomical regions, 

including the common hepatic duct, gallbladder, cystic duct, common bile duct, and 
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pancreatic duct (Castaing, 2008). The organoid cultures can be generated from i) liver 

biopsies to obtain intrahepatic cholangiocyte organoids (ICOs) (Huch et al., 2015), 

ii) from extrahepatic bile duct to establish extrahepatic bile duct-derived organoids 

(EDO) (Rimland et al., 2021; Sampaziotis et al., 2017), iii) from bile samples: in this 

case they are called bile-derived organoids (BDO) (Soroka et al., 2019).  

For the purposes of this thesis, intrahepatic cholangiocyte organoids were 

considered. 

Intrahepatic cholangiocyte organoids: a potential tool for the study of cell 

plasticity  

The development of a long-term patient-derived liver culture took several 

years.  

Adult mouse liver tissue-derived expandable cultures were obtained when 

cells were cultured in Matrigel and supplemented with Hepatocyte Growth Factor 

(HGF), Endothelial Growth Factor (EGF), Fibroblast Growth Factor (FGF), and 

Rspondin-1 (Huch et al., 2013). Huch and collaborators have demonstrated that the 

cells produced through this method express a mixture of both ductal and hepatocyte 

markers (Huch et al., 2013). Few years later, Huch succeeded in adapting the protocol 

to human primary cells (Huch et al., 2015). Instead of adult mice cells, primary 

human cells required regulation of TGFɓ signalling and cAMP activity for long-term 

expansion (Huch et al., 2015). 

Over time, it became evident that hepatocyte differentiation in vitro does not 

happen naturally, in contrast to the extraordinary capacity for expansion of organoid 

cultures (Broutier et al., 2016). In both mouse and human organoids, Broutier, Huch, 

and colleagues discovered that Notch inhibition, a powerful inducer of ductal 

morphogenesis, together with the removal of Rspondin-1 and the addition of 

Dexamethasone and BMP made it easier for the organoids to differentiate into 

hepatocyte-like cells (Huch et al., 2015). The medium consisting of these components 

has been named ñdifferentiation mediumò, since it induces the transdifferentiation of 
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cholangiocytes into hepatocytes when cultured in three dimensional organoid 

structures. When the cultures were switched to this differentiation medium, it not only 

led to increasing expression of traditional hepatocyte markers like cytochromes, 

albumin, or Ŭ-1-antitrypsin, but also gave the cells the ability to function as 

hepatocytes by producing albumin, cytochrome activity, or bile acids (Huch et al., 

2015). The cells obtained through the protocol refined by Huch group can be named 

bi-potent cells, since they express a mix phenotype of both cholangiocytes and 

hepatocytes. These bi-potent organoids could be employed for the study of cell 

plasticity that occur in chronic liver injuries. 
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The main aim of the thesis project was the elucidation of the molecular mechanisms 

involved in non-alcoholic steatohepatitis (NASH) progression and end-stage liver 

disease related with NASH.  

In detail, liver fibrosis has been evaluated as well as the protection of FXR agonist 

obeticholic acid (OCA), a bile acid analogue, in NASH. Animals fed for 21 weeks 

with high-fat diet were used to study the effect of OCA administration on 

pathological fibrosis pathways.  Moreover, end-stage liver disease related with 

NAFLD progression was also studied to clarify the mechanisms involved in liver 

cells plasticity. Two plasticity factors were found to play a role in the 

transdifferentiation of cholangiocytes towards hepatocytes and vice versa.  

 

The main objectives of this Ph.D. project were: 

1. The elucidation of the molecular mechanisms through which OCA, a semi-

synthetic FXR agonist, ameliorates liver fibrosis and lipid accumulation in 

a diet-induced ob/ob mouse model of NASH.  

2. The identification of the RECK membrane-anchored protein role as 

innovative target inhibiting fibrogenic processes in NASH. 

3. The generation of in vitro approaches for the clarification of liver cell 

plasticity mechanisms that occur in end stage livers subjected with 

NAFL/NASH.  

4. The identification of candidate plasticity factors that can drive the 

regeneration process which occur in end-stage livers.  

5. The overexpression of plasticity factors through gain of function 

experiments in the two in vitro platforms generated. 
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3.1 Animal model  

6 weeks-old B6.V-LEP (ob/ob) male mice (Charles River Laboratories International) 

were used and housed in standardized conditions (24Ñ2ÁC; 12h light-dark cycle). 

Mice were administered for 21 weeks with high fat diet (HFD) (AMLN diet -cod. 

D09100301) or with control diet (cod. D09100304), produced by Laboratorio-

Dottori-Piccioni (Italy). Diets compositions are reported in Table 3.1. Starting from 

the 10th week, a group of animals (n=10) was fed with HFD supplemented with 

obeticholic acid 30 mg/kg.  

Table 3.1. Diet composition.  

Animals were divided into 3 experimental groups: CTRL diet-fed mice, HFD-fed 

mice, and HFD+OCA-fed mice (Figure 3.1). 

 

Figure 3.1. Experimental groups employed in the project. 

Component  HFD (D09100304) Control diet (D 09100304) 

Fat 20%  4.3 %  

Carbohydrates  44% 67%  

Protein s 22.4%  19% 

Mineral s 5.5% 4.7% 

Fibers  5.5% 4.7% 

Cholesterol  2%  -  
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All procedures involving animals were approved by the Italian Ministry of Health 

and by the University Commission for Animal Care (Protocol number 753/2020-PR). 

Tissue samples (liver left lobes and serum) collected in anesthetized mice (sodium 

pentobarbital 40 mg/kg i.p.) were snap-frozen in liquid nitrogen for further 

evaluations.  

3.2 Biochemical analysis on mice serum 

Biochemical parameters were evaluated through the analysis of the serum collected. 

Blood was drawn from the vena cava and allowed to clot at room temperature. Serum 

was recovered after centrifugation at 3000 rcf for 10 minutes at 4ęC.  

Aspartate transaminase, alanine transaminase, bilirubin, cholesterol, alkaline 

phosphatase, bile acids, and triglycerides levels were assessed with the use of an 

automated Beckman Coulter AU 5820.  

3.3 Mice tissue sections: morphological analysis 

Biopsies were collected after the sacrifice of the mice. Tissues were fixed in PFA 2% 

p/v for 24 hours. Afterwards, tissues were washed for 24 hours under a stream of 

spring water to completely remove the fixative. Then, tissue samples were transferred 

into ethanol 70% for 24 hours, then transferred into ethanol 80% for 24 hours. Finally, 

the biopsies were washed twice with ethanol 95% and acetone 100% for 1 hour. The 

liver pieces were embedded in paraffin and cut with microtome in slices 8 Õm thick.  

Liver sections were observed at microscope in bright field (Nikon Eclipse E800) by 

using the UPlanFL-10X and UPlanFL-20X objectives.  
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3.3.1 Haematoxylin and Eosin staining 

The slices were stained with haematoxylin and eosin dyes for morphological 

explorations. The following protocol were performed on tissue sections. 

Solvent  Concentration  Time 

Xylene  100% 7 minutes 

Xylene  100% 7 minutes 

Ethanol  100% 5 minutes 

Ethanol  95% 5 minutes 

Ethanol  80% 5 minutes 

Ethanol  70% 5 minutes 

Deionized water  - 5 minutes 

Hematoxylin  100% 10 minutes 

Spring water  - 30 seconds 

Deionized water  - Wash 

Eosin  100% 30 seconds 

Deionized water  - Wash 

Ethanol  70% Wash 

Ethanol  80% Wash 

Ethanol  95% 5 minutes 

Ethanol  100% 5 minutes 

Ethanol -Xylene  50% 5 minutes 

Xylene  100% 5 minutes 

 

Table 3.2 Protocol followed for H&E liver section staining.  
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3.3.2 Sirius red staining 

Method performed by Dr. Di Pasqua, Cellular and Molecular Pharmacology and Toxicology Unit, 

University of Pavia, Pavia, Italy.  

Sirius red staining is one of the best understood techniques of collagen 

histochemistry. In the procedure followed, nuclei were not stained with 

haematoxylin.  

Solvents used for this method are reported in Table 3.3.  

Solvent  Concentration  Reference  

Direct Red 80  5 g Sigma Aldrich, 365548 

Picric acid  500 ml Sigma Aldrich, P6744 

Acidified water with acetic a cid  0.5% v/v - 

Table 3.3 Solvent needed for Sirius Red staining.  

The paraffin sections were de-waxed and hydrated. The slices were stained with 

Sirius Red for 1 hour. Then, the sections were washed twice with acidified water and 

the latter was removed with vigorous shaking. The slides were then dehydrated 

passing through 3 washes ethanol 100%. The sections were cleared in xylene and 

mounted in resinous medium.  

3.4 Mice liver tissue protein extracts preparation  

Liver tissue samples (about 50 mg) were homogenized in 500 ɛl ice-cold 

CelLytic Buffer (Sigma Aldrich) supplemented with Protease Inhibitor Cocktail (10 

ɛl/ml) and centrifuged at 15000 rcf for 10 minutes. The collected supernatant was 

divided into new tubes and 4 ɛl were used to quantify the protein content by means 

of the Lowry method (Paragraph 3.4.1).  
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3.4.1 Lowry protein assay  

The Lowry assay (Folin-Ciocalteu) is a colorimetric method employed to quantify 

the protein content in a specific sample. Samples absorbance is then measured with 

the spectrophotometer at 550 nm. 

Two reagents, A and B (Table 3.4), were mixed in a ratio of 50 parts of A and 1 part 

of B, making a final solution C (A+B= C, Table 3.4). The samples were analysed in 

duplicate. Folin reactive was then added (D solution, Table 3.4). To quantify the 

sample protein content, a calibration curve is required: a 2 mg/ml BSA solution was 

used for serial dilutions. Both standards and samples were supplemented with 1 ml 

of C solution (Table 3.4), stirred, and incubated for 10 minutes at room temperature. 

Then, 100 ɛl of Folin reactive (D solution) were added to all tubes. After 30 minutes 

of incubation, the absorbance was detected at 550 nm. 

Solutions  Components  

Solution A NaK 268 mg/l, Na2CO3 23.4 g/l, NaOH 4 g/l 

Solution B  CuSO4 at 1.56 % in distilled water 

Solution C  Solution A + Solution B with a ratio of 50:1 

Solution D  5 ml Folin reactive + 9 ml distilled water 

Table 3.4. Lowry Solutions. 

3.5 Polyacrylamide gel electrophoresis and Western 

Blotting 

3.5.1 Gel preparation 

Polyacrylamide gel electrophoresis in denaturing conditions (SDS-PAGE) was used 

to separate the proteins in preparation of Western Blotting. Protein sorting in SDS-
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PAGE was carried out with MINI-PROTEAN III Bio-Rad chambers. 88x55 mm gels 

1 mm thick were used. 

3% v/v acrylamide stacking gels and 7.5% and 12% v/v acrylamide running gels were 

prepared following the table reported below (Table 3.5). For preparing the gels, inner 

and outer glass plates were joined together on a specific support. The gel solutions 

were poured between them.  

 

Table 3.5. Polyacrylamide gel solutions. 

3.5.2 Electrophoresis and Western Blotting 

Samples were reduced with DTT 0.1 M 2x Laemmli Sample Buffer (Bio-Rad). The 

vials were incubated at 70ÁC for 10 minutes. Then, they were transferred to ice and 

incubated for 30 seconds. This thermal shock would increase the denaturation of the 

proteins. Samples were spun at 14,000 rcf for 30 seconds.  

20 Õl of sample preparation and a standard mixture of known molecular weight 

markers (Precision Plus #1610374, Bio-Rad) were loaded in the stacking gel. The 

electrophoresis was performed for about 2 hours at a constant voltage of 100 Volts at 

Components Running gel 12% Running gel 7.5% Stacking gel 3% 

Acrylamide 30% 2400 ɛl 1500 ɛl 180 ɛl 

Tris HCl 1.5 M pH 8.8 1500 ɛl 1500 ɛl - 

Tris HCl 1.25 M pH 6.8 - - 180 ml 

SDS 10% 60 ɛl 60 ɛl 18 ml 

MilliQ water 1680 ɛl 2580 ɛl 1224 ɛl 

TEMED 1% 300 ɛl 300 ɛl 180 ɛl 

APS 10% 60 ɛl 60 ɛl 18 ɛl 

Total Volume 6000 ɛl 6000 ɛl 1800 ɛl 
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room temperature in running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS), 

adjusted to pH 8.3.  

For the Western Blotting step, the Trans-Blot Turbo Transfer System (Bio-Rad) was 

employed. Trans-Blot Turbo RTA Mini 0.2 Õm PVDF Transfer Kit was used for the 

procedure.  

The PVDF membranes were incubated for two hours at 4ÁC, under mild stirring, with 

5% BSA in TBS (20 mM Tris/HCl, 500 mM NaCl, pH 7.5) to block any non-specific 

sites. Afterwards, the membranes were washed twice in TBS 1X 0.1% Tween 20 and 

incubated overnight, under mild stirring, with specific primary antibodies. After that, 

the PVDF membranes were washed every 5 minutes for 30 minutes, under stirring 

and at room temperature with washing buffer PBS 1X (Na2HPO4 8 mM, NaH2PO4-

H2O 2 mM, NaCl 140 mM, pH 7.4, 0.1% Tween 20). Thus, the membranes were 

incubated for 1 hour at room temperature with appropriate peroxidase-conjugated 

secondary antibody. The membranes were washed again with TBS 1X 0.1% Tween 

20. The signals were evaluated with ChemiDoc XRS+, Bio-Rad.  

The primary and secondary antibodies used are reported in Table 3.6.  

PRIMARY ANTIBODIES 

ANTIBODY DILUTION REFERENCE 

Mouse monoclonal anti-tubulin  1:1000 Sigma Aldrich, T9026 

Mouse monoclonal anti-RECK 1:1000 Cell signaling technology, 3433 

Rabbit polyclonal anti-eNOS 1:500 Santa Cruz Biotechnology, sc-654   

SECONDARY ANTIBODIES 

ANTIBODY DILUTION REFERENCE 

Goat anti-mouse 1:2000 Santa Cruz Biotechnology, sc-2005 

Mouse anti-rabbit  1:2000/1:5000 Santa Cruz Biotechnology, sc-2357 

Table 3.6. Primary and secondary antibodies used for immunoblotting.  
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For the signal detection, Clarity and Clarity Max ECL Western Blotting 

Substrates (Bio-Rad) were used. Eventually, the PVDF membranes were analysed 

with ChemiDoc XRS+, Bio-Rad. The intensity quantification of the bands was 

performed with Image Lab software, Bio-Rad. 

3.6 ELISA assays 

Serum levels of IL-1ɓ and TGF-ɓ were evaluated using ELISA kits. Manifacturing 

procedures were followed to perform the assays. The kits used are reported in the 

Table 3.7.  

Kit  Reference  

IL-1ɓ Invitrogen, BMS6002  

TGF-ɓ Abcam, ab119557 

Table 3.7. ELISA kits used for serum analysis. 

3.7 Gelatin zymography 

Method performed by Dr. Palladini, Fondazione IRCCS Policlinico San Matteo, Pavia, Italy.  

After sacrifice, median hepatic lobes were quickly excised and placed in cold (4ęC) 

buffer (30 mM Histidine, 250 mM sucrose, 2 mM EDTA, pH 7.2) to remove blood. 

Liver was weighed and subsequently cut, frozen in liquid nitrogen, and stored at 

ī80ęC until use. Hepatic MMPs were extracted by homogenization (IKA-ULTRA 

TURRAX T10) of frozen liver tissue in ice-cold extraction buffer (1:10 wt/vol) 

containing 1% Triton X-100, 500 mmol/L Tris-HCl, 200 mmol/L NaCl, and 10 

mmol/L CaCl2, pH 7.6. The homogenate was then centrifuged (30 min at 12.000 rpm 

at 4 ÁC) and the protein concentration of the supernatant was measured with the 

Lowry method. The homogenate sample protein content was normalized by a final 

concentration of 400 ɛg/ml in the sample loading buffer (0.25 M Tris-HCl, 4% 
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sucrose w/v, 10% SDS w/v, and 0.1% bromophenol blue w/v, pH 6.8). After dilution, 

the samples were loaded onto electrophoretic gels (SDS-PAGE), containing gelatin, 

under non-reducing conditions followed by zymography. After electrophoresis and 

incubation, gels were stained with Coomassie Blue. Quantification of proteinases 

activity, by densitometer analysis (GS 900 Densitometer BIORAD, Hercules, CA, 

USA) was expressed as optical density (OD), reported to 1 mg/ml protein content. 

3.8 RNA extraction and quantitative PCR on mice tissues 

Total RNA was isolated from the liver samples with TRIzolÊ reagent (Sigma 

Aldrich) according to the method of Chomczynski and Mackey (Chomczynski and 

Mackey 1995). cDNA was generated using iScript cDNA Synthesis kit (BIO-RAD) 

according to the supplierôs instructions. Gene expression was analysed using the SSO 

Advanced Sybr Green Supermix (BIO-RAD). The primers used were purchased by 

Bio-Rad. The genes considered for the evaluation and the corresponding amplified 

amplicon are listed in Table 3.8.  

Ribosomal Protein S9 (RPS9) gene and glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) gene were considered as housekeeping genes.  

Gene Unique assay ID Amplicon sequence 

RECK qMmuCID0017284 
CAGTGGAAAATTATTGTGCCTCTATCAGTCCACAGTTGATACACTGT
GTGAATAATTACACCCAGTCTTATCCAATGAGAAACCCAACTGATAGT
TTATATTGCTGTGACAGAGCTGAAGACC 

MMP-2 qMmuCID0021124 
GAAGCCAAGATGTGGCAACCCAGATGTGGCCAACTACAACTTCTTC
CCCCGCAAGCCCAAGTGGGACAAGAACCAGATCACATACAGGATCA
TTGGTTACACACCTGACCTGG 

MMP-9 qMmuCID0021296 

ATTCGACTTGAAGTCTCAGAAGGTGGATCCCCAGAGCGTCATTCGC
GTGGATAAGGAGTTCTCTGGTGTGCCCTGGAACTCACACGACATCT
TCCAGTACCAAGACAAAGCCTATTTCTGCCATGGCAAATTCTTCTGG
CGTGTGA 

TIMP1 qMmuCID0025322 

ATCTGGCATCCTCTTGTTGCTATCACTGATAGCTTCCAGTAAGGCCT
GTAGCTGTGCCCCACCCCACCCACAGACAGCCTTCTGCAACTCGG
ACCTGGTCATAAGGGCTAAATTCATGGGTTCCCCAGAAATCAACGAG
ACCACCTTATACCAGCGTTATAAGATCAAGATGACTAAGAT 

TIMP2 qMmuCED0061312 
ATCTGGTACCTGTGGTTCAGGCTCTTCTTCTGGGTGATGCTAAGCGT
GTCCCAGGGCACAATGAAGTCACAGAGGGTAATGTGCATCTTGCCA
TCTC 
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TGF-ɓ qMmuCED0044726 

ACATCTCACACAGTATATATATGTTCTTCAATACGTCAGACATTCGGG
AAGCAGTGCCCGAACCCCCATTGCTGTCCCGTGCAGAGCTGCGCT
TGCAGAGATTAAAATCAAGTGTGGAGCAACATGTGGAACTCTACCAG
AAATAT 

RPS9 qMmuCED0037603 
CGTCCAGGCCGAGTGAAGAGGAAGAATGCCAAGAAAGGCCAGGGC
GGGGCTGAGCTGGTGATGATGAGGAAGAGGATTAATTAATACTTGG
CTGAACTGGAGGATTGTCTAGTTTTCC 

GAPDH qMmuCED0027497 
TGGGAGTTGCTGTTGAAGTCGCAGGAGACAACCTGGTCCTCAGTG
TAGCCCAAGATGCCCTTCAGTGGGCCCTCAGATGCCTGCTTCACCA
CCTTCTTGATGTCA 

Table 3.8. List of amplicons used for performing qPCR on mice tissue samples.  

All samples were assayed in triplicate, and the expression of the reference genes 

remained constant in all the experimental groups. Levels of gene expression were 

normalized on the average of the expression of RSP9 and GAPDH housekeeping 

genes and expressed as 2-ȹȹCt. 

3.9 Human patientsô tissue collection analysis 

Method performed by Dr. Gribben and Dr. Galanakis, Wellcome ï MRC Cambridge Stem Cell Institute, 

Cambridge, UK. 

Two ultrasound guided needle core liver biopsies of approximately 2 cm were 

obtained. Half of the second biopsy (1cm) was placed in a cryo-vial and frozen 

immediately using liquid nitrogen. For healthy donor and explant tissue, a cube of 

approximately 1 cm3 was cut and was frozen as above. All samples were then kept 

at -80 ÁC. 

3.9.1 Nuclei isolation from human liver biopsies 

Method performed by Dr. Gribben and Dr. Galanakis, Wellcome ï MRC Cambridge Stem Cell Institute, 

Cambridge, UK. 

Frozen samples were transferred to a Dounce homogeniser and lysed in 1 ml of lysis 

buffer (IGEPAL 0.1%, NaCl 10mM, Tris-HCL pH 7.5 10mM, MgCl2 3mM in 

nuclease free water supplemented with RNasin plus (0.2 U/Õl)). Lysis was carried out 
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by performing 5 strokes with part óAô and 10-15 stroked with part óBô on ice, with a 

2-minute incubation on ice in between use of óAô and óBô. Following a further 2 

minutes on ice, sample was mixed using a p1000 by pipetting up and down 10 times, 

before waiting a further 1 minute on ice. Sample was then passed through a pre-wet 

40um cell strainer, transferred to a 1.5ml low bind microfuge tube, and centrifuged 

at 500 g for 5 min at 4 ÁC. Pellet was resuspended in 1 ml of wash buffer (Ultrapure 

BSA 1% in tissue culture grade supplemented with RNasin plus (0.2 U/Õl)), and 

centrifuged at 500 g for 5 min at 4 ÁC. Pellet was resuspended in 400 Õl wash buffer 

and transferred to a FACS tube and kept on ice, and sample was treated with 3 ÕM 

DAPI for nuclei detection. FACS sorting was performed on an Influx or Aria Fusion 

cell sorter. Nuclei were defined by FCS and SCA gating to remove debris and intact 

cells (larger events on the FSC). Singlets were gated and 20,000 DAPI positive nuclei 

were sorted into a 1.5 ml microfuge tube containing 500 Õl wash buffer. The tube was 

topped up and centrifuged at 500 g for 5min at 4 ÁC. Pellet was resuspended in 43 Õl 

wash buffer and kept on ice, until loading on the 10x chromium.  

3.9.2 Single nuclei RNA-sequencing on human liver biopsies 

Method performed by Dr. Gribben and Dr. Galanakis, Wellcome ï MRC Cambridge Stem Cell Institute, 

Cambridge, UK. 

Single-nuclei RNA-seq libraries were prepared using the following: Chromium 

Single Cell 3ǋ Library & Gel Bead Kit v3.1, Chromium Chip G Kit and Chromium 

Single Cell 3' Reagent Kits v3.1 User Guide (Manual Part CG000316 Rev A; 10X 

Genomics). For each sample 16k nuclei were loaded on the Chromium instrument 

with the expectation of collecting gel-beads emulsions containing nuclei cells. RNA 

from the barcoded nuclei for each sample was subsequently reverse-transcribed in a 

C1000 Touch Thermal cycler (Bio-Rad) and all subsequent steps to generate single-

nuclei libraries were performed according to the manufacturerôs protocol with 19 

PCR cycles in cDNA amplification step. cDNA quality and quantity were measured 

with Agilent TapeStation 4200 (High Sensitivity 5000 ScreenTape) after which 25% 
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of material was used for gene expression library preparation. Library quality was 

confirmed with Agilent TapeStation 4200 (High Sensitivity D1000 ScreenTape to 

evaluate library sizes) and Qubit 4.0 Flourometer (Thermo Fisher QubitÊ dsDNA 

HS Assay Kit to evaluate dsDNA quantity). Each sample was normalized and pooled 

in equal molar concentration. To confirm concentration pool was qPCRed using 

KAPA Library Quantification Kit on QuantStudio 6 Flex before sequencing. Pool 

was sequenced on Illumina NovaSeq6000 sequencer with following parameters: 28 

bp, read 1; 10 bp, i5 index; 10bp, i7 index; 90 bp, read 2. 

3.10 Intrahepatic cholangiocyte organoids  

3.10.1 Intrahepatic cholangiocyte organoids culturing 

Intrahepatic cholangiocyte organoids (ICOs) were cultured in expansion media (EM) 

(Table 3.9) and split every 7-10 days. Splitting ratio varied between 1:2 and 1:3, 

depending on the well confluency. Medium had been changed every 2-3 days.  

Components  
Initial 
Concentration  

Final 
concentration  

Final volume 
10 ml 

Basal Medium   up to final 
volume 

9240 Õl 

B27 w/o Vitamin A  50x 1x 200 Õl 

N2 supplement  100x 1x 100 Õl 

N-acetyl cysteine  500 mM 1 mM 20 Õl 

R-Spondin  recombinant protein  100 µg/ml 0.5 Õg/mL 50 Õl 

R-Spondin  cond itioned  medium  100% v/v 10 % v/v 1 ml 

Nicotinamide  0.4 M 10 mM 250 Õl 

[Leu15] -Gastrin I  human  10 µM 10 nM 10 Õl 

Epidermal growth factor (EGF)  100 ug/mL 50 ng/mL 5 Õl 

Fibroblast growth factor 10 (F10) 50 µg/mL 100 ng/mL 20 Õl 

Hepatocyte growth factor (HGF)  50 µg/mL 25 ng/mL 5 Õl 
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Forskolin  10 mM 10 ÕM 10 Õl 

A 83-01 5 mM 5 ÕM 10 Õl 

Table 3.9. List of reagents needed for the preparation of the expansion media. 

3.10.2 Intrahepatic cholangiocyte organoids splitting 

Medium was aspirated with a vacuum pump. The wells were washed with 500 Õl 

DPBS once. 400 Õl cold Cell Recovery Solution (Corning) were pipetted directly on 

the Matrigel dome. The dome was scraped with a P1000 tip, and the material 

transferred into a falcon tube. The tubes were kept on ice during the entire procedure. 

Cells in the tubes were mixed by pipetting up and down with the P1000. The tubes 

were then incubated on ice for 20 minutes to let the Cell Recovery Solution to 

dissolve the Matrigel. After the incubation, falcon tubes were spun at 400g for 3 

minutes at 4 ÁC. Thus, the supernatant was aspirated, and 5 ml of PBS were added on 

top of the cells. The tubes were spun again at 400 rcf for 3 minutes. The supernatant 

was removed and 50 Õl/well of Matrigel (Corning) were added in the falcon tube. 50 

Õl domes of cells dispersed in Matrigel were made in a pre-warmed 24 well-plate.  

The plates were incubated at 37 ÁC, 5% CO2 for 15 minutes before the addition of 

fresh medium.  

3.10.3 Transdifferentiation of intrahepatic cholangiocyte 

organoids into biphenotypic cell organoids 

Cells were cultured and split following the regular procedure. Once split, the domes 

were covered with expansion medium supplied with BMP7 25 ng/ml.  After 5-7 days, 

organoids were split again and cultured for 10-12 days in differentiation medium 

(Table 3.10). At the end of the differentiation, organoids were lysed with lysis buffer 

for RNA extraction or fixed in PFA 4% for 15 minutes for immunofluorescence 

staining.  
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Components  
Initial 
Concentration  

Final 
concentration  

Final volume  
10 ml 

Basal Medium   up to final volume 9240 Õl 

B27 w/o Vitamin A  50x 1x 200 Õl 

N2 supplement  100x 1x 100 Õl 

N-acetyl cysteine  500 mM 1 mM 20 Õl 

[Leu15] -Gastrin I human  10 µM 10nM 10 Õl 

Epidermal growth factor (EGF)  100 Õg/mL 50 ng/mL 5 Õl 

Hepatocyte growth factor (HGF) 50 µg/mL 25 ng/mL 5 Õl 

A 83-01 5 mM 5 ÕM 10 Õl 

Dexamethasone  3 mM 3 ÕM 10 Õl 

DAPT 10 mM 10 ÕM 10 Õl 

Fibroblast growth factor 19 (FGF -19) 100 Õg/ml 100 ng/ml 10 Õl 

BMP-7 25 Õg/ml 25 ng/ml 10 Õl 

Table 3.10. List of reagents needed for the preparation of differentiation medium.  

3.10.4 Immunofluorescence staining on intrahepatic 

cholangiocyte organoids 

Immunofluorescence staining of intrahepatic cholangiocyte organoids was performed 

on plate. Medium was aspirated and organoids were washed with DPBS once. Then, 

500 Õl PFA 4% were added in the well and the plate was incubated at room 

temperature for 15 minutes. After incubation, 3 washes with DPBS of 10 minutes 

were performed.  

Blocking solution (Table 3.11) was added to the well for preventing non-specific 

binding of antibodies or other reagents to the cells. The plates were incubated 3 hours 

at room temperature, and afterward the staining solution (Table 3.11) supplemented 

with primary antibodies was added to the wells. The plate was incubated overnight at 
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4 ÁC. The next day, 3 washes, 1 hour each, were performed. The secondary antibody 

solution was added to the wells and the plate incubated overnight at 4ÁC.  

The third day, the cells were quickly washed once with DPBS and then one long wash 

of 1 hour was performed. The cells were then subjected to a second long wash with 

the addition of DAPI for nuclei staining (DAPI 1:1000). A third wash to remove 

DAPI and antibodies residues was done.  

 PBS Donkey serum Triton-X 

Blocking solution Up to the volume 10 % v/v 0.3 % v/v 

Staining solution  Up to the volume 1 % v/v 0.1 % v/v 

Table 3.11. Reagents needed for the preparation of blocking and staining solutions.  

PRIMARY ANTIBODIES 

ANTIBODY DILUTION REFERENCE 

Goat anti-albumin 1:100 Bethyl, A80-229A 

Mouse anti-cytokeratin 19 1:100 Abcam, ab7754 

Rabbit anti-cytokeratin 7 1:100 Abcam, ab68459 

Rabbit anti-SOX4 1:100 Atlas, HPA029901 

Mouse anti-KLF6 1:100 Invitrogen, 396900 

SECONDARY ANTIBODIES 

ANTIBODY DILUTION REFERENCE 

Donkey anti-goat Alexa FluorÈ 488 1:1000 Thermo Fisher, A11055 

Donkey anti-rabbit Alexa FluorÈ 568 1:1000 Thermo Fisher, A10042 

Donkey anti-mouse Alexa FluorÈ 568 1:1000 Thermo Fisher, A10037 

Donkey anti-rabbit Alexa FluorÈ 647 1:1000 Thermo Fisher, A31573 

Donkey anti-mouse Alexa FluorÈ 647 1:1000 Thermo Fisher, A31571 

Table 3.12. Primary and secondary antibodies list.  
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3.11 Hepatocyte-like cells from induced human pluripotent 

stem cells 

3.11.1 Seeding of human induced pluripotent stem cells 

Forward programming protocol is a method to transdifferentiate induced human 

pluripotent stem cells into hepatocyte-like cells (HLCs). For the project, FS13B cell 

line was used.  

Differentiation was performed in 12 well plates. The wells were coated with 500 Õl 

Vitronectin XFTM (10 ɛg/ml, StemCell Technologies) and incubated at 37 ÁC for 1 

hour. The cell line was passaged at least 3 times after thawing before starting 

differentiation.  

The cells were washed with 2 ml DPBS and treated with 1 ml of accutase. Afterwards, 

the plate was incubated at 37 ÁC for 4 minutes. Once single cells had been obtained, 

they were mixed through pipetting up and down with a P1000 up to 3 times. The cells 

were collected in 15 ml falcon tube containing 1 ml of E8 medium (Table 3.14). The 

tube was spun for 3 minutes at 300 rcf. The supernatant was aspirated, and cells 

resuspended in 1 ml of E8 medium. Cells were then counted: 10 ɛl of the cell 

suspension were mixed with 10 ɛl Trypan Blue. Cells were then loaded in a Burker 

chamber and an automated cell counter was used for counting.  

The appropriate volume of cell suspension was then mixed with E8 medium 

supplemented with ROCK inhibitor Y27632 1 ɛl/ml to obtain a desired density of 

20,000 cells/cm2. At this point, vitronectin was aspirated from the wells. The wells 

were washed with 500 ɛl DPBS. Eventually, 1 ml of cell suspension was added in the 

wells.  

3.11.2 Differentiation of human induced pluripotent stem cells 

in hepatocyte-like cells 
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The day after the seeding (Day 0), the medium was changed with E8 (1 ml/well) to 

let the cells recover. On day 1, the differentiation was induced using E6 supplemented 

with doxycyclin at a final concentration of 1 ɛl/ml. The same day, the plate was 

moved to hypoxia at 37 ÁC. On day 2, the medium was changed to Hepatozyme 

complete medium (HPZc) supplemented with Hepatocyte Growth Factor (HGF) at a 

final concentration of 50 ng/ml (Peprotech, 100-39), Oncostatin M (OSM) at a final 

concentration of 20 ng/ml (R&D, 195-OM-01M), and Doxycycline, at a final 

concentration of 1 ɛg/ml (Sigma, D9891-1g). This medium was named HPZc+OHD.  

500 ɛl of HPZc+OHD were added to the wells.  

The medium was changed every day until day 5 of differentiation; afterward, the 

medium was changed on day 7 and 9. On day 10, the medium was changed to 

Hepatozyme Low Insulin with HGF (50 ng/ml final concentration), and OSM (20 

ng/ml final concentration). This medium was named HLI+OH. 500 ɛl of medium 

were added to the wells. The HLI+OH was changed every other day until day 20. On 

day 25 the plate was moved at 39 ÁC in normoxia incubator.  

 

E6 Medium Volume  
Final 
Conc. 

Reference 

DMEM/F12, HEPES 500 mL - Thermo Fisher, 11330057 

Insulin-Transferrin-Selenium 10 mL 1% Thermo Fisher, 41400045 

Sodium Bicarbonate Solution 7.5% 3.6 mL 0.70% Thermo Fisher, 25080060 

L-Ascorbic acid 2-Phosphate 5 mL 64Õg/ml Sigma Aldrich, A8960-5G 

Penicillin/Streptomycin 5 mL 1% Thermo Fisher, 15140122 

Table 3.13. List of compounds for preparing E6 medium. 
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E8 Medium Volume  
Final 
Conc. 

Reference 

E6 Medium 50 mL - - 

Zebrafish FGF2  312 ÕL 25ng/ml Thermo Fisher, Qk002 

TGFɓ 58.8ÕL 2ng/ml R&D, 240-B-500/CF 

Table 3.14. List of compounds for preparing E8 medium.  

 

HepatoZYME complete medium 
(HPZc) 

Volume  
Final 
Conc. 

Reference 

HepatoZYME-SFM 470mL - Thermo Fisher, 
17705021 

Chemically Defined Lipid 
Concentrate, 

10 mL 2% Thermo Fisher,11905031 

MEM Non-Essential Amino Acids 
Solution 

10 mL 2% Thermo Fisher, 11140035 

L-Glutamine 200mM 5 mL 1% 
Thermo Fisher, 
25030081 

Penicillin/Streptomycin 10,000 
U/mL 

5 mL 1% 
Thermo Fisher, 
15140122 

Insulin solution human 700 ÕL 14Õg/ml Sigma Aldrich, I9278 

Human Apo-Transferrin, CF 500 ÕL 30Õg/ml R&D, 3188-AT-001G 

Table 3.15. List of compounds for preparing HepatoZYME complete medium.  

 

HPZ Low Insulin Media (HLI) Volume  
Final 
Conc. 

Reference 

HepatoZYME-SFM 470mL - Thermo Fisher, 17705021 

Chemically Defined Lipid 
Concentrate, 

10 mL 2% Thermo Fisher, 11905031 

MEM Non-Essential Amino Acids 
Solution 

10 mL 2% Thermo Fisher, 11140035 

L-Glutamine 200mM 5 mL 1% Thermo Fisher, 25030081 

Penicillin/Streptomycin 10,000 
U/mL 

5 mL 1% Thermo Fisher, 15140122 

Insulin solution human 100 ÕL 2Õg/ml Sigma Aldrich, I9278 

Human Apo-Transferrin, CF 500 ÕL 30Õg/ml R&D, 3188-AT-001G 

Table 3.16. List of compounds for preparing Hepatozyme Low Insulin medium.  

https://www.thermofisher.com/order/catalog/product/25030081
https://www.thermofisher.com/order/catalog/product/25030081
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Supplements for HPZc and HLI 
Dilution 
Factor 

Final 
Conc. 

Reference 

Hepatocyte Growth Factor (HGF) 1:1000 50ng/ml Peprotech, 100-39 

Oncostatin M (OSM) 1:1000 20ng/ml R&D, 295-OM-01M 

Doxycycline (only in HPZc) 1:2000 1Õg/ml Sigma Aldrich, D9891-1g 

Table 3.17. Supplements for hepatozyme complete (HPZc) and low insulin (HLI) media.  

 

 

Figure 3.2. Graphical representation of the Forward Programming protocol. Depicted top to 

bottom: Media, Supplementation, Temperature, Oxygen concentration, Incubator.  

3.11.3 CYP3A4 activity assay on hepatocyte-like cells 

Cytochrome P450 3A4 is a metabolic enzyme present in the liver. It is highly 

expressed by hepatocytes, where it plays a key role in the oxidation of xenobiotics. 

To validate hepatocyte-like cells obtained from the Forward Programming, CYP3A4 

activity was assessed at day 20 of maturation. The kit P450-GloÊ CYP3A4 Assay 

from Promega (#V9001) was used. The kit employs luminogenic P450 substrates that 

are derivatives of beetle luciferin, a substrate for luciferase enzymes. The derivatives 

are not substrates for luciferase but are converted by P450s to luciferin, which in turn 

reacts with luciferase to produce light that is directly proportional to the activity of 

the P450. For the kit used, the substrate used was luciferin isopropyl acetal (luciferin-

IPA). The luciferin-IPA included in the kit was diluted in HLI+OH medium; 

afterward, the medium present in the well was discarded and 500 Õl of luciferin-IPA 

-1      0          1        2      3      4       5           7           9      10         12         14        16        18 20   

E8     E8          E6                                 HPZc HLI                                   HLI

Seeding

+Y       - +DOX                     +HGF+OSM+DOX                             +HGF+OSM                        +HGF+OSM

37ÁC          37ÁC                                 37ÁC       37ÁC                                    39ÁC     

20%             5% 5%                                                  5%                     20%  

1                 2 2                                                     2                 3

iOX Differentiation                                              Maturation



+r^§®kª Á × ?k®r~i«× 

ÅÆ 

solution was added to the cells. The plates were incubated for 1 hour at 37 ÁC, 20% 

O2. During the incubation period, 50 Õl of detection reagent (supplied with the kit) 

was dispensed in a 96 well plate in triplicate per sample and negative control. After 

the incubation with the luciferin solution, 50 Õl of the cell culture medium from each 

iHLCs well were added to the 96 well plate in triplicate per sample.  

The plate was incubated for 20 minutes at room temperature in the dark. After the 

incubation period, GloMax plate reader was used to measure the luminescence. To 

assess the enzyme activity, it is necessary to normalise the luminescence values for 

the number of cells in the wells. The cells were counted by using Trypan Blue solution 

(1:1 with the cell solution) and an automated cell counter.  

CYP3A4 normalisation was performed using the formula  

 

2,5 ÓÁÍÐÌÅ2,5 ÎÅÇÁÔÉÖÅ ÃÏÎÔÒÏÌØ ςπ

ÍÉÌÌÉÏÎ ÃÅÌÌÓ
 

 

Results were reported as RLU/ml/Million. 

3.11.4 Immunofluorescence staining on hepatocyte-like cells 

Immunofluorescence staining of hepatocyte-like cells was performed on plate. 

Medium was aspirated and cells were washed with DPBS once. Then, 500 Õl PFA 

4% were added in the well and the plate was incubated at room temperature for 20 

minutes. After incubation, cells were washed with DPBS 3 times.  

500 Õl of blocking solution (Table 3.18) was added to the well for preventing non-

specific binding of antibodies or other reagents to the cells. The cells were incubated 

for 30 minutes to 1 hour at room temperature, and afterward the blocking solution 

with primary antibodies was added to the wells. The plates were incubated overnight 

at 4 ÁC.  
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 PBS Donkey serum Triton-X 

Blocking solution Up to the volume 10 % v/v 0.1 % v/v 

Table 3.18. Blocking solution preparation. 

 

The next day, the cells were washed 3 times with DPBS (10 minutes each wash). The 

secondary antibody and DAPI 1:1000 were diluted in the blocking solution. The 

plates were incubated 1 hour with the secondary antibody and DAPI solution. After 

the incubation period, the cells were washed 3 times with DPBS (10 minutes each 

wash). The primary and secondary antibodies used were reported in the table 3.19. 

PRIMARY ANTIBODIES 

ANTIBODY DILUTION REFERENCE 

Goat anti-albumin 1:100 Bethyl, A80-229A 

Rabbit anti-HNF4A 1:100 Abcam, ab92378 

SECONDARY ANTIBODIES 

ANTIBODY DILUTION REFERENCE 

Donkey anti-goat Alexa FluorÈ 488 1:400 Thermo Fisher, A11055 

Donkey anti-rabbit Alexa FluorÈ 568 1:400 Thermo Fisher, A10037 

Table 3.19. List of primary and secondary antibodies used for HLCs immunofluorescent staining.  

3.12 Flow cytometry  

The cells were washed with DPBS and 500 Õl TryplE were added to the wells. The 

plate was then incubated for 5 minutes at 37 ÁC. The cell clumps were dissociated by 

pipetting up and down with P1000 tips. When the cells had been detached from the 

bottom of the plate, they were transferred into a falcon tube, with the addition of 1 ml 

of HLI+OH. The tube was spun at 300 rcf for 3 minutes. The supernatant was 
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aspirated and cold PFA 4% added directly in the tube. The latter was incubated at 4ÁC 

for 15 minutes. The cells were spun down at 300 rcf for 3 minutes and the fixative 

remove. The cells were washed 3 times in DPBS to remove any trace of PFA.  

The cells were resuspended with blocking solution (Table 3.20) for 30 minutes at 

room temperature.  Then, the cells were mixed and distributed in different Eppendorf 

tubes as appropriate to have cells for secondary antibody control and test samples. 

The primary antibody was applied at the concentration of 1:100 in the blocking 

solution. The tubes were incubated overnight at 4 ÁC. The next day, the cells were 

resuspended in 500 Õl blocking solution supplemented with secondary antibody. The 

tubes were incubated for 1 hour at room temperature in the dark. The cells were 

washed 2 times with blocking solution and eventually resuspended in 0.1% BSA in 

300 Õl. The samples were transferred to FACS tubes without filtering.  

 

 t.{ .{! {ŀǇƻƴƛƴ 

.ƭƻŎƪƛƴƎ ǎƻƭǳǝƻƴ ¦Ǉ ǘƻ ǘƘŜ ǾƻƭǳƳŜ м ҈ лΦн ҈ 

Table 3.20. List of components of blocking solution for flow cytometry.  

 

For the staining for flow cytometry explorations, primary and secondary antibodies 

were used as reported in Table 3.21. 

PRIMARY ANTIBODIES 

ANTIBODY DILUTION REFERENCE 

Goat anti-albumin 1:100 Bethyl, A80-229A 

Mouse anti-cytokeratin 19 1:100 Abcam, ab7754 

SECONDARY ANTIBODIES 

ANTIBODY DILUTION REFERENCE 

Donkey anti-mouse Alexa FluorÈ 647 1:400 Thermo Fisher, A11055 
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Donkey anti-goat Alexa FluorÈ 568 1:400 Thermo Fisher, A21447 

Table 3.21. Primary and secondary antibodies list. 

3.13 Gain of function experiments  

For gain of function experiments for the overexpression of SOX4 and KLF6, 

lentiviral vectors were used (Figures 3.3 and 3.4.). To increase the efficiency of the 

transduction of the viral particles, polybrene was added to the solution with a dilution 

of 1:1000.  The viral titres of the lentivirus used are reported in the Table 3.22.  

Viral vector  Viral titres  

SOX4 1.28x10 8 TU/ml 

KLF6  1.66x10 8 TU/ml 

Control 3.68x10 8 TU/ml 

Table 3.22. Viral titres of the lentiviral vectors used.  

 

In the vectors, EF1A promoter was designed to induce SOX4/KLF6 expression. 

Besides of SOX4/KLF6 ORF, EGFP cassette was added as fluorescent reporter 

marker. EGFP cassette was fused with the selection cassette for puromycin: the two 

cassettes were linked through the self-cleaving peptide T2A. EGFP-T2A-Puro 

expression was induced by the function of CMV promoter. 
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Figure 3.3. SOX4 (a) and KLF6 (b) lentiviral vectors used for gain of function experiments. 

As control, a vector lacking the ORF for the gene of interest was designed. Instead of 

SOX4 or KLF6 sequence, it was designed adding mCHERRY reporter cassette. The 

cells infected with control vector resulted to be fluorescent in red for mCHERRY as 

well as in green for EGFP.  

VB900006-2165rnp

10799 bp

RSV promoter

ȹ5' LTR

Ɋ

RRE

cPPT

EF1A

Kozak

hSOX4[NM_003107.2]

WPRECMV promoter

EGFP:T2A:Puro

ȹU3/3' LTR

SV40 early pA

Ampicillin

pUC ori

1

3000

6000

9000

VB900000-8951wrd

10226 bp

RSV promoter

ȹ5' LTR

Ɋ

RRE

cPPT

EF1A

Kozak

hKLF6[NM_001300.6]

WPRE

CMV promoter

EGFP:T2A:Puro

ȹU3/3' LTR

SV40 early pA

Ampicillin

pUC ori

1

3000

6000

9000

a 

b 



+r^§®kª Á × ?k®r~i«× 

ÆÁ 

 

Figure 3.4. Lentiviral control vector for gain of function experiments. 

3.13.1 Gain of function experiments on intrahepatic 

cholangiocyte organoids 

To perform a successful lentiviral infection of ICOs, confluent organoids were used. 

The domes of ICOs were washed once with DPBS and then scraped in Cell Recovery 

Solution with P1000 tips. Cells were transferred into 15 ml falcon tubes and incubated 

for 20 minutes on ice. Afterward, the tubes were spun at 400 rcf for 3 minutes. The 

supernatant was discarded, and a DPBS wash was performed. The supernatant was 

discarded again, and 2 ml of accutase were added in the tubes. Thus, they were 

incubated at 37 ÁC in a water bath for 8-10 minutes. After 10 minutes, 10 ml of basal 

medium supplemented with ROCK inhibitor Y27632 were added to the tubes. The 

tubes were spun at 400 rcf for 3 minutes. The cells were then counted with an 

automated cell counter. The multiplicity of infection used to infect ICOs was equal 

to 10. The volume of viral stock to use for the infection was calculated by using the 

following formula:  

А, ÏÆ ÖÉÒÁÌ ÓÔÏÃË ÔÏ ÕÓÅ
,ÅÎÔÉÖÉÒÕÓ )&5 ÎÅÅÄÅÄ

6ÉÒÁÌ ÔÉÔÅÒ )&5ȾÍÌ
 Ø ρπππ АÌȾÍ, 

Mixes with lentiviral particles, polybrene, basal medium supplemented with ROCK 

inhibitor Y27632 were prepared. The correct amount of cells to infect was added to 
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the tube with the corresponding mix (SOX4/KLF6/Control). Once mixed, the 

solutions with the viral particles and the cells were transferred into a 6 well plate. The 

plate was incubated for 4 hours at 37 ÁC. After 4 hours of incubation, cells were 

collected in different tubes and spun once. The supernatant was discarded and 

Matrigel added directly in the tube (as for the usual procedure). The infected cells 

were then plated into 50 Õl Matrigel domes. 500 Õl of expansion media supplemented 

with ROCK inhibitor Y27632 were added to the wells.  

On day 3 after the infection, organoids were selected with puromycin 2 mg/ml for 2 

days, followed by 2 days of selection with puromycin 3 mg/ml.  

3.13.2 Gain of function experiments on hepatocyte-like cells 

Lentiviral infection on hepatocyte-like cells was performed during the maturation of 

hepatocytes, around day 15-17 of Forward Programming. For these experiments, 

MOI equal to 10 was chosen. The calculation of the volume of viral solution to use 

was made considering the viral titres (Table 3.22).  

The viruses were mixed with HLI+OH medium and 500 Õl of viral solution were 

added to the selected wells. The infections were performed in triplicate. The cells 

were incubated overnight with the viruses and the medium (HLI+OH) was changed 

the following morning.  The differentiation was concluded 96 hours after the 

infection.  

3.14 Quantitative PCR on in vitro models 

Quantitative PCR was performed for the quantification of hepatocyte and 

cholangiocyte markers expressed by intrahepatic cholangiocyte organoids as well as 

hepatocyte-like cells generated through the Forward Programming protocol.  

To extract RNA from both ICOs and HLCs, GeneluteÊ Mammalian Total RNA 

Miniprep Kit (Sigma Aldrich, RTN350) was used. The cells were lysed with the Lysis 

buffer supplied with the kit directly in the plate. The RNA purification was performed 
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following the manufacturer's instructions. For the retrotranscription of RNA into 

cDNA the kit SuperScriptÊ III (Invitrogen, 18080044) was used, following the 

manufacturer's instructions.  

 To retrotranscribe 500 ng RNA into cDNA, the following reagents were used:   

Reagent Reference 
Amount for each sample 
(500ng RNA) 

dNTPs Promega, U1511 1 Õl 

Random Primers Promega, C1181 0.5 Õl 

5 x 1st standard buffer  Thermo Fisher,  4 Õl 

0.1M DTT Thermo Fisher, 18080044 2 Õl 

RNase OUT Themo Fisher, 10777-019 0.5 Õl 

Superscript III Thermo Fisher, 18080044 0.2 Õl 

Table 3.23. List of reagents used for the retrotranscription of RNA into cDNA. 

 

Quantitative PCR was performed using KAPA SYBRÈ FAST (Roche, KK4621). 

Levels of gene expression were normalized on the average of the expression of PBDG 

and RPLP0 housekeeping genes and expressed as 2-ȹCt.  

The genes considered for the evaluation and the corresponding primers used for the 

reaction are listed in Table 3.24. qPCR was performed with QuantStudioÊ 5 

(Applied Biosystem, A34322). 

Gene Forward primer (5ô-3ô) Reverse primer (3ô-5ô) 

ALB CCTTTGGCACAATGAAGTGGGTAACC CAGCAGTCAGCCATTTCACCATAG 

CYP3A4 TGTGCCTGAGAACACCAGAG GTGGTGGAAATAGTCCCGTG 

A1AT CCACCGCCATCTTCTTCCTGCCTGA GAGCTTCAGGGGTGCCTCCTCTG 

HNF4Ŭ CATGGCCAAGATTGACAACCT TTCCCATATGTTCCTGCATCAG 

KRT7 GATTGCTGGCCTTCGGGGT TCATCACAGAGATATTCACGGCTC 

KRT19 ACGACCATCCAGGACCTGCGG TCCCACTTGGCCCCTCAGCGTA 
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SOX9 CTCTGGAGACTTCTGAACGAGAG         CTTGAAGATGGCGTTGGGG                                         

SOX4 GGTCTCTAGTTCTTGCACGCTC CGGAATCGGCACTAAGGAG 

KLF6 GGACCAAATTCATTCTAGCTCGGG AGGCGTCGCCATTACCCTTG 

KRT23 GGTGACATCCACGAACTGAAGC AGCTTGCAGGAGTACCGAGACT 

PBGD GGAGCCATGTCTGGTAACGG CCACGCGAATCACTCTCATCT 

RPLP0 GGCGTCCTCGTGGAAGTGAC GCCTTGCGCATCATGGTGTT 

Table 3.24. List of primers used for performing qPCR. 

3.15 Statistical analysis 

GraphPad Prism 10.0.1 was used for the graphs and the statistical analysis. When 

data were parametric and the distribution normal, one-way ANOVA followed by 

Tukey's test for multiple comparisons was performed. When data distribution was not 

normal KruskalïWallis and Dunnôs test were used. For paired parametric data, paired 

t test was performed; for paired non-parametric data, Wilcoxon test was performed.  

Two-tailed p value was considered. Correlations was evaluated according to Pearson 

correlation.   
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4.1 Liver injury  

Genetically modified ob/ob mice represent a commonly used animal model for 

NAFLD/NASH chronic disease. For this project, ob/ob mice were treated for 21 

weeks with high fat diet (HFD). For the analysis, 7 ob/ob mice were fed with control 

diet and 20 ob/ob mice were fed with high fat diet. The goal of the project was to 

elucidate the effect of obeticholic acid (OCA) on mice affected by liver fibrosis and 

inflammation after 21 weeks of HFD and 12 weeks of drug treatment. OCA was 

administered 9 weeks after the start of the experiment.  

4.1.1 Liver weight assessment 

 The liver weights were measured at the end of the treatment period of 21 weeks in 

the three experimental groups. For the analysis, the ratio between liver weight and 

body weight was calculated as percentage on body weight. Liver body ratio increased 

in HFD-fed mice compared to the control condition, but it is interesting to note that 

OCA treatment reduced liver weight compared to the group fed with HFD in a 

statistically significant manner. No significant differences were observed between the 

OCA-treated mice and the control group (Fig. 4.1). Together, these data confirm a 

positive effect of OCA on liver weight of affected mice. 

Figure 4.1. Liver weights of mice of three experimental groups. 

Livers collected 21 weeks after the start of the experiment. From 7 to 

10 animals were considered for each experimental group. Results were 

reported as percentage/body weight ratio. One-way ANOVA statistical 

analysis was performed. *pÒ0.05; **pÒ0.005.  
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4.1.2 Effects of OCA treatment on liver injury 

To assess the severity of the liver injury in an in vivo model of NASH, transaminases 

levels were explored. During the sacrifice, the blood was collected, and serum 

obtained. Aspartate (AST) and alanine transaminases (ALT) levels were evaluated by 

using an automated Beckman Coulter AU 5820. Considering AST levels among the 

different experimental groups, they did not change according to the different 

treatments (Fig. 4.2). On the other hand, ALT levels resulted significantly higher in 

HFD supplemented with OCA-fed mice and in HFD-fed group than in the control 

group. No differences were appreciable between HFD-treated group and the OCA 

administered one. Furthermore, alkaline phosphatase levels were explored but no 

statistically significant differences among the experimental groups were 

demonstrated (Fig. 4.2).  

 

Figure 4.2. AST, ALT, and alkaline phosphatase levels in the three experimental groups. Serum 

from the animals of each experimental group was collected 21 weeks after the start of the experiment. 

From 7 to 10 animals were considered for each experimental group. Results were reported as mU/ml. 

Kruskal-Wallis test followed by Dunnôs test for multiple comparison was used for statistical analysis of 

ALT. *pÒ0.05. 

The levels of bilirubin, cholesterol, triglycerides, and bile acids were evaluated. 

Bilirubin and cholesterol levels were significantly reduced after OCA administration 

as shown in Figure 4.3.  Considering triglycerides levels, OCA did not have an effect 
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in the treated mice. The levels of bile acids significantly decreased in OCA-treated 

mice compared with mice treated with only the high fat diet (Fig. 4.3). 

 
 

Figure 4.3. Serum levels of bilirubin, cholesterol, triglycerides, and 

bile acids evaluated in the three experimental groups. Serum from the 

animals of each experimental group was collected 21 weeks after the start 

of the experiment. Results were reported as mg/dl for bilirubin, 

cholesterol, and triglycerides levels; ɛmol/L for biliary acids. From 7 to 10 

animals were considered for each experimental group. One way ANOVA 

was performed for glucose and cholesterol statistical analysis. *pÒ0.05; 

***pÒ0.0005. 

 

 

Overall, biochemical analysis on the three experimental groups showed a reduction 

in bilirubin, cholesterol, and bile acids in mice treated with OCA.  

4.1.2 Lipid accumulation  

Non-alcoholic fatty liver disease is characterized by lipid accumulation in the liver 

parenchyma. To evaluate the extent of the lipid droplets accumulation, some 

histological analyses were performed: haematoxylin and eosin (H&E) staining was 

used on liver sections of all three experimental groups (Fig. 4.4). Quantitative studies 
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were performed by counting the number of lipid droplets, and measuring their area 

and diameter in the different groups (Fig. 4.5).  

 

Figure 4.4. Morphological analysis of liver sections stained with H&E. Liver sections of animals of 

all the experimental groups were stained with H&E. In the figure, lipid droplets are visible in white, 

dispersed among the hepatocytes. Scale bar=200 Õm. 

As it is visible from the H&E staining, the number of lipid droplets in HFD-mice 

livers was increased in comparison to the CTRL diet-fed mice. Similarly, the area and 

diameter of lipid droplets were also significantly increased in HFD-mice versus the 

control group. OCA treatment led to a significant reduction of lipid accumulation, as 

demonstrated by a reduction in their size and number compared to the HFD-mice. 

(Fig. 4.5).   

 

Figure 4.5. Number, area, and diameter of lipid droplets accumulated in mice livers. Liver sections 

from all experimental groups were considered for lipid droplets counting and measuring. From 7 to 10 

animals were considered for each experimental group. Kruskal-Wallis test followed by Dunnôs test for 

multiple comparisons was performed for statistical analysis. *pÒ0.05; **pÒ0.005; ***pÒ0.0005.  
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Overall, morpho-histological evaluations of liver sections confirm the positive effect 

of OCA in reducing the hepatic lipid load, considering the number of droplets per 

field, their area and diameter. 

4.2 Liver fibrosis  

4.2.1 Collagen deposition 

Data generated in collaboration with Dr. Di Pasqua, Cellular and Molecular Pharmacology and 

Toxicology Unit, University of Pavia, Pavia, Italy. 

Collagen deposition is a cellular response to chronic liver injury. Indeed, the 

alteration of extracellular matrix homeostasis that occurs during NAFLD/NASH 

leads to abnormal collagen deposition between hepatic sinusoids. In the in vivo model 

used for this project, it was seen a reduction of collagen fibres deposited in the livers 

of mice treated with OCA (Fig 4.6).  

 

Figure 4.6. Collagen deposition on liver sections stained with Sirius Red. Liver sections of animals 

of all the experimental groups were stained with Sirius Red. In the figure, collagen fibres are stained in 

red. Scale bar = 200 Õm. 

The analysis of the images performed with ImageJ software quantified the area of red 

spots in the liver parenchyma. The quantification confirmed the high increase in 

Sirius-red positive areas in HFD group and the reduction in OCA-treated group to 

value comparable to those found in the control group (Fig. 4.7). The difference in the 
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positive area between HFD versus CTRL and HFD versus the OCA treated group is 

statistically significant. 

 

Figure 4.7. Quantification of Sirius red positive areas in liver 

sections from the three different experimental groups. Liver 

sections of animals of all the experimental groups were stained 

with Sirius Red. In the graph, from 7 to 10 animals were considered 

for each experimental group. Kruskal-Wallis test followed by 

Dunnôs test for multiple comparisons was performed for statistical 

analysis. ***pÒ0.0005. 

 

 

4.2.2 RECK evaluation 

RECK is an innovative target inhibiting inflammatory and fibrogenic processes, via 

MMPs in NASH. Quantitative PCR was used to define the expression of RECK. In 

the group of mice administered with OCA, the mRNA expression is increased in 

comparison to HFD group. This result was also confirmed by the analysis of protein 

levels: OCA treatment upregulated RECK protein to values higher than HFD group 

(Fig. 4.8). 
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Figure 4.8. RECK gene and protein expression. From 7 to 10 animals were considered for each 

experimental group. Kruskal-Wallis test followed by Dunnôs test for multiple comparisons was 

performed for statistical analysis. Western blot bands are reported on the right. *pÒ0.05; **pÒ0.005.  

4.2.3 Matrix metalloproteinases  

Data generated in collaboration with Dr. Palladini, Fondazione IRCCS Policlinico San Matteo, Pavia, 

Italy.  

Hepatic metalloproteinases are enzymes involved in fibrogenesis, since they play a 

role in extracellular matrix remodelling during chronic liver injuries. In the current 

study, the enzymatic activity and transcript expression of MMP-2 and MMP-9 was 

explored. MMP-2 activity assessed through zymography, revealed that OCA 

treatment restored the proteinase levels similarly to the control group. The difference 

between the HFD and HFD+OCA groups was statistically significant. The mRNA 

expression evaluation confirmed the results found analysing the activity, although the 

differences were not significant (Fig. 4.9). The quantification of MMP-9 enzymatic 

activity and transcript expression confirmed the findings on MMP-2 (Fig. 4.10). 

Again, transcript analysis was not statistically significant, but it depicted a trend that 

validated what found for MMP-2.  

 

Figure 4.9. MMP-2 activity and mRNA expression in the three experimental groups. From 7 to 10 

animals were considered for each experimental group. Levels of gene expression were normalized on 

the average of housekeeping genes expression (RSP9 and GAPDH) and expressed as 2-ȹȹCt. Ordinary 
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one-way ANOVA test followed by Tukey test for multiple comparisons was performed for statistical 

analysis. *pÒ0.05; **pÒ0.005. 

 

Figure 4.10. MMP-9 activity and mRNA expression in the three experimental groups. From 7 to 

10 animals were considered for each experimental group. Levels of gene expression were normalized 

on the average of housekeeping genes expression (RSP9 and GAPDH) and expressed as 2-ȹȹCt. Kruskal-

Wallis test followed by Dunnôs test for multiple comparisons was performed for statistical analysis. 

*pÒ0.05.  

4.2.4. TIMP1 and TIMP2 

Inhibitors of metalloproteinases (TIMPs) are involved in the fibrogenic process, and 

their expression increased during NASH progression. For this reason, their role was 

investigated in this project. Although not significantly, OCA decreased the transcript 

expression of TIMP1; the drug administration significantly reduced TIMP2 gene 

expression, in comparison with the gene expression levels found in HFD group (Fig. 

4.11) 
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Figure 4.11. TIMP1 and TIMP2 mRNA expression in the three experimental groups. Liver biopsies 

were homogenized for the evaluation of mRNA expression in the different experimental groups.  Levels 

of gene expression were normalized on the average of housekeeping genes expression (RSP9 and 

GAPDH) and expressed as 2-ȹȹCt. From 5 to 6 animals were considered for each experimental group. 

Kruskal-Wallis test followed by Dunnôs test for multiple comparisons was performed for statistical 

analysis. *pÒ0.05 

4.3.3 TGF-ɓ  

TGF-ɓ plays a role in chronic liver disease since it is a profibrogenic cytokine 

(Dewidar et al., 2019). Its role was investigated for a better elucidation of the 

fibrogenic mechanisms in the in vivo model used for this project. Its transcript 

expression was evaluated, as well as its serum concentration. TGF-ɓ mRNA 

expression did not show any difference among the groups. The serum levels of TGF-

ɓ were also similar in the three experimental groups (Fig. 4.12) 
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Figure 4.12. TGF- ɓ transcript expression and serum concentration in the three experimental 

groups. a) Liver biopsies were homogenized for the evaluation of TGF-ɓ mRNA expression in the 

different experimental groups. From 5 to 6 animals were considered for each experimental group. Levels 

of gene expression were normalized on the average of housekeeping genes expression (RSP9 and 

GAPDH) and expressed as 2-ȹȹCt. b) Serum collected from the animals of all groups was analysed to 

assess the concentration of TGF- ɓ. For both a) and b) Kruskal-Wallis test followed by Dunnôs test for 

multiple comparisons was performed but no statistical differences can be appreciated among the groups. 

The reduction of dispersed collagen fibres in the liver parenchyma and the reduction 

in metalloprotease activity and the TIMP1 and TIMP2 mRNA expression due to OCA 

effect reinforced the idea that its administration has a positive effect on liver fibrosis 

caused by NASH. 

4.3 Liver inflammation  

4.3.2 IL-1ɓ  

IL-1 family cytokines are one of the main drivers of inflammation (Dinarello, 2018). 

For the current analysis, IL-1ɓ concentration in the serum of the experimental groups 

was assessed. No relevant differences were found among the groups considered (Fig. 

4.13). 
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Figure 4.13. IL-1ɓ concentration in serum of the three 

experimental groups. Serum collected from the animals of all groups 

was analysed to assess the concentration of IL-1ɓ. Results were 

expressed as pg/ml. From 4 to 6 animals were considered for each 

experimental group. Kruskal-Wallis test followed by Dunnôs test for 

multiple comparisons was performed but no statistical differences can 

be appreciated among the groups. 

 

 

4.3.3 Endothelial nitric oxide synthase protein level 

The emerging role of endothelial nitric oxide synthase (eNOS) in the regulation of 

liver vascular tone has been described to be associated to NASH development 

(Cunningham et al., 2020)., As reported in Figure 4.14, eNOS protein levels 

decreased in HFD group compared with control diet group. Upon OCA 

administration, an increase in eNOS expression was found compared to values in 

HFD group (Fig. 4.14). 
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Figure 4.14. eNOS protein expression in the three experimental groups. Liver biopsies were 

homogenized for the evaluation of eNOS protein expression in the different experimental groups. From 

4 to 6 animals were considered for each experimental group. Western blot bands are reported on the 

right. The results were normalized for the tubulin expression. Kruskal-Wallis test followed by Dunnôs 

test for multiple comparisons was performed for statistical analysis. *pÒ0.05. 

The correlation between eNOS protein expression versus the number of lipid droplets 

per field is depicted in Figure 4.15. In the group of mice treated with OCA, higher 

levels of eNOS expression correlate with the lower number of droplets/field. The 

correlation value for HFD+OCA group, r, was found equal to -0,7024 with a p value 

inferior to 0.05. (Fig. 4.15).  

 

Figure 4.15. Negative correlation between eNOS protein expression versus the number of lipid 

droplets/field. eNOS protein expression in the different experimental groups and the number of lipid 

droplets per field on tissue sections have been correlated. From 4 to 6 animals were considered for each 

experimental group. Association between parameters was evaluated according to Pearson correlation 

(normally distributed variables).  

 

Together, these data confirm a positive effect of OCA on disease progression, as it 

reduces liver weight, bilirubin, cholesterol and bile acid levels. OCA has also been 

shown to be effective as it increases eNOS expression and reduces both lipid droplet 

accumulation and collagen fibres deposition. The upregulation of RECK levels has 

been associated with a reduction of hepatic metalloproteinases mediated by OCA. 
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These results supported the idea that the modulation of FXR receptor by agonists 

such as OCA, could prove of potential clinical relevance  in the development of 

innovative therapeutic compounds.  
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5.1 RNA-seq analysis revealed a bi-phenotypic cell 

population in end stage livers  

Data generated by Dr. Gribben and Dr. Galanakis, Wellcome ï MRC Cambridge Stem Cell Institute, 

Cambridge, UK. Unpublished. 

NAFLD is a pathology characterized by different stages: lipid accumulation is the 

first hit, but more severe conditions can arise until the most critical one, which is 

called end stage liver disease. At this stage, liver needs to be replaced by a new organ.  

To study the regenerative process that occurs at cellular level, single nuclei RNA 

sequencing was performed on 47 liver biopsies from patients affected by different 

NAFLD/NASH diseaseôs severity. Nuclei were obtained by frozen tissues and sorted 

by FACS. All the nuclei were subjected to quality control and only high-quality nuclei 

were considered for the analysis. Eventually, 99,809 nuclei were examined. 

Disease 
status  

Number of 
patients  

Percentage of 
patients  

Number of 
nuclei  

post -QC 

Healthy  4 8.5 7,104 

NAFLD 7 15 10,388 

NASH 27 57 45,530 

Cirrhosis  4 8.5 5,297 

End stage  5 11 31,490 

 47 total   99,809 total  

Table 5.1. Representative table of the biopsies that were used for the single nuclei RNA-seq. 47 

liver biopsies from patients affected by different NAFLD/NASH diseaseôs severity were considered for 

the study. 

Bioinformatic analysis and UMAPs were generated by the group led by Dr. Irina 

Mohorianu, head of Bioinformatics & Scientific Computing at the Cambridge Stem 

Cell Institute (Cambridge, UK). The collection was enriched in hepatocytes 

(n=69,426) and cholangiocytes (n=5,412). Considering the cell type specific clusters, 
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they mostly overlap independently of the disease stage, except for hepatocytes. They 

revealed clear transcriptional changes upon disease progression, confirming that 

hepatocytes are the cell population mostly affected by the disease progression. 

When the single nuclei were annotated according to the cell type, a çbridgeè between 

cholangiocyte and hepatocytes clusters was visible (Fig. 5.1 a). The çbridgeè was 

characterised by bi-phenotypic cells that express both cholangiocyte and hepatocyte 

markers.  

By annotating the cells according to the different stages of disease, it was evidenced 

that the çbridgingè population consisted of nuclei of cells belonging the end-stage 

cluster (Fig. 5.1 b).  

 

 

Figure 5.1. Single nuclei RNA-seq of NAFLD progression. a) UMAP showing cell annotation from 

all disease stages post QC. b) UMAP shown by disease stage. 

 

A UMAP including only hepatocytes and cholangiocytes from end stage livers was 

generated. The presence of a hybrid cell population is clearly recognisable, and it may 

be constituted by an intermediate population between the two clusters of hepatocytes 

and cholangiocytes.  
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To study which markers are differentially regulated in the çbridging populationè, 

pseudotime analysis was performed. A trajectory from cholangiocyte to hepatocyte 

cluster was drawn, as shown in the Fig. 5.2 a. This analysis revealed a set of markers 

strongly expressed by the intermediate population. A heatmap was designed to better 

visualize the markers.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. Single nuclei RNA-seq identifies cholangiocyte-to-hepatocyte plasticity. a) UMAP of 

cholangiocyte and hepatocytes from end stage NAFLD disease stage only. The black line indicates the 

pseudotime trajectory followed for the identification of markers highly expressed by the intermediate 

population. b) Heatmap representing the changes of the expression of markers along the çbridgeè. 

Pseudotime analysis provided the expression of some markers along the trajectory. 

These markers were divided into three categories: a) cholangiocyte markers, b) 

hepatocyte markers, c) cholangiocyte-like-hepatocyte markers. Interestingly, the 

Hepatocytes Cholangiocytes 

Pseudotime trajectory 
a 

Markers expressed following 

the pseudotime trajectory 
b 
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cholangiocyte-like-hepatocyte markers resulted in a peak of expression in 

correspondence of the çbridgingè population.  

Two transcription factors expressed in the cholangiocyte-to-hepatocyte çbridgeè 

were selected for further investigations: SOX4 and KLF6.  They are two putative 

plasticity marker that could play a key role in plasticity that occurs between 

cholangiocyte and hepatocyte populations in end stage liver disease.  

5.2 Validation of SOX4 and KLF6 expression in end stage 

livers 

Data generated by Dr. Gribben and Dr. Galanakis, Wellcome ï MRC Cambridge Stem Cell Institute, 

Cambridge, UK. Unpublished. 

SOX4 and KLF6 are two transcription factors that are differentially expressed in the 

çbridging populationè (Fig 5.2 b). To validate the presence of SOX4 and KLF6 in 

end stage livers, immunofluorescence staining was performed on healthy and end 

stage tissue sections.  Considering healthy tissue sections (Fig. 5.3 a), the parenchyma 

is composed almost exclusively by hepatocytes expressing ALB. KRT19 surrounds 

bile ducts, and it is not co-expressed with ALB. There are no SOX4 positive nuclei 

in the parenchyma. On the other hand, immunofluorescence staining on end stage 

liver tissue showed ductular reaction (Fig. 5.3 b). ALB is not homogenously 

expressed, and the cells looked like surrounded by collagen. On this tissue, it is visible 

the presence of bi-phenotypic cells: they co-express ALB, KRT19, and SOX4.  

Regarding KLF6 presence, no spots are observable in healthy livers. Of note, KLF6 

transcription factor is co-expressed with ALB and KRT19 in end stage liver sections 

indicating the presence on bi-phenotypic cells (Fig. 5.4 b).  
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Figure 5.3. In vivo validation of novel cholangiocyte-like-hepatocyte marker SOX4 in healthy and 

end stage liver sections. Immunofluorescent staining on healthy liver tissue (a) and end stage liver 

sections (b). ALB is visible in green, KRT19 in white, SOX4 in red. Nuclei are stained with DAPI and 

visible in blue in the image. Examples of bi-phenotypic cells are pointed by the white arrows. 

Scalebar=30 Õm. 

Regarding KLF6 presence, no spots are observable in healthy livers. Of note, KLF6 

transcription factor is co-expressed with ALB and KRT19 in end stage liver sections 

indicating the presence on bi-phenotypic cells (Fig. 5.4 b).  
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Figure 5.4. In vivo validation of novel cholangiocyte-like-hepatocyte marker KLF6 in healthy and 

end stage liver sections. Immunofluorescent staining on healthy liver tissue (a) and end stage liver 

sections (b).  ALB is visible in green, KRT19 in red, KLF6 in white. Nuclei are stained with DAPI and 

visible in blue in the image. Examples of bi-phenotypic cells are pointed by the white arrows. a) 

Scalebar=30 Õm b) Scalebar=15 Õm. 

5.3 Development of two in vitro models for the study of liver 

cell plasticity 

Plasticity is a phenomenon that occurs in end stage liver disease, and it involves the 

two main population of liver cells: cholangiocytes and hepatocytes. Indeed, when the 

organ is injured, these cells transdifferentiate toward the other cell compartment. 

Since the direction of the transdifferentiation that occurs in end stage liver cells has 

not been completely clarified yet, in this project both directions have been evaluated.  
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For the reason explained above, part of the work was the characterization of two 

different in vitro models that may mimic the plasticity process that happens in vivo. 

To achieve this goal, patients-derived intrahepatic cholangiocyte organoids (ICOs) 

and hiPSCs-derived hepatocytes (FoP-Heps) were used.  

5.3.1 Transdifferentiation of intrahepatic cholangiocyte 

organoids: a model of cell plasticity  

Intrahepatic cholangiocyte organoid (ICOs) lines were generated from different 

patients. For this work, 2 cell lines derived from 2 healthy patients were used: HL1 

and HL6; 3 cell lines derived from 3 end stage patientsô livers were considered as 

well: CL2, CL103, and CL109. ICOs cultured in expansion medium (EM) developed 

in round spheroids. To reproduce the cell plasticity process, ICOs were subjected to 

transdifferentiation following the protocol developed by Huch and colleagues (Huch 

et al., 2015). Organoids treated with (trans)differentiation medium (DM) showed a 

small, dense spheroid shape with a thick outside membrane (Fig. 5.5).  

 

Fig. 5.5. Transdifferentiation of intrahepatic cholangiocyte organoids. Brightfield images of ICOs, 

cultured in expansion media (top row) and differentiation media (bottom row). From left to right: HL1, 

HL6, CL2, CL103, CL109 cell lines, derived from different patients. Scalebar=250 Õm.  

5.3.1.1 In vitro investigation of bipotent cells in ICOs transdifferentiation 
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Intrahepatic cholangiocyte organoids subjected to transdifferentiation for 15 days in 

differentiation medium were fixed with PFA and stained for immunofluorescence 

imagining. HL1 cell line was considered for this experiment. Organoids were stained 

with ALB and KRT7, to explore the bi-phenotype of the cholangiocyte organoids 

subjected to transdifferentiation. In DM-treated cells, ALB expression was clearly 

present: as expected, it was instead absent in HL1 organoids treated with EM. That 

demonstrated that the transdifferentiation protocol worked and that is possible to 

obtain bipotent cell organoids by using this method. ICOs was demonstrated to be a 

good model for the study of liver cell plasticity.  
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Figure 5.6. Immunofluorescence staining of intrahepatic cholangiocyte organoids after 

transdifferentiation. ALB signal is visible in green, KRT7 in yellow. DAPI signal is in blue. 

Scalebar=100 Õm. 
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5.3.1.2 Cholangiocyte, hepatocyte, and plasticity markers gene expression 

in transdifferentiated ICOs 

Gene expression of ICOs subjected to transdifferentiation was evaluated through 

quantitative PCR. Hepatocyte markers were quantified: ALB was demonstrated to be 

increased in DM-treated organoids, but the difference in the expression was not 

statistically significant. On the other hand, CYP3A4 enzyme gene expression resulted 

significantly higher in DM-treated cells than in EM-cultured ones. HNF4Ŭ expression 

is higher in DM-treated cells, confirming the presence of bi-potent cells in that 

population. mRNA expression of KRT7, KRT19, and SOX9 were evaluated. It is 

interesting to see that KRT7 and KRT19 levels are both increased in DM-cultured 

organoids. SOX9 expression, a marker of immature cholangiocytes instead, is higher 

in EM than in DM-treated cells.  

 

Figure 5.7. mRNA expression of ALB, CYP3A4, HNF4Ŭ in transdifferentiated intrahepatic 

cholangiocyte organoids. The values were normalized on the average of housekeeping genes 

expression (PBGD, RPLP0) and expressed as 2-ȹCt. Paired t test or Wilcoxon test were performed for 

statistical analysis of parametric and non-parametric distributions, respectively. Two-tailed p value was 

considered. *pÒ0.05; ** pÒ0.005. 
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Figure 5.8. mRNA expression of KRT7, KRT19, SOX9 in transdifferentiated intrahepatic 

cholangiocyte organoids. The values were normalized on the average of housekeeping genes 

expression (PBGD, RPLP0) and expressed as 2-ȹCt. Paired t test or Wilcoxon test were performed for 

statistical analysis of parametric and non-parametric distributions, respectively. Two-tailed p value was 

considered. *pÒ0.05; ** pÒ0.005. 

The heatmap in Figure 5.2 showed some cholangiocyte-to-hepatocyte markers that 

are involved in cell plasticity. KRT23, SOX4, and KLF6 were estimated as putative 

plasticity markers and for this reason their expression in transdifferentiated 

cholangiocyte organoids was evaluated by qPCR. KRT23 expression was higher in 

DM-treated organoids rather than in EM-cultured organoids. The same trend is 

appreciable for SOX4 transcription factor. These markers depicted a trend, but the 

expression of the markers did not differ in a statistically significant manner 

throughout the experimental groups. Instead, KLF6 mRNA expression was 

considerably higher in organoids cultured with differentiation medium than the ones 

cultured with expansion medium.  
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Figure 5.9. mRNA expression of KRT23, SOX4, KLF6 plasticity markers differentially expressed 

in the çbridgingè population. The values were normalized on the average of housekeeping genes 

expression (PBGD, RPLP0) and expressed as 2-ȹCt. Paired t test or Wilcoxon test were performed for 

statistical analysis of parametric and non-parametric distributions, respectively. Two-tailed p value was 

considered. *pÒ0.05; *pÒ0.005Φ 

5.3.2 Forward Programming-derived hepatocytes 

Induced human pluripotent stem cells can be transdifferentiated to obtain different 

cell types, including hepatocytes. To achieve this goal, Forward Programming 

protocol (FoP) was used to obtain hepatocytes (FoP-Heps) from genetically modified 

hiPSCs. The protocol lasted 20 days from the day of the seeding. The cells are seeded 

as hiPSCs at day 1. During the following days they proliferate and create a monolayer 

around day 4/5 of transdifferentiation. Cells overgrew in some areas (white arrows in 

Fig. 5.10), but they did not lose their morphology. At day 20, well-shaped FoP-Heps 

cells are visible in the plate. 
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Figure 5.10. Forward programmed hiPSCs during the transdifferentiation into FoP-Heps. The 

white arrows indicate overgrowth spots on the cell monolayer. Scalebar=100 Õm.  

5.3.2.1 In vitro validation of FoP-Heps 

To confirm to have obtained FoP-Heps at the end of the protocol, 

immunofluorescence staining was performed. In particular, ALB and HNF4Ŭ 

expressions were explored. Most of the cells express ALB and HNF4Ŭ proteins.  

 

Figure. 5.11. Immunofluorescent staining of FoP-Heps after Forward Programming protocol. 

ALB signal is in green, HNF4Ŭ in red, DAPI in blue.  Scalebar=100 Õm. 

5.3.2.2 mRNA expression evaluation of FoP-Heps 
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To prove the correct completion of the transdifferentiation occurred from hiPSCs into 

FoP-Heps, quantitative PCR was performed to check the gene expression of some 

hepatocyte markers. The values were compared with the ones obtained from human 

liver tissue lysate (HT).   

The transcript expression of hepatocyte markers such as ALB, CYP3A4, and HNF4, 

was investigated. Considering ALB expression level, it is possible to appreciate the 

similarities between FoP-Heps and primary human hepatocytes (PHH). Obtaining 

primary human hepatocytes is not always easy and the cells could be less functional 

than expected. From the graph reported in figure 5.12 CYP3A4 expression is 

enormously higher in PHH than in FoP-Heps, whereas HNF4Ŭ expression is similar 

in FoP-Heps and PHH.   

Figure 5.12. mRNA expression of ALB, CYP3A4, HNF4Ŭ in transdifferentiated FoP-Heps from 

hiPSCs. The values were normalized on the average of housekeeping genes expression (PBGD, RPLP0) 

and expressed as 2-ȹCt.  

5.3.2.3 CYP3A4 activity  

To evaluate the FoP-Heps functionality, CYP3A4 functional assay was performed, 

since it is an important oxidizing enzyme that plays a crucial role liver metabolism. 

Compared with primary human hepatocytes, the values resulted to be lower.   
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Figure 5.15. CYP3A4 activity.  CYP3A4 activity levels 

normalised per cell number (millions) in FoP-Heps after 20 days 

of forward programming (n=4) and in primary human hepatocytes 

(n=4).  

 

 

 

5.4 SOX4 and KLF6 gain of function experiments on ICOs 

and FoP-Heps 

Bioinformatic analysis made us able to generate a list of genes differentially 

expressed in the çbridgingè population. Among the genes listed in the heatmap 

reported in figure 5.2, two transcription factors were chosen for further analysis: 

SOX4 and KLF6. As previously shown, their presence in end stage livers was 

observed by immunofluorescence on tissue sections. Deeper explorations 

demonstrated the expression of these markers in transdifferentiated ICOs and FoP-

Heps, further validating the reliability of these two models for the study of liver cell 

plasticity process. 

To understand more in details their role, these transcription factors were 

overexpressed in ICOs as well as in hiPSCs-derived FoP-Heps through lentiviral 

transduction.   

5.4.1 Gain of function experiments on intrahepatic 

cholangiocyte organoids  

SOX4 and KLF6 gain of function experiments were performed on HL6 cell line in 

plate using an MOI equal to 10. To help viral vectors to cross the cell membrane, 

polybrene was added to the mix. The cells were selected for 2 days with puromycin 

2 mg/ml, and for more 2 days with puromycin 3 mg/ml. 
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Thanks to the design of the control vector, control (CTRL) ICOs were fluorescent 

both in green and red, for the presence of EGFP and mCHERRY cassette in the 

construct. It was possible to monitor the occurrence of the infection by checking that 

organoids infected with SOX4 or KLF6 vector were fluorescent for green but not for 

red.   

5.4.1.1 SOX4 gain of function experiment on ICOs show that this 

transcription factor is toxic to cholangiocytes 

Organoids were infected with SOX4 or CTRL lentiviral vectors. As it is visible from 

the figure 5.16, only few SOX4-infected organoids survived after the selection. Many 

more control organoids resisted in the plate. This suggests that Sox4 overexpression 

is not compatible with ICOs self-renewal. 

 

 

Figure 5.16. Lentiviral infection for the overexpression of SOX4 in ICOs. SOX4 infection was 

monitored by the parallel control vector infection. Scalebar=250 Õm.   

SOX4 gain of function experiment on ICOs: transdifferentiation  

ICOs, infected with control vector and SOX4 vector through lentivirus transduction, 

have been subjected to transdifferentiation, following the protocol developed by 
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Huch and collaborators (Huch et al., 2015). After 15 days of transdifferentiation, cells 

treated with DM showed a smaller and denser morphology. As it is visible from the 

images below (Fig. 5.17), not all the SOX-4 infected ICOs resulted to be fluorescent 

in green, even if those cells have been selected for puromycin. Probably, the cassette 

had been silenced in the cells and also confirm the toxicity of Sox4 overexpression. 

 

 

Figure 5.17. Transdifferentiation of CTRL or SOX4-infected ICOs. Scalebar= 300 Õm. 

SOX4 gain of function experiment on ICOs: mRNA expression evaluation 

At the end of transdifferentiation, mRNA expression was evaluated by using qPCR.  

The expression of SOX4, ALB, CYP3A4, AFP, APOA1, HNF4Ŭ, Ki67, KRT7, 

KRT19, SOX9 was estimated by normalizing for the average of the housekeeping 

genes, PBGD and RPLP0. SOX4 gene expression was evaluated, but it did not show 

any relevant difference between the cells treated for SOX4 overexpression and the 

control ones. This observation suggests again that cells overexpression high level of 

Sox4 died. As expected, ALB mRNA expression resulted to be increased in ICOs 
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subjected to transdifferentiation. CYP3A4 gene expression was registered higher in 

DM-treated cells in comparison with the EM-treated ones for both control and SOX4-

infected groups, as well as for AFP.  By analysing APOA1 expression, the levels of 

the gene in CTRL DM and in SOX4 DM groups is increased in respect with the 

corresponding EM groups. The levels of HNF4Ŭ are slightly higher in DM-treated 

ICOs than in the ones cultured in EM. Considering the proliferation marker Ki67, its 

expression is lower in DM cells than in EM cultured organoids. Of note, KRT7 and 

KRT19 markers are increased by the transdifferentiation. Instead, SOX9 expression 

showed a decreasing trend in differentiated experimental groups. Taken together, 

these data confirm that Sox4 expression as string effect on cholangiocytes. However, 

the toxic effect rendered difficult to conclude about a potential function in 

transdifferentiation. 

Figure 5.18. mRNA expression of SOX4 in ICOs transduced 

with control vector or SOX4 vector and transdifferentiated. The 

values were normalized on the average of housekeeping genes 

expression (PBGD, RPLP0) and expressed as 2-ȹCt. 

 

Figure 5.19. mRNA expression of hepatocyte markers ALB, CYP3A4, and AFP. The values were 

normalized on the average of housekeeping genes expression (PBGD, RPLP0) and expressed as 2-ȹCt. 
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Figure 5.20. mRNA expression of APOA1, HNF4Ŭ, and Ki67. The values were normalized on the 

average of housekeeping genes expression (PBGD, RPLP0) and expressed as 2-ȹCt. 

 

Figure 5.21. mRNA expression of KRT7, KRT19, SOX9 in ICOs transduced with control vector 

or SOX4 vector and transdifferentiated. The values were normalized on the average of housekeeping 

genes expression (PBGD, RPLP0) and expressed as 2-ȹCt. 

5.4.1.2 KLF6 gain of function experiment on ICOs: lentiviral infection 

As putative plasticity marker to investigate, KLF6 transcription factor was also 

overexpressed in KLF6-infected HL6 ICOs. As shown in the figure below (Fig. 5.22), 

organoids were infected with the control vector and the KLF6 vector. The control 

wells were the same for both SOX4 and KLF6 gain of function experiments since 

they were run in parallel at the same time. After 4 days of puromycin selection, 

contrariwise to SOX4-infected organoids, both control and KLF6-infected organoids 

showed a good survival. By analysing the fluorescence emitted from the organoids, 
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KLF6-infected cells were more resistant to puromycin than SOX4-infected 

organoids. Thus, KLF6 overexpression seems to be compatible with ICOs self 

renewal. 

 

Figure 5.22. Lentiviral infection for the overexpression of KLF6 in ICOs. Scalebar=250 Õm.   

KLF6 gain of function experiment on ICOs: transdifferentiation 

KLF6-infected organoids were subjected to transdifferentiation protocol (Huch et al., 

2015) for 15 days. At the end of the transdifferentiation, images to monitor the 

fluorescence were taken and qPCR was performed. As usual, organoids that were 

administered with DM resulted to be smaller and denser than the regularly cultured 

ones with EM.  
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Figure 5.23. Transdifferentiation of CTRL/KLF6-infected ICOs. Scalebar=300 Õm. 

KLF6 gain of function experiment on ICOs: mRNA expression evaluation  

Quantitative PCR was performed to evaluate KLF6 transcript level. Comparing 

KLF6 expression in infected ICOs vs non-infected ones, it is clear that its value is 

higher in the ones that were subjected to the infection, as expected. Interestingly, its 

expression is increased in transdifferentiated ICOs: the same trend is confirmed for 

both cell lines.  

Figure 5.24. KLF6 mRNA expression in transduced and 

transdifferentiated ICOs. The values were normalized on the average 

of housekeeping genes expression (PBGD, RPLP0) and expressed as 2-

ȹCt.   
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The expression of ALB, CYP3A4, and APOA1 in EM and DM-cultured ICOs, 

transduced with the control and KLF6 vectors was analysed. ALB gene expression 

analysis showed an increased expression in both CTRL and KLF6 treated ICOs, while 

it is close to zero for EM-treated organoids. The trend was confirmed by CYP3A4 

and APOA1 gene expression analysis. 

 

Figure 5.25. ALB, CYP3A4, APOA1 mRNA expression on transduced and transdifferentiated 

ICOs. The values were normalized on the average of housekeeping genes expression (PBGD, RPLP0) 

and expressed as 2-ȹCt. 

Gene expression of KRT7, KRT19 and SOX9 was also evaluated. KRT7 expression 

resulted to be higher in control organoids when treated with DM than all the other 

considered groups. KRT19 marker expression was increased after the DM treatment, 

both in control and KLF6-infected cells. No significant changes were appreciated in 

considering SOX9 gene expression. 

Figure 5.26. mRNA expression of cholangiocyte markers in transduced and transdifferentiated 

C
TR

L E
M

K
LF6 

EM

C
TR

L D
M

K
LF6 

D
M

0.0

0.2

0.4

0.6

0.8

1.0

ALB

m
R

N
A

 e
x

p
re

s
s

io
n

C
TR

L E
M

K
LF6 

EM

C
TR

L D
M

K
LF6 

D
M

0.0

0.2

0.4

0.6

0.8

1.0

CYP3A4

m
R

N
A

 e
x

p
re

s
s

io
n

C
TR

L E
M

K
LF6 

EM

C
TR

L D
M

K
LF6 

D
M

0.00

0.02

0.04

0.06

0.08

APOA1

m
R

N
A

 e
x

p
re

s
s

io
n

C
TR

L E
M

K
LF6 

EM

C
TR

L D
M

K
LF6 

D
M

0

2

4

6

8

10

KRT7

m
R

N
A

 e
x

p
re

s
s

io
n

ṦṦ

C
TR

L E
M

K
LF6 

EM

C
TR

L D
M

K
LF6 

D
M

0

20

40

60

KRT19

m
R

N
A

 e
x

p
re

s
s

io
n

ṦṦṦṦ

ṦṦṦṦ

C
TR

L E
M

K
LF6 

EM

C
TR

L D
M

K
LF6 

D
M

0.0

0.5

1.0

1.5

2.0

SOX9

m
R

N
A

 e
x

p
re

s
s

io
n



+r^§®kª Ã × Mk«¯z®« ×  

 

¿ÀÅ 

ICOs. The values were normalized on the average of housekeeping genes expression (PBGD, RPLP0) 

and expressed as 2-ȹCt. Ordinary One-way ANOVA was performed for statistical analysis. **pÒ0.02; 

****pÒ0.0001Φ  

The expression of the nuclear marker HNF4Ŭ and the proliferative marker Ki67 were 

explored. HNF4Ŭ resulted to be slightly higher in DM treated groups than in EM 

treated ones. Ki67 expression was higher in EM cultured organoids, as expected. 

Cholangiocyte organoids cultured in differentiation media lose their proliferative 

capability. To conclude overexpression of KLF6 seems to have little or no effect on 

transdifferentiation of cholangiocytes into hepatocytes. 

 

Figure 5.27. HNF4Ŭ and Ki67 gene expression in transduced and transdifferentiated ICOs. The 

values were normalized on the average of housekeeping genes expression (PBGD, RPLP0) and 

expressed as 2-ȹCt.  

5.4.2 Gain of function experiments on FoP-Heps 

Experiments to overexpress putative plasticity markers were performed by using 

lentiviral vectors on FoP-Heps. The same viral vectors used for ICOs transduction 

were used also for FoP-Heps. Preliminary experiments to set up the best MOI factor 

to use were performed. For the experiment, the cells were infected with MOI equal 

to 10. FoP-Heps were infected in plate, between day 15 and 17 of the maturation by 

using polybrene to ensure high infection rate. For the infection, control, SOX4 and 

KLF6 viral vectors were used. Since control vector present EGFP cassette and the 

mCHERRY cassette, the cells infected were fluorescent in green and red. FoP-Heps 
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infected with SOX4 or KLF6 viral vector, presented only green fluorescence, since 

SOX4 and KLF6 vector used had only EGFP cassette in the construct (Methods, 

paragraph 3.14). FoP-Heps infection and fluorescence expression were monitored for 

96 hours after the infection. The photos reported below were taken after 96 hours of 

transduction. KLF6 lentivirus seemed to be more efficient in infection: cells infected 

by this virus resulted in stronger green fluorescence after 96 hours.  

 

 

Figure 5.28. Lentiviral infection for the overexpression of SOX4 and KLF6. Scalebar= 200 Õm.  
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5.4.2.1 Flow cytometry on transduced FoP-Heps to assess the infection 

efficiency 

To assess the efficiency of the infection, at the end of the FoP maturation, infected 

FoP-Heps were harvested. Flow cytometry was performed. As expected, uninfected 

FoP-Heps showed a ratio of infection equal to zero. In control-infected FoP-Heps, 

infection efficiency was equal to 22.16%, considering FoP-Heps that emitted green 

fluorescence, the ones which emitted red fluorescence and the ones that were 

fluorescent for both channels. SOX4 infection rate was assessed to be 16.3% and 

KLF6 efficiency was equal to 34.6 %. KLF6 viral vector was the most infectious one 

among the ones used for the experiment. The difference between KLF6 and SOX4 

either suggest a difference in the quality of the viral preparation or again that SOX4 

overexpression is toxic for hepatocytes. 

 

Figure 5.29. Efficiency of infection assessed by using flow cytometry.  
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5.4.2.2 mRNA expression analysis on infected FoP-Heps  

To check the overexpression of the putative plasticity markers in FoP-Heps 

transduced with the viral vectors, quantitative PCR was performed. Unfortunately, 

considering SOX4 marker, its expression is not higher in SOX4-infected FoP-Heps 

than in the other experimental groups again confirming that this overexpression is 

likely problematic. On the other hand, KLF6-infected FoP-Heps showed higher 

KLF6 levels than the other groups. The difference in KLF6 expression is significative 

considering KLF6-infected and the control-infected groups.  

 

Figure 5.30. mRNA expression of SOX4 and KLF6 in SOX4-infected FoP-Heps and in KLF6-

infected FoP-Heps. The values were normalized on the average of housekeeping genes expression 

(PBGD, RPLP0) and expressed as 2-ȹCt. Ordinary one-way ANOVA was performed for statistical 

analysis. **pÒ0.01.  

5.4.2.3 CYP3A4 activity of infected FoP-Heps 

CYP3A4 activity assay is used to explore the FoP-Heps functionality at the end of 

the transdifferentiation protocol. The assay performed on FoP-Heps infected with the 

control, SOX4, and KLF6 lentiviral vectors demonstrated good levels of the enzyme 

activity, similarly to the one obtained on uninfected wells (UI on the graph). The 

values were calculated as Relative Light Unit/ml/million of cells. No statistically 

significant differences were found among the different experimental groups. 
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Figure 5.31. CYP3A4 activity on FoP-Heps infected 

by the lentiviral vectors. Results are expressed in 

RLU/ml/million of cells.  

 

 

 

  

5.4.2.4 In vitro validation of bi-phenotypic transduced FoP-Heps 

Immunofluorescence staining was performed to figure out the presence of bi-

phenotypic cells after the overexpression of the 2 transcription factors SOX4 and 

KLF6. Cells were stained for ALB and KRT19. Since SOX4 overexpression failed 

both in cholangiocyte organoids as well as in FoP-Heps (Paragraph 5.4.1.1. and 

5.4.2.2) since we did not observe any increase in the gene expression, we concluded 

that its overexpression is toxic for the cells. Moreover, the phenotypical analysis 

performed through immunofluorescent staining on FoP-Heps infected with SOX4 

vector did not show any difference from control (data not shown).  It was worth to 

note, instead, that KLF6-infected cells displayed some bipotent FoP-Heps (Fig. 5.32, 

white arrows).  
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Figure 5.32. Immunofluorescent staining of CTRL and KLF6-infected FoP-Heps. Scalebar=100 

Õm. 

 

Patients-derived intrahepatic cholangiocyte organoid and FoP-Heps were used to 

model cell plasticity. Gain of function experiments through lentiviral transduction 

were performed to achieve the overexpression of SOX4 and KLF6, two transcription 

factors found to be highly expressed in transdifferentiating cells in end-stage livers. 

The transduction on cholangiocyte organoids was not successful and we did not 

manage to generate bipotent cell organoids. On the contrary, this approach enables us 

to obtain biphenotypic cells when KLF6 were overexpressed in FoP-Heps. These 

cells express both cholangiocyte and hepatocyte markers. However, SOX4 

overexpression did not lead to any positive result.  
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Since NAFLD is a widespread disease in Western countries, numerous 

attempts have been undertaken to develop a cure. Reduced fat buildup and prevention 

of the disease development toward NASH, fibrosis, cirrhosis, and ultimately HCC, 

are two key components of a successful strategy for treating NAFLD. A change in 

lifestyle is currently the most effective treatment for hepatic steatosis. However, this 

strategy typically fails in practice because obese people tend to disregard lifestyle 

changes. Phase 2 and 3 clinical studies have examined a variety of medications, 

however there are currently no available treatments for NASH (Pennisi et al., 2019).  

 6.1 Obeticholic acid as a therapeutic strategy in NASH 

NASH represents an important unmet medical need, therefore understanding 

the liver pathological mechanisms allows the identification of innovative 

pharmacological targets and treatments. 

In this study, serum bilirubin in mice fed with HFD resulted increased 

compared to control mice. On the other hand, OCA administration led to a reduction 

in bilirubin values, showing a positive effect of this drug on the restoration of the 

values similar to those found in control mice. The same positive effect of the drug 

was also observed on cholesterol level: OCA restored cholesterol level in the treated 

group to values similar to those observed in control mice. Additionally, OCA reduced 

the bile acidsvalue in treated mice to a lower level than in HFD and control groups. 

Our analysis showed that OCA has no effect on triglyceride levels nor on AST, ALT 

and alkaline phosphatase levels. All these results are in line with what was previously 

demonstrated by Roth and Tßlbßl groups (Roth et al., 2019; Tßlbßl et al., 2018). 

Furthermore, the liver weights were restored by OCA administration in our model of 

NASH and the same effects was also reported by Tßlbßl e collaborators..  

Histological analysis showed a reduction in number, area, and diameter of 

the lipid droplets in liver parenchyma obtained from mice administered with OCA. 

Moreover, OCA administration resulted in significant quantitative reduction in 

collagen deposition. These results corroborate what found by Roth and collaborators 



+r^§®kª Ä Ö -s«g¯««s~| ^|i p¯®¯ªk µ~ªy« Ö 

 

¿ÁÄ 

(Roth et al., 2019) and support recently described metabolic and histological effects 

of OCA therapy in AMLN ob/ob-NASH mice (Jouihan et al., 2017; Roth et al., 2018; 

Tßlbßl et al., 2018).  

In the present study, a positive effect of OCA on RECK, a protease inhibitor-

like molecule anchored to the membrane, was demonstrated for the first time. RECK 

is a crucial regulator of extracellular matrix integrity and angiogenesis, and it 

mediates the inhibition of human MMP-2 and MMP-9 activity at various stages of 

their activation cascades (Oh et al., 2001; Takahashi et al., 1998). Peng and colleagues 

identified RECK as a novel transcriptional target of FXR in both physiological and 

pathological conditions in mice fed with methionine and choline deficient diet, which 

resembles NAFLD progression (Peng et al., 2014).  Since RECK directly inhibits the 

enzymatic activity of MMP-9 and negatively regulates its transcription and secretion 

(Takagi et al., 2009; Takahashi et al., 1998), it is plausible that FXR agonists reduce 

the activity of MMP-9 by increasing RECK expression. OCA effect in reduction of 

MMP-2 and MMP-9 values has been already demonstrated in rat hepatic ischemia 

and reperfusion injury. Interestingly, in that model, an increase in RECK levels was 

observed after OCA administration (Ferrigno et al., 2020). Because of these findings, 

the role of OCA in the resolution of NASH fibrosis by upregulation of RECK has 

been explored in this thesis. 

The activity and gene expression of hepatic MMP-2 and MMP-9 after OCA 

administration were evaluated. It is worth to note that both MMP-2 and MMP-9 

activities, assessed through zymography, resulted decreased in OCA-treated mice, 

compared with HFD-fed mice which did not receive the drug. The same trends were 

observed considering transcript expression. Interestingly, the hypothesis that the 

increase in MMPs in the fibrogenic process is counteracted by the expression of 

RECK is supported by the mRNA and protein expression levels of RECK. For the 

first time, it was possible to associate upregulation of RECK with a reduction in 

metalloproteinases expression and activity, after the administration of OCA. These 

observations further support the positive effects of FXR agonists in the reduction of 

liver fibrosis  
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Metalloproteinases reduced activation can be associated with decreased lipid 

accumulation, fibrosis, and hepatic stellate cells activation. The latter are known to 

be involved in ECM secretion and fibrogenesis. Furthermore, tissue inhibitor of 

metalloproteinases 1 and 2 (TIMP1 and -2) have been demonstrated effective on 

MMP-9 and MMP-2, respectively (Brew et al., 2000). Their expression is expected 

to increase during fibrogenesis: their levels are becoming a reliable non-invasive 

biomarker in NAFLD and NASH (Wong et al., 2018). In the light of these findings, 

TIMP1 and TIMP2 gene expression was explored in this project: OCA-treated mice 

showed a lower level of both TIMP1 and TIMP2 compared to HFD group.  

 

TGF-ɓ is a pleiotropic cytokine that promotes angiogenesis, cell 

proliferation, differentiation, and wound healing (Dooley and ten Dijke, 2012). A 

study performed in 2011 by Yadav and collaborators demonstrated that TGF-ɓ 

signalling in hepatocytes promotes hepatic steatosis, hepatocyte damage and 

inflammatory cell infiltration, inflammatory cytokine production, hepatic stellate cell 

activation, and fibrosis (Yadav et al., 2011). However, in the light of the results 

achieved with this project, OCA does not seem to have a positive effect on TGF-ɓ at 

gene and protein expression.  

Some evidence has shown that IL-1ɓ is greatly increased in patients with 

NAFLD and that it contributes to pathogenesis towards NASH (Csak et al., 2011; 

Gaul et al., 2021; Mitsuyoshi et al., 2017; Wree et al., 2014). Contrary to expectation, 

mice treated with obeticholic acid showed no beneficial effect of OCA on IL-1ɓ 

release in serum in our analysis.  

Whole-liver eNOS activity was demonstrated to be reduced in models of 

NAFLD and NASH (Sheldon et al., 2014), and whole body eNOS null mice showed 

exacerbated NASH (Sheldon et al., 2019). In this thesis project, hepatic levels of 

eNOS were assessed to be reduced in the experimental group fed with high fat diet. 

This finding supports the results pointed out by Nozaki and colleagues (Nozaki et al., 

2015). A significant increase in eNOS protein expression was appreciated when mice 

were treated with OCA compared to HFD-fed mice. 
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Overall, the results obtained suggest the use of FXR agonists for the 

treatment of NASH. As OCA presents some side effects, such as severe itching, new 

compounds could be considered as valid alternatives. OCA analogues are already 

being studied and it could be interesting to study the effects of these analogues on the 

same model proposed for this project, providing the best possible therapy in patients 

suffering from NASH.  

 6.2 Liver cell plasticity  

Numerous studies in animal models have attempted to clarify the molecular 

mechanisms involved in liver regeneration. There are mainly three mechanisms that 

have been suggested to occur in animals: i) liver stem cells or progenitor can be 

activated and differentiate into new cells (Miyajima et al., 2014); ii) cholangiocytes 

may transdifferentiate into hepatocytes and vice versa (Deng et al., 2018; Raven et 

al., 2017; Russell et al., 2019); iii) hepatocytes and cholangiocytes can dedifferentiate 

into liver progenitor cells to restore the corresponding compartment (Huch et al., 

2015; Kim et al., 2019). However, these mechanisms do not seem to occur equally in 

humans. Numerous studies have attempted to shed light on this, but to date there are 

still no clear answers. This lack of knowledge is due to ethical and technical issues. 

 

For this study, single nuclei RNA analysis on livers of patients with different 

stages of the disease was performed. A surprising finding was the observation of a 

çbridgingè population between hepatocyte and cholangiocyte clusters when 

analysing end-stage livers derived nuclei. These cells expressed both cholangiocyte 

and hepatocyte markers and could be defined as biphenotypic cells. The latter are 

believed to be associated with regenerative processes in the liver of patients with 

progressive NAFLD. From the analysis of differentially expressed genes along the 

pseudo-time trajectory, drawn from hepatocyte to cholangiocyte cluster, some 

transcription factors showed a peak of expression at the çbridgeè population level. 

Of these, SOX4 and KLF6 were identified as putative markers of plasticity in 
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NAFLD progression, and they were chosen for further analysis. SOX4 has been 

found to be involved in a wide range of developmental processes, such as in 

lymphocyte differentiation (van de Wetering et al., 1993), in heart and female 

reproductive system development (Hunt and Clarke, 1999; Schilham et al., 1996). 

Furthermore, it has been demonstrated its role in development of cholangiocytes 

(Poncy et al., 2015). SOX4 gene is rarely mutated, but it has been found amplified in 

lung cancers (Medina et al., 2009), ovarian cancers, bladder cancers, and triple-

negative breast cancer (Cancer Genome Atlas Research Network et al., 2013): these 

findings support its role as an oncogene. In addition, recent studies have demonstrated 

the involvement of SOX4 in liver steatosis (Jiao et al., 2018; Moylan et al., 2014). 

SOX4 might regulate glucose metabolism and insulin sensitivity through the 

regulation of triglycerides metabolism and tribbles homolog 3 (Trb3) expression. 

This latter is a pseudokinase that impairs hepatic insulin signalling by binding to AKT 

and blocking its activation.  

Similarly, KLF6 has been observed to play a role in the embryonic and tissue 

development processes of various organs, such as kidneys (Fischer et al., 2001), 

prostate (Leow et al., 2009), eyes (Nakamura et al., 2004), and other tissues (Laub et 

al., 2001). It is also involved in regulation of cellular differentiation in nervous system 

(Laitman et al., 2016), in pancreas (Dumayne et al., 2020), as well as in skeleton 

(Dionyssiou et al., 2013). KLF6 transactivates the growth factor TGF-ɓ, that plays a 

key role in tissue repair mechanisms, as well as other proteins involved in TGF-ɓ 

pathway (Kim et al., 1998). It has been demonstrated to be upregulated in hepatic 

stellate cells during acute and chronic liver injury, where it regulates collagen1Ŭ1 

(COL1A1) expression: the latter contributes to wound-healing process (Ratziu et al., 

1998). In addition, KLF6 has been demonstrated to be involved in non-alcoholic fatty 

liver disease (Bechmann et al., 2013; Miele et al., 2008), where it mediates glucose 

tolerance and insulin responses. Indeed, it has been demonstrated that PPARŬ 

signalling is mediated by KLF6 activation, as well as its downstream target Trb3 

(Bechmann et al., 2013). Interestingly, data retrieved in this thesis project suggest a 

role of these transcription factors in the transdifferentiation of cholangiocytes into 
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hepatocytes (and vice versa) that occur in end-stage livers. Ex vivo validation 

performed on human liver tissue sections revealed the co-expression of both 

cholangiocyte and hepatocyte markers in end-stage livers but not in the healthy ones. 

SOX4 and KLF6 resulted to be expressed in end stage liver sections. This could 

explain their involvement in the transdifferentiation phenomena that occur in the liver 

parenchyma when it is subjected to chronic injury. 

 

To study liver cell plasticity, two in vitro platforms were used in this thesis 

project: patients-derived intrahepatic cholangiocyte organoids (ICOs), and hiPSCs-

derived hepatocytes through Forward Programming (FoP-Heps). Both systems have 

proven effective in the study of cell plasticity. According to what reported by Huch 

and colleagues (Huch et al., 2015), intrahepatic cholangiocyte organoids, after 

treatment with differentiation medium (DM) for 15 days, start expressing albumin as 

well as CYP3A4 and HNF4Ŭ. These cells have acquired a bipotent phenotype: they 

express both hepatocyte and cholangiocyte markers, such as cytokeratin 7 and 

cytokeratin 19. They express less SOX9 than organoids treated with expansion 

medium (the usual medium for ICOs): as they acquire a differentiated morphology, 

they begin to lose the characteristics of progenitor cells. Transdifferentiated ICOs 

revealed higher levels of SOX4 and KLF6 than non-transdifferentiated ones. This 

demonstrated that this organoid-based platform was suitable for our studies.  

The second in vitro model used for cell plasticity analyses was based on the 

use of hiPSCs-derived hepatocytes via a protocol called Forward Programming, 

developed by Tomaz and colleagues (Tomaz et al., 2022). Following this protocol, 

genetically-modified induced pluripotent stem cells were differentiated into 

hepatocytes in 20 days. The classic ñdirect differentiationò procedure (Hannan et al., 

2013) implies the use of complex culture conditions and lengthy timelines: these 

issues can be bypassed with the use of Forward Programming. Moreover, hepatocytes 

produced by the FoP method are more functional and could be used in regenerative 

medicine, for modelling or drug screening. CYP3A4 transcript levels obtained in the 

cells at the end of the FoP protocol are significantly higher than those achieved in 
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hepatocyte-like cells generated through direct differentiation. Although FoP-Heps are 

not as functional as primary human hepatocytes, they are a good platform to resemble 

human liver cells.  

  

SOX4 and KLF6 gain of function experiments were conducted on ICOs and 

FoP-Heps by using lentiviral vectors. Surprisingly, SOX4 overexpression failed in 

ICOs as well as in FoP-Heps. SOX4 transcript was not found increased in transduced 

cells. It seems likely that SOX4 overexpression was toxic for the cells treated. Indeed, 

cells collected for analysis after overexpression of SOX4 could be the viable cells 

that did not receive the vector. ICOs transduced with the SOX4 lentivirus may not 

have passed selection by antibiotic and transduced FoP-Heps may have detached 

from the monolayer prior to collection. This could explain why the cellular material 

analysed by qPCR and immunofluorescence staining did not show an increase in the 

level of transcription factors. Nevertheless, SOX4-transduced ICOs were subjected 

to transdifferentiation through Huch method (Huch et al., 2015). mRNA analysis 

performed on transdifferentiated transduced organoids did not display an increase of 

hepatocyte markers, such as ALB, CYP3A4, HNF4Ŭ compared to control organoids 

(transduced with control vector). Considering these experiments, it can be concluded 

that overexpression of SOX4 by lentivirus did not allow significant changes to be 

observed in the treated cells.  

On the other hand, overexpression of KLF6 was successful. Increased gene 

expression of KLF6 could be appreciated in both lentivirus-treated organoids and 

FoP-Heps. However, downstream analysis on transdifferentiated ICOs transduced 

with the KLF6 vector did not reveal higher levels of hepatocyte markers than 

controls. Considering the experiments with FoP-Heps, the evaluation of infection 

efficiency indicated the KLF6 lentivirus as the most infectious. Furthermore, 

transcript analysis of KLF6 in the transduced FoP-Heps showed a significant increase 

in transcription factor mRNA expression. This suggests that overexpression of this 

gene was successful in this in vitro platform, and it could also be explained 

considering the high infection efficiency of the vector. It is likely that the high 
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infection efficiency of KLF6 allowed an increase in gene level of the transcription 

factor, which was not the case for SOX4.   

Interestingly, FoP-Heps infected with KLF6, but not with SOX4, at the end 

of differentiation from hiPSCs, revealed a bipotent phenotype in some cells. This is 

a very interesting finding because it highlights the role of KLF6 in liver cell plasticity 

and opens the way for further exploration of the role of this transcription factor in the 

molecular mechanism underlying liver regeneration. 

 

Globally, these results paved the way for further investigations on cellular 

plasticity which occurs during chronic liver diseases. Future works will be focused 

on the involvement of a different method for gain of function experiments. Since the 

use of lentiviral vectors proved to be complicated and difficult to handle, it has been 

considered to use PiggyBac vectors with inducible expression of the transcription 

factors. In addition to organoids and FoP-Heps, the PiggyBac system could be used 

on hiPSCs: after antibiotic selection, only cells that have received the transgene will 

survive. Transfecting hiPSCs instead of hepatocytes would increase the success rate 

of the procedure.  

In parallel, it would also be interesting to perform loss-of-function 

experiments. In this way, the opposite cellular response to overexpression of 

plasticity factors could be thoroughly explored. Furthermore, in addition to the 

transcription factors SOX4 and KLF6, other markers expressed by the çbridgingè 

cell population could be evaluated and included in the analyses. 
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Non-alcoholic fatty liver disease is a chronic multifactorial disease that 

affects 25% of worldwide population. The disease progresses through several stages 

to the most severe condition of end-stage liver disease. The study of the processes 

leading to inflammation and liver fibrosis, as well as liver regeneration, is extremely 

important for research into new pharmacological strategies. This is the context of 

this thesis work, in which the effects of pharmacological treatment with obeticholic 

acid on an animal model of NASH were evaluated. Furthermore, using in vitro 

models, an attempt was made to clarify the mechanisms involved in liver 

regeneration.  

 

In the light of the results obtained, the following conclusions can be drawn. 

 

1. Obeticholic acid has a positive effect in the development of NASH, as it 

reduces liver weight, bilirubin, bile acids and cholesterol levels. The drug 

administration has also been shown to be effective in reducing both lipid 

droplet accumulation and collagen fibres deposition. Of note, OCA increase 

the eNOS expression supporting the emerging role of eNOS in the regulation 

of liver vascular tone associated to NASH development. 

2. For the first time, the upregulation of RECK levels has been associated with 

a reduction of hepatic metalloproteinases mediated by OCAin an animal 

model of NASH. Furthermore, the results supported the idea that the 

modulation of FXR receptor associated with a control of RECK play a 

crucial role in the pathogenesis of NASH. Because currently no therapeutics 

are available, the modulation of RECK by FXR agonists might represent a 

new therapeutic approaches in the control of progression from NAFLD to 

NASH..  

3. Two in vitro platforms for the clarification of liver cell plasticity mechanisms 

were employed for this thesis project. Patients-derived intrahepatic 

cholangiocyte organoid (ICOs) transdifferentiation into bipotent cells was 

successful. Hepatocyte markers expressing-organoids were obtained 
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through transdifferentiation mediated using small molecules and growth 

factors. Furthermore, functional hiPSCs-derived hepatocytes (FoP-Heps) 

were produced following Forward Programming method, starting from 

genetically modified induced pluripotent stem cells. 

4. The identification of two transcription factors potentially involved in cell 

plasticity occurring in end-stage liver disease was made possible by RNA 

sequencing of single nuclei from tissue biopsies of patients at different 

stages of the disease. Two interesting transcription factors, SOX4 and KLF6, 

were identified for further analysis. Immunofluorescence staining performed 

on end-stage liver tissue sections showed the presence of SOX4 and KLF6, 

reinforcing our hypothesis on their role in cell plasticity.  

5. SOX4 and KLF6 gain of function experiments were achieved using 

lentiviral vectors on both ICOs and FoP-Heps. This approach therefore 

enables us to obtain bipotent hepatocytes, expressing both hepatocyte and 

cholangiocyte markers.  
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