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Abstract 

 

Non-alcoholic fatty liver disease (NAFLD) affects ~30% of the world population 

with similar or higher prevalence in Australia. The pathology of NAFLD ranges 

from benign simple steatosis (SS) to non-alcoholic steatohepatitis (NASH), with 

fibrosis that can progress to cirrhosis. Understanding the pathogenesis of NASH 

remains a challenge. In both humans and mice, obesity, diabetes and metabolic 

syndrome are associated with NAFLD, but free cholesterol (FC) accumulates in 

livers showing NASH but not in those with SS. Such cholesterol-loaded livers are 

sensitised to cytokine-mediated mitochondrial injury. However, at the time this 

research was conducted, there was no direct evidence that linked FC lipotoxicity to 

hepatocyte cell death or inflammatory recruitment.  

 

In this thesis, primary murine hepatocytes were loaded with FC by exposing them to 

human low-density lipoprotein (LDL), and these cells were used to characterise the 

mechanisms of hepatocellular injury and cell death (apoptosis and necrosis). In 

particular we tested the hypothesis that c-Jun N-terminal kinase (JNK) activation and 

mitochondrial injury are essential steps in FC hepatocellular lipotoxicity. We also 

examined how FC-injured hepatocytes could promote activation of Kupffer cells 

(KC), which is a key feature of liver inflammation in NASH.  

 

The background to NAFLD and NASH as an important public health problem, and 

as a liver disease is introduced in Chapter 1. Concepts about NASH pathogenesis are 

discussed in light of available knowledge up to the start of this PhD in 2011. The 

common research materials and methods are discussed in Chapter 2. 

 

In Chapter 3, the novel in vitro model of FC-loaded primary murine hepatocytes is 

described. Briefly, primary murine hepatocytes (C57B6/J wild type [WT]) were 

incubated with LDL (0–40 µM), and shown to be loaded with FC. The subcellular 

sites of primary hepatocyte FC were determined by co-localising filipin fluorescence 

with organelle markers. The results were compared with the intracellular distribution 

of FC seen in atherogenic diet-fed foz/foz mouse livers, an in vivo model of NASH. 

In mice with NASH, FC co-localised to plasma membrane (PM), mitochondria and 
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endoplasmic reticulum (ER) compartments. This pattern was replicated in 

hepatocytes incubated with LDL to dose-dependently increase hepatocyte FC. 

Further, FC loading reduced PM fluidity and caused cell surface blebbing, with 

release of extracellular vesicles (EVs), as evident on scanning and transmission 

electron microscopy (EM). 

 

In Chapter 4, the role of JNK1 in FC-mediated hepatocellular injury was explored 

using primary hepatocytes from WT, Jnk1
-/-

and Jnk2
-/-

 mice. These cells were 

incubated with LDL (0–40 μM), and molecular pathways of FC-mediated cell death 

determined by western blot and immunofluorescence. Separate experiments were 

performed with chemical specific JNK1 inhibitors (CC-401, CC-930 and CC-003) in 

WT hepatocytes. Supernatant was collected from FC-loaded WT, Jnk1
-/-

 and Jnk2
-/-

 

hepatocyte experiments and assayed for high mobility group box 1 (HMGB1) and 

EVs. Supernatant or EVs from WT FC-injured primary hepatocytes were added to 

primary KC cultures from WT and Tlr4
-/-

 mice. Ultrastructural changes were 

assessed by electron microscopy (EM), while TNF and IL-1 release into the 

supernatant was quantified by enzyme-linked immunosorbent assay (ELISA).  

 

FC loading caused dose-dependent LDH leakage, apoptosis, necrosis and HMGB1 

release. At 40 μM LDL, hepatocellular cell death was associated with JNK1 

activation, c-Jun phosphorylation, mitochondrial membrane pore transition, cellular 

oxidative stress (increased GSSG with reciprocal decrease in GSH concentration) 

and ATP depletion. Administration of JNK inhibitors (CC-401, CC-930 and CC-

003) ameliorated hepatocellular apoptosis and necrosis, while Jnk1
-/-

 hepatocytes 

were refractory to FC-induced injury. Cyclosporine A (inhibits mitochondrial 

membrane permeability transition [MPT] pore opening) and caspase-3 inhibitors 

abrogated FC-mediated hepatocellular cell death. Importantly, there was no increase 

of ER stress proteins in vitro or in vivo, while inhibitors of ER stress-mediated cell 

death, 4-phenylbutyric acid failed to protect FC-loaded hepatocytes.  

 

In Chapter 5, the supernatant and EVs isolated from pervious experiments were 

studied, in particular their ability to active KCs and proinflammatory pathways. 

Addition of HMGB1-enriched culture medium from FC-loaded hepatocytes 

activated KCs, as assessed by increased nuclear NF-κB (p65) fluorescence, release 
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of IL-1β and TNF-α, and ultrastructural changes. These effects were mitigated by 

administration of HMGB1-neutralising antibody, and were absent in Myd88
-/-

 

knockout hepatocytes. As mentioned above, deposition of FC within the PM of 

hepatocytes also released EVs and these were shown here to contain HMGB1. The 

results allowed us to conclude that FC loading of hepatocytes stimulates HMGB1 

secretion and release of PM-derived EVs. In turn, HMGB1 activates KCs through a 

TLR4-MyD88 dependent process. 

 

In Chapter 6 we sought to characterise EVs from both human and experimental 

NASH, with a particular focus on their cell-of-origin and protein composition. To 

achieve this, EVs were isolated from healthy human controls, NAFLD patients with 

simple SS, NASH but with no or mild-moderate fibrosis (F0-F2), and NAFLD with 

advanced fibrosis (F3-F4), as well as atherogenic diet-fed foz/foz mice with NASH 

and wildtype (WT) mice with SS. Composition of EVs harvested from the 

circulation was studied using a combination of western blotting and flow cytometry. 

EVs were found to circulate in both experimental and human NAFLD, with 

significantly higher levels in patients with clinical NASH and advanced fibrosis 

compared with healthy controls or those with SS. Furthermore, these EVs were 

highly enriched with HMGB1 and TLR4, in addition to CD4-, CD8-, CD36- and 

CD147-positive markers. A significant proportion of circulating EVs were 

hepatocellular in origin, as shown by their “tags” of asialoglycoprotein receptor 1 

(ASGRP1) and solute carrier family 10 member 1 (SCL10A1). Chapter 7 

summarises the key experimental findings from Chapters 3 to 6 in a broader context, 

and proposes several important directions for future research. 

 

Collectively, the research findings presented here demonstrate that FC deposition in 

mitochondria and PM causes hepatocyte cell death, confirm the role of JNK1 

activation as an important pathway for hepatocyte lipotoxic injury and reveal a link 

between HMGB1 and EVs with lipotoxicity and engagement of KC activation in a 

TLR4-dependent manner.  It is proposed that this is a likely causal link in the 

transition from steatosis to NASH. Additionally, in both human and experimental 

NASH, distinct EV populations circulate, and this provides a potential for 

development of novel non-invasive diagnostic tests, as well as molecular targets. 
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  CHAPTER 1

 

Introduction 

 

1.1 Overview of non-alcoholic fatty liver disease (NAFLD) 

In 1986 Schaffner and Thaler introduced the term “non-alcoholic fatty liver disease 

(NAFLD)” (1986), for the spectrum of liver pathology associated with steatosis when it 

occurred in men or women without other cause (viral, toxic, known genetic metabolic 

disease), in persons consuming non-toxic levels of alcohol. The “barrier” definition for 

alcohol intake per day was taken as <20 grams for men and <10 grams for woman 

(McCullough 2004, Farrell et al. 2007). NAFLD is now the most prevalent liver disease 

worldwide. It affects 15-45% of the population in modern (westernised) societies, 

including Australia, and is closely related to over-nutrition, sedentary lifestyle and the 

obesity and type 2 diabetes (T2D) pandemics (Gan et al. 2011). The term NAFLD 

includes a wide spectrum of pathology, ranging from: simple steatosis (SS; fat 

accumulation within hepatocytes, in which total hepatic triglyceride [TG] content 

exceeds 5% of total liver weight), but without accompanying hepatitis or steatonecrosis, 

to non-alcoholic steatohepatitis (NASH), a more severe form of NAFLD defined below, 

to cirrhosis (Angulo 2002, World Gastroenterology Organisation Global Guidelines 

2012).  

 

The term NASH was actually six years prior to the term NAFLD, by Jurgen Ludwig 

and colleagues in 1980 working at the Mayo Clinic. They noted 20 cases of 

steatohepatitis in non-alcoholic patients (most obese tea-totallers with diabetes) between 

1970 and 1980 (Ludwig et al. 1980). Others had noticed similar cases in Japan and the 

United States, particularly in obese woman with diabetes, but the existence of a “non-

alcoholic” form of steatohepatitis was controversial until Ludwig’s article. Driven by 

the increasing global prevalence of obesity (Figure 1.2A,B), NAFLD is commonplace 

today and is the most common cause of abnormal liver function (Sattar et al. 2014). Not 

only does NAFLD affect more affluent, nutritionally abundant countries like America, 

Europe and Australia, but is now very common in the Asia-Pacific region (Fan and 
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Farrell, 2009, Williams et al., 2011, Younossi et al., 2011, Armstrong et al., 2012) 

(See Figure 1.2C) and South America.  

 

Table 1.1 Association between body mass index (BMI) and prevalence of 

NAFLD. 

Body mass index Classification NAFLD prevalence 

<24.9 Normal ~25% 

25-29.9 Overweight 67% 

>30 Obese 94% 

Data adapted from the Italian Dionysos study (Bedogni et al. 2007). 

 

Approximately 25% of patients with NAFLD have NASH (Ong et al. 2005, Lam and 

Younossi 2010, Williams et al. 2011). The pathology characterised by steatosis, 

hepatocellular injury and cell death, lobular inflammation, Mallory hyaline (aggregated 

cytoskeleton [cytokeratins] proteins) and progressive peri-sinusoidal fibrosis (type I 

collagen deposition) (Brunt 2002). Left untreated, 10-20% of NASH patients develop 

progressive fibrosis and cirrhosis, at a rate of approximately 9-20% over a 5-10 year 

period (Figure 1.1). NASH and cirrhosis predispose patients to hepatocellular 

carcinoma (HCC), with neoplastic transformation occurring at a cumulative rate ranging 

between 2.4-12.8% per year in cirrhotic patients (White et al. 2012, Cholankeril et al. 

2017). Given its high prevalence and prolonged natural history, NASH has become the 

leading indication for liver transplantation recently (Wong et al. 2014).  

 

In addition to its importance as a liver disease, NASH is associated with increased risk 

of death from cardiovascular diseases (coronary heart disease, cerebrovascular disease) 

and common cancers (reviewed by Farrell and Larter [2006], Gan et al. [2011], Farrell 

[2014]). Several of the likely pathogenic involved are discussed below. 

 

1.2 Pathogenic mechanisms of NASH 

In 1998 Day and James proposed a “two-hit” hypothesis of NASH pathogenesis (Day 

and James 1998). In this first “model” for the disease, they ascribed steatosis to be the 

first “hit”, with steatosis predisposing the liver to a second, injurious insult (cytokines or 

oxidative stress, for example) triggering hepatocellular damage, inflammation and 

possible development of fibrosis. Many now view this model as an over-simplification 
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of NASH pathogenesis. For example, NASH is associated with more profound 

metabolic disorder (prediabetes, arterial hypertension, metabolic syndrome) than SS 

which is better explained by a metabolic pathogenesis of NASH. Others have noted a 

multitude of other pathogenic steps, not just two (Tilg and Moschen 2010, Peverill et al. 

2014). 

 

Figure 1.1 Natural history of NAFLD.  

Genetic (30-50%) and environmental/lifestyle factors (50-70%) contribute to the prevalence of 

NAFLD Macaluso et al. (2015). Several single nucleotide polymorphisms (SNPs) predispose to 

NAFLD, including PNPLA3, TM68F2, among others. SNPs associated with NAFLD have been 

extensively reviewed by Macaluso et al. (2015). NAFLD is the hepatic manifestation of 

metabolic syndrome and covers a continuum of pathology from simple steatosis (SS) to non-

alcoholic steatohepatitis (NASH) and cirrhosis. Image adapted from Macaluso et al. (2015). 

Abbreviations: CVD, cardiovascular disease, HCC, hepatocellular carcinoma; HDL, high-

density lipoprotein; HTN, hypertension; IR, insulin-resistance; NAFLD, non-alcoholic fatty liver 

disease; NASH, non-alcoholic steatohepatitis; PNPLA3, Patatin-like phospholipase domain-

containing protein 3; SNP, single nucleotide polymorphism; SS, simple steatosis; TG, 

triglyceride. 

 

As a result the model has evolved to a “multiple parallel hits” hypothesis that implicates 

several concurrent insults (see Table 1.2 for summary of several mechanisms of liver 

injury implicated in NASH pathogenesis). These include mitochondrial dysfunction, 

oxidative stress, and adipose dysfunction to name a few. The progression of NAFLD 

pathways from SS to NASH likely involves a complex interaction between 

environmental and genetic factors (Figure 1.3) (reviewed by Farrell and Larter, 2006, 
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Cusi, 2012, Farrell et al., 2012). The primary focus of this thesis is the mechanisms of 

NAFLD progression, with specific focus on the role of cholesterol. 

 

 

Figure 1.2 Global prevalence of obesity and relationship to NAFLD prevalence.  

Standardised population estimates for global prevalence of obesity (BMI>30.0 kg/m2) for (A) 

males and (B) females older than 18 years of age sex based on 2014 World Health Organisation 

(WHO) data (World Health Organization 2015). (C) The relationship between obesity and 

NAFLD prevalence from several countries, including Australia. The linear regression for this 

correlation is represented by the red curve (R
2
 = 0.592). Panels A and B, were adapted from 

World Health Organisation Global Health Data Repository (World Health Organization 2015). 

Panel C was adapted from Loomba and Sanyal (2013) to included Australian obesity and 

NAFLD data from Australian Bureau of Statistics (2015) and Farrell et al. (2012). 

 

1.3 Lipotoxicity   

The term lipotoxicity was first proposed by Roger Unger to describe the mechanism by 

which accumulated free fatty acids (FFA) cause pancreatic beta-cell destruction in the 

pathogenesis of T2D (Lee et al. 1994, Unger 1995). This term describes cellular injury 

and death (often with resultant inflammation), caused by saturated FFA (sFFA) and 

their metabolites, including diacylglycerol (DAG), ceramide and TG (Unger and Zhou 

2001). In NASH, the accumulation of toxic lipid molecules has been proposed as a 

direct cause of hepatocellular damage and recruitment of inflammation (Neuschwander-

Tetri, 2010), and in 2012 Ken Cusi coined the term ‘liver lipotoxicity’ for NASH. 

Evidence for the lipotoxic role of FFA, TG and cholesterol and other lipid molecules is 

now described. 



 5 

Table 1.2 Models of NAFLD progression and mechanisms of hepatocellular injury 

implicated in the pathogenesis of NASH.  

Model Primary factor Secondary factor References 

“Two hit” 

hypothesis 

Steatosis (metabolic, 

obesity, diabetes etc…) 

Injury – oxidative stress, 

cytokines 
Day and James 1998  

Metabolic injury 

hypothesis 

Insulin resistance Hyperinsulinaemia 

Chitturi et al. 2002, 

Malaguarnera et al. 2009, 

Montesi et al. 2013, Yu et al. 

2013  

Mitochondrial 

dysfunction 

Reduced ATP synthesis 
Cortez-Pinto et al. 1999, 

Kojima et al. 2007  

Reduced GSH pool 
Mari et al. 2006, Mari et al. 

2008  

Oxidative stress  

Sakaida and Okita 2005, 

Kojima et al. 2007, 

Neuschwander-Tetri 2010, 

Sumida et al. 2013  

Lipotoxicity 

Free fatty acids 

(Saturated) 

Malhi et al. 2006, 

Neuschwander-Tetri 2010, 

Leamy et al. 2013  

Free cholesterol 

Mari et al. 2006, Puri et al. 

2007, Mari et al. 2008, 

Caballero et al. 2009, Van 

Rooyen and Farrell 2011, 

Van Rooyen et al. 2011, Van 

Rooyen et al. 2013 

Oxidised cholesterol 

(oxysterols) 

Subramanian et al. 2011, 

Walenbergh et al. 2013  

Lysophosphatidylcholine Han et al. 2008  

Diacylglycerides 
Puri et al. 2007, Gorden et al. 

2011  

Ceramides 

Pagadala et al. 2012, Garcia-

Ruiz et al. 2015, Kasumov et 

al. 2015  

ER stress 

Unfolded protein response 

(unlikely involved; 

(Leclercq et al. 2011) 

Dara et al. 2011, Malhi and 

Kaufman 2011, Lake et al. 

2014, Zhang et al. 2014 

Adipose dysfunction 

Altered adipokine 

expression 

(hypoadiponectin, etc…) 

Baranova and Younossi 2007, 

Tsochatzis et al. 2008, 

Tsochatzis et al. 2009, Wolfs 

et al. 2015  

Hypoxia and reduced hepatic blood flow, sleep 

apnoea 

Byrne 2010, El-Azeem I and 

Saraya 2012, Nath and Szabo 

2012, Suzuki et al. 2014  

It should be noted that this list of potential mechanisms of liver injury in NASH is not exhaustive. 

Abbreviations: ATP, adenosine triphosphate; ER, endoplasmic reticulum; GSH, glutathione. 
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1.3.1 TGs and FFAs 

FFAs are composed of a carboxylic acid and long-chain hydrocarbon side group. Table 

1.3 lists some common mammalian saturated and unsaturated FFA. Saturated FFAs 

have no double bonds, whereas unsaturated FFAs contain two or, in the case of 

polyunsaturated FFAs more than two. The extent of desaturation determines the 

physical characteristics of the FFA (flexibility, melting temperature, packing space). 

FFA with 14-20 carbon atoms are the most common in animals (Voet and Voet 2004). 

Importantly, FFAs rarely exist in the “free” (unesterified) state in the body; they are 

usually esterified to other lipid molecules, such as DAGs and TGs, cholesterol esters, 

glycerophospholipids, and sphingolipids (Voet and Voet 2004). Increased blood and 

tissue FFAs levels are associated with several diseases, including: insulin-resistance, 

diabetes, NAFLD (Browning and Horton 2004, Meshkani and Adeli 2009, Zhang et al. 

2014).  

 

TGs are the most abundant esterified lipid species in animals (Mahley 2002). They are 

composed of three fatty acid chains esterified to a glycerol backbone (Haagsman and 

Van Golde 1984, Voet and Voet 2004). Along with DAG and/or other esterifed sterols 

(oxysterols, cholesterol esters), TG aggregate within the cell cytoplasm to form lipid 

droplets that are coated with a monolayer of proteins, collectively termed PAT proteins 

(perilipin, adipose differentiation-related protein [ADRP] tail-interacting protein of 47 

kDa proteins) (Murphy 2001, Bickel et al. 2009). Lipid droplets are found in all cells 

but are most common within adipocytes, a cell tasked with TG storage or mobilisation 

in times of need (Angel and Sheldon 1965, Angel 1970, Angel and Farkas 1970, Farkas 

et al. 1973). They are also abundant in liver, particularly in fatty liver disorders. 

 

Deposition of TG in non-adipose tissues, such as the liver, tends to occur in situations of 

lipid excess and with metabolic dysregulation, as in T2D and metabolic syndrome 

(Kawano and Cohen 2013). In skeletal myocytes, TG deposition induces insulin-

resistance through fatty acyl-CoA, DAG, or ceramide intermediates. These molecules 

are capable of activating serine/threonine kinases that, in turn, phosphorylate insulin 

receptor substrate (IRS) proteins to cause impaired receptor signalling (Kwak 2013) 

thereby causing physiologic insulin resistance, a fundamental mechanism in the 

development of metabolic syndrome and NASH.  
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Within the liver, large TG deposits were originally thought to be the primary lipid 

species responsible for NAFLD progression to NASH (Boustiere and Gauthier 1985, 

Marchesini et al. 2001). This “TG-centric” hypothesis was supported by the strong 

correlation between NAFLD severity and level of TG formation (steatosis) (Ogawa et 

al. 2013). However, the view that TGs contribute to NAFLD progression has been 

challenged by several studies demonstrating the safety of this lipid species within 

hepatocytes (Liao et al. 2003, Flowers et al. 2006, Monetti et al. 2007, Li et al. 2009). 

In fact, it has been proposed that TG accumulation may actually be a protective 

mechanism that counters lipotoxicity (Flowers et al. 2006, Li et al. 2009, 

Neuschwander-Tetri 2010, Peverill et al. 2014). Accordingly, focus has now shifted to 

sFFAs, their metabolites (ceramide, DAG, lipophosphatidylcholine [LPC]) and free 

cholesterol (Neuschwander-Tetri, 2010)(Arteel 2012). The potential role of FFAs in 

NAFLD has been extensively reviewed by others (Feldstein et al. 2004, Malhi et al. 

2006, Alkhouri et al. 2009) and the evidence summarised in Table 1.3. Further 

discussion is beyond the scope of this thesis.  
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Table 1.3 Saturated and unsaturated FFAs that are comon in man.  

Common name 
IUPAC 

Name 
Formula 

Double 

bond 

number 

Double 

bond 

position 

Lipotoxicity to 

hepatocytes 
Refs 

Capric Decanoic  C9H19COOH  0  N/A 

Protective – 

decreases steatosis 

in hepatocytes  

 Wang et al. 

2017 

Lauric Dodecanoic C11H23COOH  0  N/A 

Protective – 

decreases steatosis 

in hepatocytes 

 Wang et al. 

2017  

Myristic Tetradecanoic C13H27COOH  0  N/A 

 Increases palmitic 
acid; induces 

hepatocyte 

apoptosis 

Martinez et 

al. 2015  

Palmitic Hexadecanoic 
C15H31COOH

  
 0  N/A 

Lipotoxic; TNF- 

IL-6, -8 release; 
apoptosis; 

mitochondrial 

dysfunction 

 Feldstein et 

al. 2004, 

Malhi et al. 

2006, 

Chavez-

Tapia et al. 

2012 

Stearic Octadecanoic C17H35COOH  0  N/A 

Apoptosis; 

mitochondrial 
dysfunction; JNK 

activation 

Malhi et al. 

2007; Zhang 

2011   

Palmitoleic 
cis-9-

hexadecenoic 
C15H29COOH 1 9 

 Protects against 

palmitic acid-

induced cell death 

 Listenberge

r et al. 2003 

Oleic  
cis-9-

octadecnoic 

C17H33COOH

  
1 9 

Lipotoxic; TNF- 

IL-6, -8 release; 

lipid peroxidation; 
increased caspase-9 

dependent apoptosis 

Feldstein et 

al. 2004, Cui 

et al. 2010, 

Chavez-

Tapia et al. 

2012  

Linoleic  

All cis-9,12-

octadecadienoi

c 

C17H33COOH
  

2 9, 12 

Protects against 

palmitic acid-
induced cell death; 

reduces ER stress 

 Zhang et al. 

2011 

-Linolenic 

All cis-9,12,15-
octadecatrienoi

c 

C17H31COOH
  

3 9, 12, 15 
Protects against 

stearic acid-induced 

ER stress 

 Zhang et al. 

2011 

Arachidonic 

All cis-
5,8,11,14-

octadecatrienoi

c 

C19H31COOH

  
4 5, 8, 11, 14 

Protects against 

palmitic acid-
induced cell death  

 Cheon et al. 

2014 

Eicosapentaenoic 

acid 

All cis-

5,8,11,14,17-

icosapentaenoic 
acid 

C19H29COOH 5 
5,8,11,14,1

7 

Protects against 
palmitic acid-

induced cell death 

Sakamoto et 

al. 2017 

Docosahexaenoic 

acid 

All-cis-docosa-

4,7,10,13,16,19
-hexa-enoic 

acid 

C21H31COOH 6 
4,7,10,13,1

6,19 

Protects against 

palmitic acid-

induced cell death 

 

Abbreviations: FFA, free fatty acids 

 

1.3.2 Cholesterol as a mediator of liver injury 

Cholesterol is an essential sterol required for various cellular processes including: 

steroidogenesis, management of normal cellular membrane function and fluidity, 

electrical insulation of nerve fibres, bile salt and vitamin D synthesis, and bile-
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associated fat and fat-soluble vitamin absorption (Miller and Bose 2011, Yu et al. 

2014). Within the body, cholesterol exists in two predominant forms, free cholesterol 

(FC) and cholesterol esters (CEs) (see Figure 1.6A, B). 

  

Studies investigating the tissue distribution of tissue lipid species in NAFLD are limited 

due to the ethical and logistic constraints of acquiring liver samples from patients and 

healthy individuals. Nonetheless, Puri et al. (2007) performed a small (n=9 per group) 

lipidomic analysis of liver samples from control, NAFL (a term they prefer to simple 

steatosis), and NASH patients. Several differences were observed between the disease 

phenotypes. Levels of DAGs and TGs were significantly increased in livers showing 

NAFL and NASH compared with control livers. These increases in all patients with 

NAFLD were accompanied by significant reductions in both free- and esterified 

polyunsaturated FFAs. On the other hand, there was a striking stepwise increase in FC 

between groups, the lowest levels being in controls, intermediate levels in NAFL and 

the highest in NASH livers (Puri et al. 2007).  

 

Two years later, a Spanish research group, Caballero and colleagues (2009), expanded 

on this research by staining NAFLD and health livers for FC using filipin, a highly 

fluorescent macrolide antibiotic with high binding affinity for FC. The authors 

simultaneously investigated the transcriptional expression of several cholesterol 

regulatory genes in the liver samples, including the transcription factor sterol-regulating 

element binding protein (SREBP)-2 expression (Caballero et al. 2009). SREBP2 was 

significantly elevated in diseased livers. SREBP2 regulates both hepatic cholesterol 

uptake via LDL receptor (LDLR), a PM-bound receptor responsible for LDL uptake, 

and FC biosynthesis through the transcriptional induction of HMG-CoA reductase 

(HMGR) (Edwards et al. 2000, Osborne 2000, Miserez et al. 2002). SREBP2 also 

regulates pathways of FC disposition, such as biotransformation into bile acids (BS), 

thereby reducing hepatic FC levels (Edwards et al. 2000). These data combined with 

more recent human data (Min et al. 2012) and experimental (murine) NASH studies 

(Xu et al. 2010, Van Rooyen et al. 2011, Chan et al. 2012, Van Rooyen et al. 2013) 

implicate FC in NASH pathogenesis.  

 

In vitro experiments in primary hepatocytes by Van Rooyen et al. (2011) showed that 

SREBP2 is responsive to insulin stimulation. Thus the hyperinsulinaemia observed in 
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patients with IR (secondary to excess caloric intake with subsequent adipose 

inflammation) may account for increased hepatic SREBP2 expression in NASH 

(Caballero et al. 2009, Van Rooyen and Farrell 2011) (see Figure 1.3).  

 

Ioannou et al. (2013) have demonstrated the presence of birefringent cholesterol crystals 

(stained using filipin) in the livers of humans and mice with NASH. Diseased livers 

produced unique “Crown-like” structures, which reflect pro-inflammatory Kupffer cell  

(KC; resident liver macrophages) scavenging of necrotic parenchymal cells (Itoh et al. 

2013). Similar crown-like structures have been observed in chronically inflamed fatty 

white adipose tissue (WAT) of humans and mice (Cinti et al. 2005). Whether in liver or 

WAT, crown-like structures are comprised of classically activated (M1) macrophages 

characterised by cluster of differentiation 11c (CD11c) (Cinti et al. 2005, Itoh et al. 

2013). Further details about different macrophage subpopulations (M1 classical versus 

M2 alternative) are described in Chapter 5. 

 

Mari and colleagues (2006) identified mitochondrial dysfunction as a potential 

mechanism of FC-induced liver injury. In this study, hepatic cholesterol loading was 

achieved using dietary strategies and was shown to cause mitochondrial loading with 

FC. Such FC-loaded primary hepatocytes were sensitised to cytokine-mediated cell 

death (Mari et al. 2006). Caballero and colleagues (2009), observed that the increase in 

hepatocyte FC levels in NASH were associated with a 7-15-fold increase in 

steroidogenic acute regulatory protein (StAR) mRNA expression. StAR is a 

mitochondrial protein responsible for transport of FC into the mitochondria, where it is 

required for steroidogenesis (Estabrook and Rainey 1996, Jefcoate 2002, English 2010, 

Miller and Bose 2011, Korytowski et al. 2013). Together, these data are consistent with 

the proposal that FC lipotoxicity may cause mitochondrial dysfunction in NASH, and 

that FC may play a crucial role in progression from SS to NASH.  



 11 

 

Figure 1.3 Relationship between adipose inflammation, insulin resistance and hepatic lipid 

accumulation in NASH. 

The combination of reduced energy expenditure and increased caloric intake results in adipose 

tissue expansion and development of adipocyte cell injury and monocyte chemoattractant protein 

(MCP)-1 release. Macrophages are recruited to inflamed adipose tissue and secrete a number of 

cytokines, including TNF-. Cytokine secretion, inflammation and concomitant sympathetic 

stimulation (as a result of obesity-associated hyperleptinaemia) up-regulates hormone sensitive 

lipase (HSL), in turn liberating free fatty acids (FFA) from TG stores. FFAs are transported 

within the intravascular compartment by very low-density lipoproteins (VLDL). Inflammatory 

cytokines are also capable of phosphorylating insulin receptor substrate (IRS) proteins to cause 

insulin-resistance (IR); this leads to pancreatic compensation and resistant hyperinsulinaemia. 

High levels of circulating insulin and glucose promote the expression of sterol-responsive 

element binding protein-2 (SREBP2) and downstream HMG-CoA reductase (HMGR; the rate-

limiting step in cholesterol biosynthesis and target of statin drugs) activity and LDL receptor 

(LDLR) expression. These factors cause increased hepatic free cholesterol (FC) biosynthesis and 

uptake. Similarly, increased VLDL uptake, via LDLR, causes accumulation of FFAs and toxic 

metabolic products including saturated FFAs (SFAs), diacylglycerides (DAG), 

lysophosphatidylcholine (LPC), ceramides, and oxidised cholesterol products. All these 

molecules could contribute to hepatocellular injury.  

 

1.4 Mitochondrial involvement in NASH 

Mitochondria are small (0.5 – 10 µm) cellular organelles tasked with generating 

adenosine triphosphate (ATP) from carbohydrate, lipid, and protein precursors. 

Structurally, mitochondria have three distinct compartments, an outer and inner 

membrane and an intermembrane space. The inner mitochondrial membrane partitions 

the mitochondrial matrix and contains mitochondrial DNA, ribosomes and various 
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proteins tasked with cellular respiration. The integrity of these membranes is critical 

to the formation of a mitochondrial membrane potential (ΔΨmt), which generates a 

proton gradient, as described below.   

 

Glycolysis and the citric acid cycle (also known as the Krebs or tricarboxylic acid cycle) 

have been extensively described. They will not be discussed here, except to mention the 

generation of reduced NADH and FADH2 as electron carriers. These molecules are 

utilised by the electron transport chain (ETC), specifically complexed I (NADPH 

dehydrogenase) and II (succinate dehydrogenase), to generate a hydrogen proton (H
+
) 

gradient across the inner mitochondrial membrane, and to transfer two electrons to 

ubiquinone (UQ; also known as coenzyme Q10). UQ is a lipid soluble electron 

chaperone. It transfers the received electrons to water-soluble cytochrome c (CytC) via 

complex III (cytochrome bc1) (Figure 1.4A). In the process, two H
+ 

are actively 

pumped from the mitochondrial matrix into the intermembrane space against a 

electrochemical concentration gradient (ΔpH).  

 

The fourth complex involves cytochrome c oxidase, an enzyme complex, which 

transfers electrons from CytC, in turn, reducing diatomic oxygen to form H2O while 

pumping additional H
+ 

into the intermembrane space. The high concentration of H
+ 

serves as the driving force for ATP synthase (complex V). Thus, as H
+
 ions pass 

through complex V, adenosine diphosphate is phosphorylated to the higher energy form 

of ATP (Figure 1.4A).  

 

Experimental and human studies of NASH livers have revealed multiple mitochondrial 

changes in hepatocytes, as has been extensively reviewed by Pessayre and Fromenty 

(2005).  The salient points will be discussed here.  

 

As determined by counting mitochondrial number in liver sections, as well as by 

quantifying hepatic mitochondrial DNA content, the number of mitochondria in human 

NASH livers is significantly decreased. The remaining mitochondria become rounded 

and swollen (megamitochondria) and have a reduced number of cristae. Linear “para-

crystalline” inclusions are also observed within mitochondria of hepatocytes from 

NASH patients but are not found with SS (Caldwell et al. 1999, Sanyal et al. 2001) 

(Figure 1.4B). These ultra-structural changes are accompanied by respiratory chain 
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dysfunction (Caldwell et al. 1999) and increased mitochondrial membrane 

permeability (Koek et al. 2011, Gan et al. 2014). The latter results in cytochrome c 

leakage from the mitochondria, and causes decoupling of ETC complexes III and IV 

(Figure 1.4B). Hepatic steatosis stimulates mitochondrial -oxidation, which in turn 

increases NADH and FADH2 levels, thereby increasing the pool of mitochondrial 

electrons and the generation of reactive oxygen species (ROS) (Figure 1.4Bi).  

 

ROS identified in mammalian systems include singlet oxygen, superoxide, hydrogen 

peroxide and hydroxy ions. These reactive molecules can further damage the 

mitochondria by promoting lipid peroxidation of polyunsatured fatty acids (PuFA), 

protein oxidation and mitochondrial DNA damage. ROS are also able to leak into the 

adjacent cytoplasm, inflicting similar oxidative damage to cellular lipids, proteins and 

DNA. This results in expression of pro-inflammatory markers such as tumor necrosis 

factor (TNF)-, tumour growth factor (TGF)-, interleukin (IL)-8, and Fas ligand 

(FasL) (Figure 1.4Bii).  

 

In addition to electron transport chain dysfunction, hepatic expression of ATP synthase 

is significantly reduced in NASH patients. Collectively, all these changes result in a 

reduced in ATP output. Hepatic ATP levels also inversely correlate with serum TNF-, 

BMI and IR values in patients with NASH (Perez-Carreras et al. 2003). 
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Figure 1.4 Schematic of mitochondrial electron transport chain function and pattern of 

dysfunction observed in NASH. 
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Legend for Figure 1.4 (Ai) Electron transport chain (ETC) is the terminal phase of aerobic 

respiration and involves five protein complexes within the inner mitochondrial membrane. (Aii) 

Complex I (NADH dehydrogenase) couples NADH oxidation to transmembrane pumping of a 

hydrogen proton (H
+
). Complex II (succinate dehydrogenase) generates electrons (e

-
), which are 

chaperoned by ubiquinone (UQ) to complex III (cytochrome bc1) and transferred to cytochrome 

c (CytC). CytC then transfers the electrons to complex IV (cytochrome c oxidase) where they 

react with diatomic oxygen molecule to form water. H
+
 ions within the inter-mitochondrial 

membrane space flow through complex V (ATP synthase), phosphorylating ADP to ATP. (Bi) In 

NAFLD, physical inactivity, genetic polymorphisms (including peroxisome proliferator-activated 

receptor gamma coactivator-1 [PGCI]) and lipotoxicity culminate in mitochondrial dysfunction. 

(Bii) Insulin resistance causes hyperglycaemia and hyperinsulinaemia, which drive hepatic 

lipogenesis and formation of malonyl-CoA, which inhibits mitochondrial carnitine 

palmitoyltransferase I (CTPI), resulting in reduced long-chain FFA trafficking into the 

mitochondria. Excess caloric intake and insulin resistance leads to generation of excess NADH 

and FADH2, which accumulate within the inner mitochondrial membrane, contributing to the 

reactive oxygen species (ROS) that lead to the increased mitochondrial permeability, and CytC 

leakage, inducing inflammatory cytokine expression (TNF-, TGF-, IL-8 and FasL).  

Abbreviations for Figure 1.4: ACC, Acetyl-CoA carboxylase; ADP, adenosine diphosphate; 

ATP, adenosine triphosphate; e
-
, free electron; FADH2, reduced flavin adenine dinucleotide; 

NAD
+
, oxidised nicotinamide adenine dinucleotide; NADH, reduced nicotinamide adenine 

dinucleotide; ROS, reactive oxygen species; UQ, ubiquinone. 

 

1.4.1 Glutathione antioxidant pathway 

Reduced glutathione (GSH) is a powerful antioxidant and the most abundant 

intracellular thiol molecule in mammals (Persson et al. 2002, Circu and Yee Aw 2008). 

It is synthesised exclusively in the cytosol from three precursor amino acids, namely: 

cysteine, glycine and glutamate (Gushima et al. 1983, Beutler and Gelbart 1986, Ribas 

et al. 2014) (the synthesis of GSH is described in Figure 1.5A). Cysteine provides the 

oxidisable thiol (R-SH) moiety. Following synthesis, GSH distributes to various cellular 

organelles, including the mitochondria. There are two mitochondrial surface 

transporters, 2-oxoglutarate carrier (OGC) and dicarboxylate carrier (DIC) (Figure 

1.5B) (the concentration of which in the mitochondrial matrix is equivalent to the 

cytoplasmic concentration (Chen and Lash 1998, Ribas et al. 2014). 

Within the mitochondrial GSH functions as a protective agent against: 

1. ROS generated during ETC (see above, Section 1.4, Figure 1.4) 

2. Lipid peroxidation, and 

3. Electrophiles, which included electrophilic FFAs (Schopfer et al. 2011). 
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In the presence of ROS or other strong electrophiles, GSH is converted to glutathione 

disulphide (GSSG), a step catalysed by GSH peroxidase (Jocelyn 1970, Sies and 

Summer 1975). Two GSH molecules are consumed to form one GSSG molecule. 

Reduced glutathione is recovered by glutathione reductase, which uses nicotinamide 

adenine dinucleotide phosphate (NADPH) as the reducing agent in this reaction. 

Oxidised NADP is then recycled back to NADPH via glucose-6-phosphate 

dehydrogenase (G6PD) (Mareni and Gaetani 1976, Cheng et al. 1983, Watanabe and 

Nagashima 1983) (see Figure 1.5C). 

 

1.5 Cholesterol regulation and homeostasis 

The various pathways of cholesterol homeostasis have been extensively reviewed 

elsewhere (Charlton-Menys and Durrington 2008, Van Rooyen 2012, van der Wulp et 

al. 2013). Since the majority of this thesis focus on the lipotoxic role of cholesterol in 

hepatocytes, the major mechanisms of cholesterol homeostasis and the intracellular 

trafficking of FC will be briefly mentioned here.  

 

1.5.1 Dietary absorption, intravascular transport and hepatic homeostasis 

Cholesterol homeostasis within the body is intricately regulated at all stages of 

absorption, biosynthesis, biotransformation to bile salts, as well as excretion (Ikonen 

2008, Moore et al. 2010). Excess cholesterol is associated with cardiometabolic 

disorders (atherosclerosis), T2D, metabolic syndrome and Alzheimer’s disease 

(Ledesma and Dotti 2005, Huang 2009, Rottiers and Näär 2012). Conversely, 

insufficient cholesterol uptake, de novo biosynthesis and/or impaired trafficking has 

been linked to neurodegenerative disorders (Peake and Vance 2012).  
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Figure 1.5 Glutathione synthesis, mitochondrial trafficking and role as a mitochondrial 

antioxidant.  

 (A) Glutathione (GSH) is synthesised from glycine, cysteine and glutamate amino acid 

precursors in a series steps involving five enzymes. In the first rate limiting step, cysteine and 

glutamate are conjugated, catalysed by -glutamylcysteine synthetase to form -glutamylcysteine 

(-Glu-Cys). Glutathione synthase then bonds glycine to -Glu-Cys, forming GSH. These 

enzymatic steps are ATP-dependent. (B) Cytoplasmic GSH is transported across the 

mitochondrial membrane by two transporters, 2-oxoglutarate carrier (OGC) and dicarboxylate 

carrier (DIC). Mitochondrial GSH (mGSH) is an anti-oxidant protecting the cell from reactive 

oxygen species (ROS) generated during cellular respiration. Superoxide (O2
•-
) ions, generated in 

the electron transport chain, are acted upon by superoxide dismutase (SOD)-2, forming hydrogen 

peroxide (H2O2), another ROS. (C) ROS are converted to biologically safe water by GSH 

peroxidase, which oxidises GSH to glutathione disulfide (GSSG). Two molecules of GSH are 

recovered from one GSSG molecule by glutathione reductase, with NADPH oxidised to NADP 

in the process. In turn, NADP is reduced to NADPH via glucose-6-phosphate dehydrogenase 

(G6PD).  

Abbreviations: AA, amino acid; ADP, adenonsine diphosphate; ATP, adenosine triphosphate. 

 

The major portion of bodily cholesterol (~70%) is derived from de novo biosynthesis 

and reclamation from bile. Biosynthesis occurs within several tissues, including the 

liver and steroidogenic tissues (adrenals and gonads). In this process, the entire 27-

carbon structure of cholesterol is enzymatically constructed from simple acetyl-CoA 

precursor molecules, in a three-stage process (Berg et al. 2002, Voet and Voet 2004). 

Dietary cholesterol, however, contributes 30% to the total body cholesterol pool 

(Hylemon et al. 2001). The FC in food is absorbed directly by Niemann Pick-C1-like-1 

transporters expressed on enterocytes of the proximal jejunum (Garcia-Calvo et al. 
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2005, Xie et al. 2012). On the other hand, dietary CEs can either undergo hydrolysis 

to FC (by pancreatic lipases and cholesterol ester hydrolase [CEH]) or be absorbed 

directly by cluster of differentiation-36 (CD36) and scavenger receptor-B1 (Hauser et 

al. 1998, Schulthess et al. 2000, Cai et al. 2004, Nassir et al. 2007). Importantly, CD36 

is also important for FFA absorption (Goldberg et al. 2009, Pepino et al. 2014).  

 

Once inside the enterocyte, FC is esterified to CEs by ER-bound acyl-CoA:cholesterol 

acyltransferase (ACAT)-1 or -2 and stored along with TG as a lipid droplet vesicle 

(Nguyen et al. 2012) (Figure 1.7C and Figure 1.8). Since CEs, as well as TG, are 

hydrophobic, they require packaging with Apo to form water-soluble lipoprotein 

complexes prior to intravascular transport. Enterocytes synthesize ApoB-48, C-I, C-III 

and E, which all combine in the ER and golgi apparatus to form chylomicron (CM) 

micelles (Cartwright et al. 2000, Hesse et al. 2013). CMs contain phospholipids, a small 

amount of surface FC and a central core of neutral lipids (CEs and TGs) (Ockner et al. 

1969, Björkegren et al. 1998). Nascent CMs are then secreted into villus lacteals and 

transported through the lymphatic system, entering the systemic venous circulation via 

the thoracic duct (Ockner et al. 1969). 

 

As CM complexes flow through the intravascular space, lipoprotein lipases (LPL) 

present on the luminal surface of capillary endothelial cells hydrolyse CM TGs to 

release FFAs (Nakajima et al. 2011). These FFA are rapidly taken up by cells via CD36 

(also known as scavenger receptor B; see Table 1.4). CD36 is expressed on the surface 

of multiple cell types, including: adipocytes, skeletal myocytes and hepatocytes 

(Masuda et al. 2009). Absorbed FFA can then be stored intracellularly in the form of 

esterified lipid (TG or CE) or transported into mitochondria via carnitine 

palmitoyltransferase I (CTPI) (see Figure 1.5) for -oxidation (Goldberg et al. 2009, 

Pepino et al. 2014). 

 

TG-depleted CMs are referred to as chylomicron remnants (CRs) (Nordestgaard and 

Tybjærg-Hansen 1992) (Figures 1.6 and 1.7). These particles are endocytosed by 

hepatocytes via LDL receptor (LDLR), a surface receptor responsible for the 

recognition of ApoB-48 on CMs/CRs and ApoB-100 proteins found on VLDL, IDL, 

and LDL particles. CRs bind to LDLR and are cleared from the circulation through 
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receptor-mediated endocytosis (Figure 1.8). Endocytosed LDL-cholesterol is then 

distributed intracellularly. 

 

1.5.2 Intracellular cholesterol trafficking – from LDL to organelles 

The exact mechanisms of intracellular cholesterol trafficking have been subject to 

conjecture. However, studies in Niemann Pick disease Type C (NPC), a rare and fatal 

autosomal recessive disorder characterised by progressive neurological deterioration 

have provided a working model (Roff et al. 1992, Ikonen 2006). This has been 

summarised by Yu et al. (2014), and is briefly described here. 

 

The pathognomonic features of NPC are cholesterol depletion of myelin sheaths and 

progressive neuronal dysfunction (Infante et al. 2008). The clinical manifestions include 

psychosis, cerebellar ataxia, dystonia, dysarthria and dysphagia, in addition to 

supranuclear gaze palsy (Josephs et al. 2003, Sévin et al. 2007, Walterfang et al. 2012). 

Approximately 95% of NPC cases are caused by mutations in the NPC1 gene, while the 

remaining 5% of cases are attributable to NPC2 gene mutations (Vanier 2010). These 

mutations result in loss-of-function of the NPC1 or NPC2 proteins and cause an 

accumulation of FC within the late endosome (LE) and/or lysosomal compartment(s), as 

well as FC depletion in other subcellular sites. The latter include the plasma membrane 

(PM), ER and mitochondria (Bi and Liao 2010, Rodriguez-Pascau et al. 2012, Tamura 

and Yui 2014).   

 

NPC1 is a ~140 kDa (1278 amino acid) protein capable of binding and trafficking FC 

and oxysterols (Garver et al. 2008). Its structure includes 13 transmembrane regions, 

three highly conserved luminal loop regions, and a sterol-sensing domain (SSD). The 

latter has a shared sequence homology with other sterol-sensing proteins, that regulate 

cholesterol homeostasis, including HMG-CoA reductase, NPC1-like protein 1 

(NPC1L1) and SREBP2 (Ioannou 2000, Scott and Ioannou 2004, Subramanian and 

Balch 2008). The loop 1 portion adjacent to the N-terminal domain contains a 

hydrophobic pocket capable of “capturing” the cholesterol 

perhydrocyclopentanophenanthrene ring. This enables insoluble cholesterol to be 

trafficked and negates the need for an aqueous cholesterol phase (Abi-Mosleh et al. 

2009). Interestingly, NPC1 is found specifically in LE/lysosomes after LDLR-facilitated 
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uptake of LDL, and is usually absent from cholesterol-depleted LE/lysosomal 

vesicles (Blom et al. 2003, Zhang et al. 2003).  

 

Unlike NPC1, NPC2 is a small 16 kDa lysosomal protein ubiquitously expressed in 

most lysosomes (Blom et al. 2003). This protein possesses two -sheets, which arrange 

to form a small hydrophobic pocket and this expands in the presence of oxysterols to 

accommodate the cholesterol hydrocarbon motif (Xu et al. 2007). 

 

Following receptor-mediated endocytosis of LDL-bound CE, the LE/early lysosome is 

acidified by the action of proton-ATPase pumps (Mindell 2012). The fall in pH 

activates lysosomal lipases, which in turn hydrolyse CE to FC. NPC2 rapidly binds 

lysosomal FC in a 1:1 stoichiometric ratio and chaperones it to NPC1 present on the 

lysosomal membrane surface (Vanier and Millat 2004) (Okamura et al. 1999). The 

NPC1-FC complex then buds off the LE/lysosome and fuses with the ER and/or PM 

(Yu et al. 2014). Alternatively, oxysterol-binding protein (OSBP) and OSBP-related 

proteins (ORP)-5 and -8 are capable of delivering cholesterol from LE/lysosomal NPC1 

to different subcellular sites (Figure 1.8) (Du et al. 2011, Zhou et al. 2011, Du and Yang 

2013, Olkkonen and Li 2013, Yu et al. 2014). These ORP proteins are recycled to the 

LE/lysosome by vacuolar protein sorting 4/ suppressor of potassium transport growth 

defect-1 (VPS4/SKD1) proteins (Ikonen 2006, Ikonen 2008, Du et al. 2011, Yu et al. 

2014).  

 

On average, FC makes up between 40–50% of the total PM lipid content (Ray et al. 

1969, Lange et al. 1989, van Meer et al. 2008). In all, the PM contains approximately 

60–90% of total cellular cholesterol (de Duve 1971, Lange et al. 1989, Liscum and 

Munn 1999). In contrast, FC contributes only ~5% to the total ER lipid content; 

collectively ER compartments contain <1% of total cellular FC (Lange and Steck 1997).  

 

Recently, Das and colleagues (2014) have identified three distinct PM FC pools using 

perfringolysin O, a bacterial toxin that binds to cholesterol-rich membranes. These 

separate pools of PM FC are maintained by sphingomyelin sequestration after 

LE/lysosomal trafficking, and are important to the overall regulation of intracellular 

cholesterol homeostasis (Das et al. 2014).   
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Another transmembrane protein present in the LE/lysosome, metastatic lymph node 

64 protein (MLN64), is responsible for trafficking of FC to the outer mitochondrial 

membrane (Figure 1.8) (Zhang et al. 2002, Rigotti et al. 2010). This process can occur 

without NPC1 involvement; however, NPC1 is required to prevent excess FC 

deposition in the mitochondria (Charman et al. 2010). As mentioned earlier (Section 

1.5.2), StAR is a small 30 kDa protein present on the outer mitochondrial membrane 

and is tasked with moving FC across the mitochondrial membrane (Arakane et al. 1996, 

Lo et al. 1998, Rigotti et al. 2010). This “bilayer movement” of cholesterol is essential 

for the synthesis of steroid molecules (King et al. 2002). 

 

The expression of LDLR, HMGR, NPC1, NPC1L1 and are all transcriptionally 

controlled by SREBP2 (Miserez et al. 2002, Pramfalk et al. 2010, Xiao and Song 2013). 

The sterol-response of SREBP2 and it’s transcriptional role in the regulation of 

cholesterol homeostasis is described elsewhere (Van Rooyen et al. 2011). To the 

author’s knowledge no studies have investigated the intracellular localisation and 

trafficking of hepatocyte FC in NAFLD (a “future direction” discussed in Chapter 7). 

 

 

Figure 1.6 Lipoprotein size and density characteristics. 

Size (protein size in mega-Daltons [MDa] is shown in green) and density (red text) 

characteristics for the major lipoprotein classes. Panel is adapted from published data (Voet and 

Voet 2004, Lieberman and Marks 2005, Suchy 2012). 
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1.5.3 Hepatic forward and reverse cholesterol transport: the counter-balance 

between LDL and HDL. 

Forward cholesterol transport (FCT) involves the hepatic synthesis and secretion of 

VLDL particles into the systemic circulation. These particles are characterised by 

ApoB100, ApoC and ApoE apolipoproteins and contain high amounts of TG (56%), 

CEs (15%) and FC (8%) (see Figure 1.7) (Mann and Skeaff 1998, Gotto 2003). FCT 

allows TGs and FC to be delivered to peripheral tissues for utilization and/or storage. 

As with CMs, TGs are hydrolysed by capillary LPLs to FFAs (Gomez-Coronado et al. 

1993, Jokinen et al. 1994). As the TG content of VLDL decreases, the particle density 

increases (see Figure 1.7D) and VLDL particles transition to IDLs and eventually to 

LDL particles. LDL has the highest FC and CE content (Figure 1.7).  

 

Circulating LDL can accumulate within arterial intima and is atherogenic (Havel 1998, 

Kellner-Weibel et al. 1999, Kellner-Weibel et al. 1999, Vine et al. 2008). This process 

is accelerated by oxidant stress, which results in LDL lipid peroxidation and Schiff-base 

reactions to the lysine residues of ApoB100 (Figure 1.9). Unlike native, unmodified 

LDL, oxidised LDL is immunogenic. It may complex with IgG or IgM, in turn 

triggering the classical complement cascade and immunological responses. 

Furthermore, LDL is also susceptible to glycation and enzymatic degradation of 

ApoB100 (Figure 1.9). Unfortunately, modified LDL invariably involves ApoB100 

damage. This prevents physiological uptake and removal of these particles by LDLR. 

Instead, modified LDL is recognised by the scavenger-receptor family of membrane 

transporters (see Table 1.4 for details). 

 

Oxidised LDL can be taken up by SR-B1 on macrophages, resulting in formation of 

foam cells. FC and/or oxidised FC species accumulate within foam cells and trigger 

necroinflammation. While the exact mechanisms responsible for foam cell death and 

inflammation in atherosclerosis are ill-defined, there is increasing evidence that pattern 

recognition receptors (PRRs), especially toll-like receptors are activated by pathogen-

associated molecular patterns (PAMPs) and danger-associated molecular patterns 

(DAMPs) (Angelovich et al. 2015). The NOD-like receptor inflammasome 3 (NLRP3) 

has also been implicated, particularly activated by cholesterol crystals (Section 1.6). 

TLR receptors and sterile inflammation pathways are detailed later in this chapter 

(Section 1.7.1). 
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Figure 1.7 Molecular structures of free cholesterol (FC) and a cholesterol ester (CE) 

(cholesterol palmitate), as well as the lipoprotein transport and metabolic 

pathways responsible for trafficking these lipid species. 

 (A) FC is a 27-carbon molecule with a four-ring perhydrocyclopentanophenanthrene nucleus 

(labelled a-d in red text) and an iso-octanyl group conjugated to carbon 17. (B) CEs contain a 

variable fatty acid moiety (palmitate is used as an example here) are attached by an ester bond to 

the cholesterol hydroxyl group of carbon 3. (C) Cholesterol trafficking within various 

lipoproteins (see text for details). Green text boxes detail the protein and lipid composition of the 

various lipoprotein species. Lipoproteins A1, A2, B48, B100 and C define the different 

populations of lipoproteins (CMs, VLDL, IDL, LDL and HDL). Panel C is adapted from and 

Mann and Skeaff (1998) and Lusis et al. (2004).  
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Abbreviations for Figure 1.7: ABCA1, ATP-binding cassette protein-A1; CD, cluster of 

differentiation CM, chylomicron; FC, free cholesterol; LDL, low-density lipoprotein; LDLR, 

LDL receptor; LPL, Lipoprotein lipase; PL, phospholipid; SR-B1, scavenger receptor-B1; TG, 

triglyceride. 

 

The pro-atherosclerotic nature of LDL is counteracted in the body by HDL, which 

participates in reverse cholesterol transport (RCT). RCT is a process controlled by ATP-

binding cassette protein A1 (ABCA1), a 254 kDa membrane-bound protein that 

facilitates the formation of HDL (Sahoo et al. 2004, Zarubica et al. 2007). HDL are 

comprised of small, dense particles containing apo proteins A-I, A-II, C, and E, among 

others. It is capable of docking with ABCA1 via apoA-I on the surface of peripheral 

tissue cells (Oram 2003, Oram and Heinecke 2005). This interaction facilitates FC 

efflux from the cell via two independent processes. First, intracellular FC is trafficked to 

ABCA1 by OSBP, ORP8, and NPC1 (Figure 1.8) (Choi et al. 2003, Bowden and 

Ridgway 2008, Yan et al. 2008, Rodriguez-Rodriguez et al. 2010). Second, apoA-I acts 

as a lipid translocase and facilitates FC and PL translocation across the PM and into the 

HDL particle (Denis et al. 2004, Denis et al. 2004, Vedhachalam et al. 2007). It should 

also be noted that HDL can acquire lipids from other lipoprotein species during 

intravascular exchange. 
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Figure 1.8 Intracellular cholesterol trafficking pathways. 

After ApoB100 binds to the LDL receptor (LDLR), LDL and VLDL undergo receptor-mediated 

endocytosis. Phagocytosed early endosomes mature to late endosomes (LE) / lysosomes (Ly); 

this allows vesicular sorting and LDLR recycling to the cell surface. Simultaneously, CEs are 

hydrolysed to FC by cholesterol ester hydrolase (CEH) and lysosomal acid lipase. Niemann-Pick 

disease type C2 protein (NPC2) chaperones FC to Niemann-Pick disease type C1 (NPC1), a 

transmembrane protein involved in trafficking FC to PM, ER and the mitochondrial 

compartments. PM and ER trafficking also involves oxysterol-binding protein (OSBP) and 

OSBP-related proteins (ORP)-5 and -8 (see text, Section 1.5.2). NPC1-FC transport to the outer 

mitochondrial membrane requires metastatic lymph node 64-protein (MLN64). StAR then 

translocates FC across the mitochondrial membrane leaflet (see Section 1.5.2). 

Other abbreviations: ABCA1, ATP-binding cassette protein A1; Apo, apolipoprotein; ER, 

endoplasmic reticulum; HDL, high-density lipoprotein; HMGR, HMG-CoA reductase; LXR, 

liver X receptor; SREBP2, sterol-regulatory element-binding protein-2. 
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Figure 1.9 Possible LDL modifications and their effects on LDLR binding. 

(A) Native (unmodified) LDL is recognised by LDLR, which binds ApoB100 (B100) and 

triggers receptor-mediated endocytosis. (B) Oxidation of LDL can occur in the presence of 

copper salts or lipoxygenases, which are expressed by many cell types, including endothelial 

cells, monocytes, macrophages and smooth muscle cells. Oxidation results in the conjugation of 

aldehyde groups to the lysine residues of ApoB100. This modification prevents LDL from 

binding to LDLR. (C) As a result, oxidised LDL is no longer recognised by LDLR. Instead, it is 

exclusively transported by the scavenger receptor family of transporters (see Table 1.4). Oxidised 

LDL is also susceptible to enzymatic degradation. (D) Glycation (non-enzymatic conjugation of 

glucose molecules to Apo proteins) is another common modification that inhibits LDLR 

recognition of LDL. (E) Immunogenic epitopes generated by LDL oxidation can result in 

immunoglobulin (Ig) binding on the LDL particle surface. In turn, this contributes to 

inflammatory responses. Image adapted from Gleissner and colleagues (2007). 

Note: In this figure Fc refers to the fragment crystallisable component of immunoglobulin, not 

free cholesterol.  
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Table 1.4 Classes and ligand specificity of the scavenger receptors. 

Class Name Ligand Reference 

A 

SR-AI Modified LDL 

(oxidation, 

acetylation) 

Suzuki et al. 1997 

 SR-AII 

B CD36 

Oxidised LDL, long-

chain FFAs, oxidised 

phospholipids 

Nicholson et al. 1995, 

Febbraio et al. 2000, 

Kunjathoor et al. 2002, 

Podrez et al. 2002  

D CD68 Oxidised LDL 

Lougheed et al. 1997, 

Yoshida et al. 1998, 

Lougheed et al. 1999, Song 

et al. 2011 

E LOX1 Oxidised LDL Oka et al. 1998  

G CXCL16 
PS, oxidised 

lipoproteins 
Wagsater et al. 2004  

Abbreviations: CD, cluster of differentiation; CXCL16, chemokine (C-X-C motif) ligand 16; FFA, free fatty 

acids; LDL, low-density lipoprotein; LOX1, lectin-like oxidised low-density lipoprotein (LDL) receptor-1; PS, 

phosphatidyl serine; SR, scavenger receptor. 

 

1.6 The inflammasome: an essential component of the innate immune response 

NAFLD disease progression seems likely to involve all innate immune system cells, 

including: neutrophils, natural killer cells, dendritic cells, and natural killer T-cells, as 

well as macrophages (Peverill et al. 2014). The majority of macrophages identified in 

liver biopsies are resident macrophages or KCs (Zhan and An 2010). Activation of these 

cells is an important source of inflammation responsible for activation of neighbouring 

hepatic stellate cells (HSC), thereby facilitating downstream liver fibrosis (Zhan and An 

2010, Meli et al. 2014).  

 

One pro-inflammatory mechanism utilised by the innate immune involves 

inflammasomes, a family of macro-molecular complexes that consist of several 

intracellular pattern recognition receptors (PRRs) proteins. These PRRs patrol the cell 

and respond to pathogen-associated molecular patterns (PAMPs), as well as danger-

associated molecular patterns (DAMPs) (Shaw et al. 2011, Guo et al. 2015). In more 

recent years, a metabolic stress-sensing inflammasome involved in metabolic diseases 

such as obesity and T2D has been described (termed the “metabolic inflammasome”) 

(Dagenais et al. 2012, Wen et al. 2012), although this remains controversial.  
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The inflammasome complex assembles in the cytosol in response to a series of two 

PAMP and DAMP signals (see Figure 1.11) (endotoxin is a common Signal 1). The 

target of activated inflammasomes is pro-caspase 1, which dimerises to release cleaved 

active caspase 1. In turn this leads to:  

1. Caspase-1-dependent post-translational regulation of pro-IL-1 and pro-IL-18 

(Mariathasan and Monack 2007), and cleaving both proteins to generate the active 

cytokines. 

2. Activation of caspase-1-dependent cell death, termed pyroptosis (Schroder and 

Tschopp 2010, Eitel et al. 2011), which has some characteristics of apoptosis and others 

of necrosis and necroptosis.  

 

Cellular secretion of active IL-1 and IL-18 increases significantly after inflammasome 

activation (Sollberger et al. 2014). These interleukins promote innate cell maturation 

and activation (especially monocytes) and possibly neutrophils, as well as recruitment 

and activation of cellular immunity (helper T-cells [Th1 and Th2]) (Jander and Stoll 

1998, Mencacci et al. 2000, Netea et al. 2000, Chen et al. 2011). 

 

PAMPs include a wide range of microbial-associated molecular patterns (MAMPs) 

found on bacteria, fungi, and viruses. They are detected by several receptors, including 

TLRs, C-type lectin Receptors (CLRs, which includes dectin-1; see Figure 1.10), 

receptor kinases, and intracellular PRRs (these include the various NOD-like receptors 

[NLRs]). Once activated, many PRRs trigger formation of the inflammasome cascade, 

which starts with the recruitment of several proteins containing a caspase-recruitment 

domain (CARD). Importantly, pro-caspase-1 possesses a CARD domain, which 

facilitates complex formation with other CARD domain-containing proteins. In turn, 

these interact with apoptosis-associated speck-like protein (ASC), a small 22 kDa 

adaptor protein (Sutterwala et al. 2006, Fernandes-Alnemri et al. 2007, Mariathasan and 

Monack 2007, Willingham et al. 2007). In the absence of PRR stimulation, the NLR 

and AIM2 inflammasome components exist as monomers (McIlwain et al. 2013). 

Several other protein domains are involved in inflammasome assembly. They include: 

1. The “neuronal apoptosis inhibitor protein, MHC class 2 transcription activator, 

incompatibility locus protein from Podospora anserina and telomerase-

associated protein” (NACHT).   

2. Leucine-rich repeat (LRR) NRL domain 
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3. NACHT, LRR and PYD (NALP) associated domain (NAD) 

4. A non-NRL PRR, termed “hematopoietic interferon-inducible nuclear antigens 

with 200 amino acid repeats”, or HIN-200 domain.  

 

The varying inflammasomes (see Figure 1.10 for structures) are classified according to 

the component PRR domains listed above, and the presence of adapter CARD, ASC and 

pyrin (PYD). Three inflammasomes possess nucleotide-binding oligomerisation domain 

NLR PRR components. A fourth, the absent in melanoma 2 (AIM2) inflammasome, 

contains the non-NRL HIN-200 domain (see above). This too is a caspase-1 

inflammasome but is activated by foreign cytoplasmic dsDNA (Fernandes-Alnemri et 

al. 2009, Hornung et al. 2009) (Figure 1.11). For the NRL inflammasomes:  

1. NLRP1 includes NACHT, LRR and PYD domains-containing protein 1 components 

and detects muramyl dipeptide (MDP), a peptidoglycan motif present in the cell wall of 

gram-positive and negative bacteria (Chamaillard et al. 2003, Franchi et al. 2009, 

Faustin and Reed 2013).  

2. NLRP3 contains LRR, NAD and NACHT domains, in addition to CARD, ASC and 

PYD domains-containing protein 3 (Franchi et al. 2009) (see Figure 1.10). This 

complex is activated in the methionine/choline-deficient mouse model (MCD) of NASH 

(Csak et al. 2011), as well as in foz/foz mice with NASH, as used in this thesis (Mridha 

et al. 2017). Wree et al. (2014) have also shown that NLRP3 activation is associated 

with fibrosis in experimental NASH. Of particular importance to the work described in 

this thesis, NLRP3 activation is often linked to mitochondrial stress, damage and the 

presence of excess ROS (Zhou et al. 2011).  

3. NLRC4 contains CARD domain-containing protein 4 and is activated by bacterial 

components. This inflammasome complex is also responsible for pyroptosis (McCoy et 

al. 2010, Miao et al. 2010). 

 

1.6.1 NLRP3-specific triggers 

Activation of inflammasomes and down-stream IL-1 and IL-18 secretion is an important 

step in the innate immune response. However, inflammasomes have also been 

implicated in the pathogenesis of multiple autoimmune and inflammatory diseases, 

including: adult-onset Still’s disease (Gerfaud-Valentin et al. 2014) and gout (Shaw et 

al. 2011, Guo et al. 2015). As previously mentioned, activation of the NLRP3 

inflammasome is particular relevant to NAFLD research.  
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Inflammasome complex activation requires two signals (two-signal model). The first 

signal is usual a PAMP and primes the complex for activation. The second (activation) 

signal, which can be either a PAMP or DAMP, then activates the complex (He et al.). 

PAMPs and DAMPs involved are summarised in Figure 1.11. PAMPs include bacterial, 

fungal and viral components, which are detected by TLRs, NODs, CLRs, and other 

PRRs. These activated receptors, in turn initiate the expression of pro-inflammatory 

transcription factors like NF-B p65 (discussed later) and instigate assembly of the 

NLRP3 inflammasome complex (Grishman et al. 2012).  

 

Figure 1.10 Structure of some major inflammasome complexes.  

Component structures of the NACHT, LRR and PYD domains-containing protein-3 (NLRP3), 

NLR Family, CARD Domain Containing 4 (NLRC4) and the absent in melanoma-2 (AIM-2) 

inflammasome complexes. Image are adapted from Eitel et al. (2010). 

Abbreviations: ASC, apoptosis-associated speck-like protein containing a CARD; CARD, 

caspase recruitment domain CPPD; HIN-200, hematopoietic interferon-inducible nuclear 

antigens with 200 amino acid repeats; LRR, C-terminal leucine-rich repeat; NACHT, NOD or 

NBD – nucleotide-binding domain; NAD, NACHT-associated domain. 
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Figure 1.11 How different pathogen- (PAMPs) and danger-associated molecular patterns 

(DAMPs) are involved in two-signal activation of NLRP3. 

The two-signal activation pathway for the NLRP3 inflammasome (see text above for details). 

Image is adapted from Conforti-Andreoni et al. (2011). 

Abbreviations: ATP, adenosine triphosphate; CpG, cytosine-phosphate-guanine motif/island; 

DAMPs, danger (or damage)-associated molecular patterns; dsDNA, double-stranded DNA; 

dsRNA, double stranded RNA; IL, interleukin; LPS, lipopolysaccharide; LRR, C-terminal 

leucine-rich repeat; MAPK, mitogen-activated protein kinase; MDP, muramyl dipeptide; MSU, 

mono-sodium urate; NF-B, nuclear factor-kappa B; NACHT, NOD or NBD – nucleotide-

binding domain; NOD2, nucleotide-binding oligomerization domain-2; P2X7, ligand-gated ion 

channel; PAM3CSK4, a synthetic triacylated lipopeptide TLR1/2 agonist; PAMPs, pathogen-

associated molecular pattern; PRR, pattern-recognition receptors; PYD, pyrin domain; R848, 

resiquimod – a pro-inflammatory imidazoquinoline compound;  ROS, reactive oxygen species; 

Syk, spleen tyrosine kinase; TLR, toll-like receptor; TXNIP, thioredoxin (TRX)-interacting 

protein. 

 

Several DAMPs are also capable of inducing a NLRP3 inflammasome response 

following the first priming signal. These include: 

1. Extracellular ATP – the presence of extracellular ATP activates purinergic ATP-

gated P2X purinoceptor 7 (P2X7) receptor (P2X7R), a ligand-gated non-specific cation 

(K
+
, Na

+
, Ca

2+
, and Mg

2+
) channel that in turn depolarises the cell and activates the 
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NLRP3 inflammasome (Verhoef et al. 2004, Petrilli et al. 2007, Qu et al. 2007, Qu et 

al. 2009, Minkiewicz et al. 2013, Gicquel et al. 2014).  

2. FC crystals – phagocytic uptake of FC crystals by macrophages causes lysosomal 

destabilisation, damage and cathepsin B release, which in turn induces NLRP3 

inflammasome activation. This pathway is hypothesised to be involved in the 

pathogenesis of atherosclerosis (Duewell et al. 2010, Rajamaki et al. 2010, Janoudi et 

al. 2016). 

3. High mobility group box 1 protein (HMGB1) – A non-histone nuclear protein 

called high mobility group box 1 (HMGB1) protein. Injured and damaged cells (usually 

necrotic) release HMGB1, which is able to activate TLR4 (discussed in Section 1.7.1). 

In turn, this activates several pro-inflammatory pathways, including the NLRP3 

inflammasome (Lu et al. 2012, Wang et al. 2013). HMGB1 plays an important role in 

the pathways described in this thesis. Accordingly, this specific DAMP is further 

discussed below, and in Chapters 4 and 5. 

 

1.7 HMGB1 and sterile inflammation 

Necrosis results in release of HMGB1, which has dual functions depending on its 

subcellular localisation. Intracellularly, HMGB1 binds to DNA and acts as a 

transcriptional regulator (Bustin and Reeves 1996, Brickman et al. 1999, Agresti and 

Bianchi 2003, Bell et al. 2006). Outside the cell, however, HMGB1 serves as a cytokine 

and is also able to augment lipopysaccharide (LPS) signalling through TLR4 (Qin et al. 

2009, Li et al. 2015). The cytokine activity of HMGB1 can only manifest when the 

protein translocates from the nucleus to the extracellular milieu (Bell et al., 2006) 

(Andersson et al. 2002). This translocation may be facilitated by the formation of 

extracellular vesicles (EV), a process described further in Section 1.7.4 of this Chapter, 

and a key element of studies reported in Chapters 5 and 6.  

 

The hallmarks of human NASH include activation of the c-Jun N-terminal kinases in 

hepatocytes (JNK, pathway described in Section 1.7.3), macrophage infiltration, 

oxidative stress, and apoptotic cell death. There is now increasing evidence for necrotic 

cell death in NASH (Joka et al., 2011). Recently, Li and colleagues reported that FFAs 

activate hepatocytes (not KCs) via TLR4 mediated release of HMGB1 in mice as well 

as in vitro (palmitic acid [PA] lipotoxicity to primary hepatocytes). These authors 

emphasised this as being important in the early stages of NAFLD development (Li et 
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al., 2011). However, the potential role for HMGB1 release from necrotic hepatocytes 

in sustaining recruitment of inflammatory signals in NASH pathogenesis does not seem 

to have been explored previously. It will be addressed in Chapter 6. 

 

HMGB1 has also been shown to activate hepatic stellate cells and to stimulate their 

proliferation, thereby inducing hepatic fibrosis (Kao et al. 2008). Kao et al. (2008) 

demonstrated that circulating HMGB1 down-regulates membrane metalloproteinase 

(MMP)-2, but not MMP-9, and this could contribute further to extracellular matrix 

deposition and fibrosis in NASH. Additionally, biological (antibody) neutralisation of 

circulating HMGB1 has been shown to ameliorate the development of atherosclerosis in 

vascular disease-prone ApoE-deficient mice. Specifically, anti-HMGB1 antibody 

treatment reduced expression of CD11c and CD83 (markers of total and mature 

dendritic cells, respectively) (Kanellakis et al. 2011). As previously mentioned, 

HMGB1 is an important TLR4 ligand. Downstream TLR activation pathways will now 

be described. 

 

1.7.1 TLR activation pathways 

TLRs are one family of PRRs (Akira et al. 2006, Kaisho and Akira 2006). They are 

expressed by cells of the innate immune system, which include: macrophages, 

monocytes, dendritic cells, neutrophils, and natural killer cells (Kadowaki et al. 2001, 

Hayashi et al. 2003, Takeda 2005, Takeda and Akira 2005). To date, 13 TLR genes have 

been identified for humans and mice; however, not all are operative across all species. 

In humans, only TLR1 to 10 are present, while mice lack TLR10 functionality (Deng et 

al. 2014).  

 

Surveillance for extracellular PAMPs/DAMPs is performed by PM-bound TLRs-1, 2, 4, 

5, 6, and 11. On the other hand, TLRs 3, 7, 8, 9, and 13 are found intracellularly in the 

endosomal/lysosomal system, allowing them to detect and respond to intracellular 

pathogens (bacteria and viruses) and danger signals (for example TLR9 responds to 

cytosine-phosphodiester linked guanine [CpG] DNA motifs and mitochondrial DNA) 

(Tohme and Manoury 2014). With the exception of TLRs 1, 2, and 6 and TLRs 7 and 8, 

each receptor responds to a specific trigger PAMP/DAMP; these are summarised in 

Figure 1.12. TLR4 is of particular importance to this thesis. It is activated by HMGB1 

released from cells undergoing oxidative stress or necrosis, this allows TLR4 to 
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contribute to sterile inflammation (Andersson and Tracey 2011, Tsung et al. 2014, 

Zhang et al. 2015). The relevance of this to progression of fatty liver to NASH will be 

discussed in Chapters 4 and 5.  

 

Once triggered, TLR receptors initiate a signalling cascade that involves various adaptor 

and signalling scaffold proteins. Toll-IL-1 receptor (TIR) is a universal adaptor protein, 

which along with myeloid differentiation primary response gene 8 (MyD88), MyD88-

adapter-like (MAL), and/or TRIF-related adaptor molecule (TRAM) relay the TLR 

activation signal to a larger kinase scaffold complex (Takeuchi et al. 2000, Fitzgerald et 

al. 2001, Bannerman et al. 2002). TLR3 is the only TLR that does not signal through 

MyD88; instead, it relies solely on a TRIF adaptor protein (Figure 1.12) (Yamamoto et 

al. 2003).   

 

The scaffolding complex stimulated by the TLR adaptor protein cascade includes IL-

1R-associated kinase (IRAK)-1, -2, -4, and a TLR-specific TRAF protein. PM-bound 

TLRs signal through TRAF6, while the endosomal TLRs activate TRAF3 (see Figure 

1.12) (Tseng et al. 2010, Kawasaki and Kawai 2014). TRAF6-containing scaffold 

complexes trigger a secondary down-stream protein complex containing transforming 

growth factor- activated kinase (TAK)-1 and TAK1-binding protein (TAB)-2 and -3 

(Inokuchi et al. 2010).   

 

Downstream of the IRAK/TRAF complex, TLR stimulation eventually culminates in 

the activation of several pro-inflammatory and pro-apoptotic pathways. These include: 

1. The canonical NF-B pathway (Section 1.7.2)  

2. The classical MEKK pathway to JNK activation (see Section 1.7.3 and Figure 

1.12).   
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Figure 1.12 Toll-like receptor (TLR) activation pathways. 

The signalling cascades involved in TLR activation are described in Section 1.7.1. This figure 

was adapted from O'Neill et al. (2013).  

Abbreviations: AP-1, activator protein 1; CREB, cAMP response element-binding protein; 

dsDNA, double-stranded DNA; IKK, inhibitor of nuclear factor kappa-B kinase; IRAK, 

interleukin-1 receptor-associated kinase; JNK, c-Jun N-terminal kinases; LPS, 

lipopolysaccharide; MAL, MyD88-adapter-like; MKK, MAP kinase kinase; MyD88, myeloid 

differentiation primary response gene 8; RIP1, receptor-interacting protein kinase 1; rRNA, 

bacterial ribosomal RNA; TAB, TAK1-binding protein; TAK, TGF-β-activated kinase; TBK1, 

TANK-binding kinase 1; TIR, toll-IL-1 receptor; TLR, toll-like receptor; TRAF, TNF receptor-

associated factor TRAM, TRIF-related adaptor molecule. 

 

1.7.2 The NF-B signalling pathway  

NF-B is a dimeric transcription factor involved in regulating inflammatory and 

immunological responses, as well as cell survival, adhesion and oncogenesis 

(Simeonidis et al. 1999, Perkins 2007). A significant degree of overlap exists between 

the JNK and NF-B signalling pathways. For example TNF- signalling is able to 

activate both MKK4/7 and the upstream NF-B activation complex. NF-B dimers are 
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comprised of five separate proteins, RelA (referred to from here on as NF-B p65), 

RelB, c-Rel, NF-B1 (p50/p105) and NF-B2 (p52/p100) (details are listed in Table 

1.5).  

 

In NASH, NF-B p65 has been shown to play an important role in the transition from 

SS to fibrotic steatohepatitis. Importantly, the degree of NF-B p65 activity closely 

correlates with disease severity (Ribeiro et al. 2004, Tian et al. 2013) (Ban et al. 2007, 

Videla et al. 2009), while blocking NF-B activation prevented liver inflammatory 

recruitment in the MCD model (Dela Pena et al. 2005). 

 

Structurally, all NF-B transcription factors contain a Rel-homology domain (RHD). 

This functions as a DNA binding site and allows for homodimeric or heterodimeric 

interaction between NF-Bs (Gilmore 2006). The transcriptional activity of NF-B 

proteins is strictly controlled within the cell, where it is regulated by a number of 

additional proteins. In their latent (inactive) state, NF-B transcription factors are 

sequestered in the cytoplasmic compartment by three small NF-B inhibitor (IB) 

proteins, IkB, - and (Huxford et al. 1998, Jacobs and Harrison 1998) (Figure 1.13) 

In this state, the NF-B protein RHD domains are hidden by IB proteins (Huxford et 

al. 1998, Jacobs and Harrison 1998). 



 37 

Table 1.5 NF-B family of transcription factors. 

Gene Protein Class 

Protein 

size 

(kDa) 

Function Reference 

NFKB1 NF-B1 I 

105  Inflammation, modulation of 

adaptive immune responses, 

B/T-cell cancer, cell 

proliferation and survival, cell 

stress responses 

Meyer et al. 1991, Beinke 

and Ley 2004, Yu and Lin 

2010  

50 

processed 

NFKB2 NF-B2 I 100 / 52 Similar to NF-B1 
Beinke and Ley 2004, Yu et 

al. 2009  

RELA 
RelA 

(p65) 
II 65 

Inflammation, immune 

modulation, cell 

survival/apoptosis control, 

oncogenesis 

Ivanov et al. 1995, Aoudjit 

et al. 1997, Li et al. 2002  

RELB RelB II 70 

Antigen presenting cell 

functioning, lymphoid 

development inflammation 

Shih et al. 2012, Millet et al. 

2013  

REL c-Rel III 69 

Lymphocyte maturation and 

development, inflammation, 

lymphocyte oncogenesis 

Ruan et al. 2009, Gilmore 

and Gerondakis 2011, Shih 

et al. 2012, Ramakrishnan 

et al. 2013  

Abbreviations: kDa, kiloDalton; NF-B, nuclear factor-kappa B; REL, V-Rel avian reticuloendotheliosis viral 

oncogene homolog. 

 

Several NF-B activation pathways have been characterised, the most common of 

which is the classical (also termed canonical) pathway. Here, pro-inflammatory 

stimulation through TNFR, TLRs (for example LPS stimulation of TLR4), and T-cell 

receptor activation starts the assembly of an IB kinase (IKK) complex. This complex 

comprised of three proteins: IKK IKKand NF-B essential modifier (NEMO) 

(Yamaoka et al. 1998, Simeonidis et al. 1999, Karin and Ben-Neriah 2000, Perkins 

2007). The IKK complex phosphorylates the IB proteins, which retain the NF-B 

transcription factors within the cytoplasm. As seen in Figure 1.13, the Ser
32/36

 residues 

of IB is phosphorylated in this process. This allows for ubquitination and destruction 

of the IB proteins by the 26S proteasome. In turn, this exposes the NF-B protein 

RHD domains, allowing for heterodimeric and homodimeric complex formation and, 

most importantly, nuclear translocation (Gilmore 2006).  

 



 38 

Less commonly, NF-B activation can occur through the RelB non-canonical 

activation pathway (see Figure 1.13). Here, immunological signals such as the CD40 

ligand, LPS, and latent membrane protein-1 can activate NF-κB inducing kinase (NIK), 

can lead to RelB transcriptional activity (Figure 1.13).  

 

Figure 1.13 The canonical (classical), non-canonical and atypical pathways of NF-B 

activation. 

Details of this signalling pathway are provided in Section 1.7.2. Image adapted from Perkins 

(2007).  
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Abbreviations for Figure 1.13: AC, acetylation; ATM, ataxia telangiectasia mutated; bZIP, 

leucine-zipper-containing transcription factor; CD, cluster of differentiation; CK2, casein kinase 

2; HER2/Neu, receptor tyrosine-protein kinase erbB-2; HMG1, high-mobility-group protein-I 

IB, inhibitor of B alpha; IKK, IB kinase; IL, interleukin; LMP1, latent membrane protein-1; 

LPS, lipopolysaccharide; NEMO, NF-κB essential modulator; NF-B, nuclear factor-B; 

SUMO, small ubiquitin-like modifier; RelB, V-Rel Avian reticuloendotheliosis viral oncogene 

homolog B; RHD, Rel-homology domain; TAD, transcriptional activation domain; TF, 

transcription factor; TNF, tumour necrosis factor; Ub, ubiquination; UV, ultra-violet. 

 

1.7.3 c-Jun N-terminal kinases (JNKs)  

The JNK proteins are a family of mitogen-activated protein kinases (MAPKs) activated 

by pro-inflammatory and cell stress signals. These kinases are tasked with the 

phosphorylation of c-Jun at Ser
63

/
73

 residues (Vlahopoulos and Zoumpourlis 2004). This 

allows c-Jun to complex with c-Fos to form a c-Jun-c-Fos heterodimer, known as 

activator protein 1 (AP-1). AP-1 serves as a transcription factor for numerous genes 

involved in inflammation (cytokines and chemokines), apoptosis (Fas ligand [FasL]), 

cellular proliferation and differentiation (nuclear factor of activated T-cells [NFAT}, 

TGF-, -, IL-2), and oncogenesis (cyclin-D, E2F genes) (Angel and Karin 1991, 

Jacobs-Helber et al. 1998, Shaulian and Karin 2002, Klein and Assoian 2008, Vartanian 

et al. 2011). It should be noted that other AP-1 heterodimer permutations exist; they are 

composed of Jun (c-Jun, JunB and JunD) and Fos (c-Fos, FosB, Fra1 and Fra2) 

components (Ameyar et al. 2003). Of interest to NASH, AP-1 and NF-B are often 

activated by similar stimuli and there is much overlap with the genes they regulate. 

 

There are three separate JNK genes, JNK-1, -2, and -3, and each expresses a number of 

isoforms (Alexandrov et al. 1999). JNK-1 and -2 each express four proteins, which are 

ubiquitously expressed in all tissue types. JNK-3, however, is selectively expressed in 

neurons and cardiac myocytes, and only produces two protein isoforms (JNK31 and 

JNK32; Figure 1.14A). Interestingly, all ten of these proteins weigh either 46- or 54- 

kDa, depending on their amino acid length (Coffey 2014). This coincidence makes for 

some technical challenges in separating them by western blot analysis, unless highly 

specific antibodies are available (see Chapter 2, Section 2.3). 

 

A plethora of triggers activate JNK signalling. They include: 

1. Oxidative stress (Wang et al. 2007, Wang et al. 2008, Son et al. 2011, Tang et 

al. 2013) 
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2. Mitochondrial dysfunction (Barateiro et al. 2012, Qi et al. 2015) 

3. TLR activation (Matsuguchi et al. 2003, Thobe et al. 2007) 

4. Ultra-violet radiation (Adler et al. 1995, Fritz and Kaina 1999, Wu et al. 2002) 

5. Inflammatory signals (cytokines such as TNF and IL-1) (Lee et al. 1997, 

Tournier et al. 2001) 

6. Physical cell stress and heat shock responses (Adler et al. 1995) 

7. The unfolded protein responses and ER stress (Barateiro et al. 2012) 

 

All the above signals activate JNK through a complex pathway involving several 

mitogen-activated protein kinase (MAPK) kinase kinases (MEKKs). These include dual 

leucine zipper bearing kinase (DLK), NCK-interacting protein kinase (TNIK), MEKK1, 

MEKK4, various mixed-lineage kinases (MLKs), apoptosis signal-regulating kinase 1 

(ASK1), and thousand-and-one amino acid kinase 2 (TAOK2) (Figure 1.14B). 

Importantly, TNF is able to initiate a JNK response through TNF-receptors, which in 

turn activate TNF receptor-associated factor-2 (TRAF2), an adaptor protein involved in 

upstream JNK activation (Liu et al. 1996, Lee et al. 1997). TRAF2 then proceeds to 

interact with apoptosis signal-regulating kinase 1 (ASK1) (Liu et al. 2000). 

 

Activated MEKKs then initiate MKK kinases -4 and/or -7. These MKKs activate JNK 

through phosphorylation at specific sites (Deacon and Blank 1997, Cuenda and Dorow 

1998). MKK4 preferentially phosphorylates Tyr residues, while MKK7 tends to 

phosphorylate Thr amino acids (see Figure 1.14) (Tournier et al. 2001) (see Figure 

1.14B). The important role of JNK in NASH is detailed in Chapter 4, where the specific 

role of JNK-1 and JNK-2 in FC-induced hepatocellular injury are investigated. 
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Figure 1.14 JNK proteins and isoforms and the JNK activation cascade. 

(A) A total of 10 JNK proteins are expressed, four each for JNK1 and JNK2 and two for JNK3. 

Each of these JNK proteins, depending on amino acid length, weigh 46 or 54 kDa. (B) JNKs 

belong to the classical group of mitogen-activated protein kinases (MAPK) and are activated by 

MAPK kinases (MKKs), MKK4 and MKK7. Several upstream MKK kinase (MEKK) pathways 

are responsible for MKK activation, these include: dual leucine zipper bearing kinase (DLK), 

NCK-interacting protein kinase (TNIK), MEKK1, MEKK4, various mixed-lineage kinases 

(MLKs), apoptosis signal-regulating kinase 1 (ASK1), and thousand-and-one amino acid kinase 

2 (TAOK2). Following activation, JNK can interact with various cytoplasmic substrates or 

activate c-Jun, which in turn forms heterodimers with c-Fos to form AP-1 (see text) and regulate 

gene transcription (Botteron and Dobbelaere 1998, Humar et al. 2007). Image adapted from 

Coffey et al. (2014). 
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1.7.4 Extracellular vesicles (EVs) as a potential paracrine mediator of 

hepatocellular damage 

As described earlier, EVs may play a pathogenic role in cell-cell signalling and 

mediation of hepatocellular damage. EVs are small (≤1.5 µM) particles (See Figure 1.15 

for details on size and mechanism of EV production) which are physiologically 

involved in normal cell to cell communication (Paolicelli et al. 2019). However, they 

arise from the PM of activated or damaged cells, and exhibit exposed anionic 

phospholipids, phosphatidylserine (PS) and phosphatidylethanolamine (PE) on their 

surface (Shet 2008). EVs also bear surface membrane antigens reflecting their cells of 

origin (see Table 1.6 for summary of some cell markers used to characterise EVs).  

 

The process of EV release involves cleavage of the cell cytoskeleton and is mediated by 

caspase 3. Several groups, including studies from the host laboratory, have 

demonstrated that Ca
2+

 dependent proteases are involved in EV generation (Teoh et al. 

2014, Ajamieh et al. 2015). These enzymes include calpain and gelsolin, both of which 

cleave actin filaments; this allows for activation of scramblase leading to cytoskeletal 

eversion. The changes to the cellular cytoskeleton also result in phospholipid 

reorganisation, with migration of PS and PE to the outer cellular surface, allowing EVs 

to bud off (Figure 1.15).   

 

Within the last 10 years, the role of EVs has emerged as a complex one. It is now 

known that they are heterogenous particles, and potentially contain a multitude of 

biologically active macromolecules (see Figure 1.16). The exact composition of EVs is 

largely dependent on parental cell type and the mechanism for their formation. Not 

withstanding this, most EVs contain: 

1. DNA, including mitochondrial DNA (Tatischeff et al. 1998) 

2. RNAs (Eg: miRNA, coding mRNA, non-coding, as well as RNA-inducing silencing 

complexes (RISC) (Silva and Melo 2015, Iavello et al. 2016) 

3. Proteins: heat shock proteins, growth factors, tetraspanins. The later includes a 

number of CD proteins listed in Table 1.6 (De Maio 2011, Chiasserini et al. 2014). 

4. Lipid-enriched bilayer (compared with parent cell), comprised of FC, 

sphingomyelin, PS and bioactive eiconsanoids and prostaglandins, as well as lipid rafts 

(Koumangoye et al. 2011, Fais et al. 2016). Importantly, cholesterol plays an important 

role in EV release (Llorente et al. 2007) and uptake (Mulcahy et al. 2014).  
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Once taken-up by target cells, circulating EVs can participate in paracrine signalling 

(short-range intercellular signalling), as comprehensively reviewed by Mulcahy et al. 

(2014). This can occur through a number of routes, including: caveolin-mediated 

phagocytosis, lipid raft internalisation, and receptor-mediated uptake. Once internalised, 

the EV cargo (Figure 1.16) is released into the target cell where it can, depending on the 

exact cargo composition, induce a number of function effects, including hyper-

inflammation (Szabo and Momen-Heravi 2017).  

 

Figure 1.15 Types of extracellular vesicles (EVs) and mechanisms of their release. 

(A) Exosomes, the smallest EVs, measure 40-100 nm (size of an average virus) and are generated 

by either the classical and/or direct pathways. The classical pathway (as represented by pink 

arrows) involves invagination of plasma membrane to form multivesicular bodies (MVBs). These 

coalesce within endosomal vesicles and fuse with the PM releasing extracellular exosomes. The 

direct pathway is simpler (blue arrows). Here exosomes bleb off the PM surfaces into the 

extracellular space. Importantly all EVs harbour markers of the cell of origin; this allows for 

qualitative analysis using assay techniques (see Table 1.6 for several examples of cell-specific 

markers). (B) Microparticles (MPs) are larger (0.1-1 µm; roughly the size of cocci bacteria) and are 

generated by phosphatidyl serine (PS) translocation from the inner to the outer PM surface. This 

reorganises the cytoskeleton causing MP release. (C) Apoptotic bodies are larger 1-4 µm EVs, 

formed from activation of apoptotic pathways (especially mitochondrial dysfunction and leakage). 

Here, DNA fragmentation, PM asymmetry, and disorganisation of cytoskeleton proteins generates 

the apoptotic fragments. Image adapted from Lemoinne et al. (2014). 
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Figure 1.16 Typical extracellular vesicle composition. 

Details of EV composition are described in Section 1.7.4, Szabo and Momen-Heravi (2017) 

recently published a review detailing EV involvement in viral and alcoholic liver disease, as 

well as NAFLD (image adapted from their review). 

Abbreviations: AA, amino acids; DNA, deoxyribosnucleic acid; FC, free cholesterol, HSP90, 

heat shock protein 90; lncRNA, long noncoding RNA; MHC, major histocompatibility complex 

class; mRNA, messenger RNA; miRNA, microRNA; RABs, Ras-related proteins. 

 

Exposing primary rat hepatocytes or HepG2 cells (a well-differentiated immortalised 

human hepatoma cell line) to palmitic or stearic acid results in EV release (Povero et al. 

2013). Povero and colleagues (2013) subsequently demonstrated that these isolated EVs 

contain several microRNAs (miR) and can recruit, as well as activate HSCs. In their 

quiescent state, HSCs store vitamin A in the peri-sinusoid. This inactivated phenotype is 

governed by peroxisome proliferator-activated receptor (PPAR)- expression (Hazra et 

al. 2004). The EVs derived from FFA-damaged hepatocytes suppress HSC PPAR- 

expression, thereby activating HSC expression of pro-fibrotic genes, including collagen 

type-1 and alpha smooth muscle actin (Povero et al. 2013).  

 

Importantly, to the author’s knowledge, the relationship between cholesterol lipotoxicity 

in hepatocytes and EV formation has not been explored. It is a major strand of the 

research conducted in this thesis. 
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Table 1.6 Cellular protein markers used to identify source of circulating EVs. 

Protein tag Cell type of origin 
Assay 

technique 
References 

Annexin V All EV FACS (Total) Julich et al. 2014 

Asialoglycoprotein 

receptor-ß 
Hepatocytes WB 

Ise et al. 2001, 

Severgnini et al. 2012, 

Shi et al. 2013  

VE-

cadherin/CD144 
Sinusoidal endothelia cells (SES) FACS/WB 

Lalor et al. 2006, 

Goldman et al. 2014  

Vascular cell 

adhesion molecule 
SES 

WB 

 

Holmen et al. 2005, 

Lalor et al. 2006  

E-Selectin SES WB 

Daneker et al. 1998, 

Holmen et al. 2005, 

Lalor et al. 2006  

CD41 Platelets FACS 

Mitjavila-Garcia et al. 

2002, Bagamery et al. 

2005, van Velzen et al. 

2012  

Pselectin/CD62P Activated platelets FACS/WB 

 Murakami et al. 1996, 

Jy et al. 1999, Lu et al. 

2011  

Tissue 

factor/CD142 
Activated platelets FACS/WB Panasiuk et al. 2007  

CD1d tetramer NK T cells FACS 

Miyagi et al. 2003, 

Stenstrom et al. 2005, 

Montoya et al. 2007  

CD8 CD8 T cells FACS 
Storek et al. 1998, 

Ondoa et al. 2005  

Ly6G Neutrophils FACS Rose et al. 2012  

CD15 Neutrophils FACS Pillay et al. 2013 

F4/80 KC/macrophages FACS 
Zhang et al. 2008, Rose 

et al. 2012  

CD14 
Monocytes/macrophages/myeloid 

dendritic cells 
FACS Pillay et al. 2013  

Abbreviations: CD, cluster of differentiation; EV, extracellular vesicles; FACS, fluorescence-activated cell 

sorting; KC, Kupffer cell; Ly6G, lymphocyte antigen 6 complex locus G6D; NK, natural killer cell; SES, 

sinusoidal endothelial cell; WB, western blot. 

 

1.8 Recent conceptual changes in NASH  

Following the completion of the research outlined in this thesis, there have been new 

and emerging concepts of regarding the pathogenesis and treatment of NASH. This 

short review will focus on two topics, namely contemporary research regarding the role 
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of the microbiome in NASH pathogenesis, and novel treatment options based on 

potential molecular targets in NASH. 

 

1.8.1 The role of the intestinal microbiome in NASH pathogenesis 

The gut microbiota of patients with NAFLD has been the subject of extensive 

investigation in recent year. Several studies have demonstrating microbial dysbiosis and 

small intestinal bacterial overgrowth in patients with NAFLD (including those with 

NASH) compared with healthy counterparts (Aragones et al. 2019, Dornas and Lagente 

2019, Duarte et al. 2019, Martin Mateos and Allen 2019, Milosevic et al. 2019). More 

specifically, microbial metagenomic analysis and 16S amplification sequencing have 

identified significant increases in certain intestinal bacterial phyla and species, such as 

Bacteroides and Ruminococcus, in NASH patients compared with non-NASH controls 

(Boursier et al. 2016). Escherichia coli and Bacteroides vulgatus intestinal colonisation 

has been observed in individuals with advanced liver fibrosis (Loomba et al. 2017, 

Caussy and Loomba 2018, Jayakumar and Loomba 2019). In fact, an associated 

between the abundance of Gram-negative gut bacteria and progression of liver fibrosis 

is now well established (Ilan 2012, Zhu et al. 2015, Ghoshal et al. 2017).  

 

It has been hypothesised that high dietary sugar and saturated fat content, as well as 

increased antibiotic use, selectively favour certain intestinal bacterial species and reduce 

luminal microbial complexity (Friedman et al. 2018). In turn, this leads to dysbiosis. 

When coupled with reduced bacterial fermentation of non-digestible carbohydrates, the 

result can be impaired bacterial production of short chain fatty acids (ScFA) (Malik et 

al. 2010). ScFAs are used by enterocytes as a source of energy (Schonfeld and 

Wojtczak 2016). Further, a decreased supply of ScFAs within the intestine causes 

aberrant tight junction expression. This leads to increased intestinal permeability, which 

allows intestinal bacteria, fungi and associated pathogen-associated molecular patterns 

(PAMPs) to translocate the mucosa layer and enter the portal circulation (Hiippala et al. 

2018). A consequence could be induction of hepatic inflammation via innate and 

adaptive immune responses, including activation of inflammasome pathways (Figure 

1.17). As described in thesis Sections 1.3 and 1.7, these inflammatory pathways are at 

least partly responsible for hepatic injury, fibrosis and eventual cirrhosis in NASH.  
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Multiple animal studies have shown a significant beneficial effect of probiotic 

administration in NASH models; the findings are summarised in a review by Perumpail 

and colleagues (2019). Unfortunately, only a few human studies have investigated the 

effects of probiotics as a treatment for NASH. Ma et al. (2013) examined four 

randomised control trials involving 134 NAFLD/NASH patients and found that 

modulation of the gut microbiota using probiotic therapy not only significantly 

decreased hepatic injury, as measured by ALT and AST, but also reduced circulating 

total-cholesterol and TNFα. Notwithstanding the limitations of small cohort sizes and 

relatively short study duration (median 3.75 months), the results of these studies are 

promising.  

 

1.8.2 Potential targets and future treatment strategies 

Maintenance of a healthy diet, regular exercise and weight loss are the current mainstay 

of NAFLD treatment (Ok et al. 2018, Panera et al. 2018, Sporea et al. 2018, Brunner et 

al. 2019, Ratziu et al. 2019). However, poor patient compliance with these lifestyle 

interventions remains a significant barrier to treatment (Neuschwander-Tetri 2009). 

Coupled with the increasing prevalence and burden of disease, this makes treatment of 

NASH a pressing public health issue. At the time of writing (August 2019), there are 

currently no US Food and Drug Administration-approved treatments for NASH. Several 

Biotechnology and pharmaceutical companies are currently developing NASH-targeted 

therapies with numerous clinical trials currently planned or underway (see Table 1.7). 

Such agents or devices (eg Revita Duodenal Mucosal Resurfacing) generally target one 

of five pathways. These include, pathways involved in modulation of 1) oxidative 

metabolism of FAs, 2) de novo lipogenesis, 3) oxidative stress/inflammation, 4) 

apoptosis or 5) fibrosis (see Figure 1.18). Only two agents, obeticholic acid (OCA) and 

Elafibranor will be discussed since this area is beyond the scope of this thesis. OCA is 

discussed in detail in Chapter 7, Section 7.2.4. Elafibranor is discussed here. 

 

1.8.2.1 Elafibranor 

Elafibranor is a multipotent agent capable of activating PPAR, PPAR, PPAR with a 

preferential PPAR binding specificity. Modulation of these transcription factors alters 

the expression of genes involved in lipid metabolism, energy homeostasis and 

inflammation (Souza-Mello 2015). Elafibranor recently passed the phase IIa trial phase 

with 182 non-cirrhotic NASH patients given either 80 or 120 mg drug per day. After 12 
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months of treatment, patients receiving Elafibranor showed improved inflammatory 

markers, plasma lipids, glucose homeostasis and hepatic insulin resistance (Ratziu et al. 

2016). This agent is currently in phase III trials (Table 1.7).  

 

Figure 1.17 Integrated role of the dietary and microbial factors in the pathogenesis of 

lipid-mediated liver injury, inflammation and fibrosis.  

See text for details. 

Abbreviations: CXCL, chemokine ligand; FFA, free fatty acid; HSC, hepatic stellate cell; IL, 

interleukin; LPS, lipopolysaccharide; KC, Kupffer cell; MCP1, monocyte chemoattractant 

protein-1; NKT, natural killer T-cell; PAMP, pathogen-associated molecular patterns; PTGF, 

platelet-derived growth factor; ROS, reactive oxygen species; SatFFA, saturated fatty acid; 

SCFA, short chain fatty acid; SIBO, small intestine bacterial overgrowth; TGF-β, transforming 

growth factor beta; TNF-α, tumor necrosis factor alpha. 
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Figure 1.18 Potential therapeutic target points within the lipotoxic model of NASH.  

As previously described (Section 1.3.1), lipids accumulate within the liver as a consequence of 

excessive fat and sugar intake which culminates in increased circulating free fatty acids (FA) and 

de novo lipogeneis (DNL). Sedentary lifestyle and insulin resistance also contribute to the FA 

pool by reducing mitochondrial -oxidation. In turn, FA and cholesterol generate reactive 

oxygen species (ROS) through mitochondrial injury, in turn, causes hepatocyte injury and 

inflammation. These factors increase the risk of NASH, liver fibrosis and carcinogenesis. The 

pink boxes represent potential target sites in the pathway. Several phase III agents shown in red 

text (see Table 1.7 for additional agents). Image adapted from Brunt et al. (2015). 

Abbreviations:  BAT, brown adipose tissue; HCC, hepatocellular carcinoma; NASH, non-

alcoholic steatohepatitis; TZDs, thiazolidinediones; VLDL, Very-low-density lipoprotein 
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Table 1.7 Current NASH treatment clinical trials.  

 

Abbreviations: ASBT, apical sodium-dependent bile acid transporter; ASK1, Apoptosis signal-regulating kinase 1; 

CCR, C-C chemokine receptor; CRN, Clinical Research Network;  FGF, fibroblast growth factor; FXR, farnesoid X 

receptor; GHRH, growth hormone-releasing hormone; HIV, human immunodeficiency virus; LPS, lipopolysaccharide; 

miR, micro ribonucleic acid; MRI, magnetic resonance imaging; NAS, non-alcoholic fatty liver disease activity score; 

NASH, non-alcoholic steatohepatitis; NCT, ClinicalTrials.gov registry number , NPC1L1, Niemann-Pick C1-Like 1; 

PPAR, peroxisome proliferator-activated receptor; SCD, stearoyl-CoA desaturase 1. 

 

1.9 Research aims and objectives 

The major aims of the research described in this thesis are summarised below.  

Phase Status
Clinicaltrials.gov 

identifier
Agent Study  Mechanism

Study population - liver related 

inclusion criteria

Completion 

date

I Recruiting NCT02808312 GS-9674

Pharmacokinetics and 

pharmacodynamics of GS-9674 in 

adults with normal and impaired 

hepatic function.

FXR agonist

Three cohorts: mildly impaired and normal 

hepatic functin, moderate hepatic 

impairment and severe hepatic impairment.

Oct-18

I
Not yet 

recruiting
NCT02612662 AZD4076

A study to assess the safety and 

tolerability of single doses of 

AZD4076 in healthy male subjects.

miR-103/-107 antagonist Normal liver function. Dec-20

II Recruiting NCT02684591 Aramchol

Aramchol for HIV-associated 

NAFLD and lipodystrophy 

(ARRIVE).

SCD inhibitor
One or more risk factor for more severe 

liver disease
Feb-18

II Recruiting NCT02787304 Volixibat
Volixibat (SHP626) in the treatment 

of adults With NASH.
ASBT inhibitor

Histologic confirmation of NASH without 

cirrhosis (F0-F3)
Jul-18

II
Not yet 

recruiting
NCT03486899 BMS-986036

A study of experimental medication 

BMS-986036 in adults with NASH 

and stage 3 liver fibrosis (FALCON 

1).

FGF-21 analogue 

Histologically confirmed NASH with stage 

3 liver fibrosis according to NASH CRN 

classification

Sep-21

II Recruiting NCT02443116 NGM-282
Study of NGM282 in patients with 

NASH.
FGF-19 analogue Histologically confirmed NASH diagnosis Sep-19

II
Not yet 

recruiting
NCT03375788 Tesamorelin

Growth Hormone Releasing 

Hormone Analog to Improve 

Nonalcoholic Fatty Liver Disease 

and Associated Cardiovascular Risk

GHRH analogue

Hepatic steatosis as demonstrated by either 

a) Grade 1+ steatosis on a liver biopsy 

performed within 12 months of the baseline 

visit, without >10% reduction in body 

weight or addition of medications to treat 

fatty liver, or b) liver fat fraction ≥5% on 

hydrogen-magnetic resonance spectroscopy 

(1H-MRS)

Oct-22

II
Not yet 

recruiting
NCT01792115 Vitamin E

Treatment for NAFLD with 

different doses of vitamin E.
Anti-oxidant

Clinical suspicion of NAFLD or elevated 

LFTs, steatosis on imaging,
Aug-19

II Enrolling NCT03059446 Cenicriviroc

Rollover study of Cenicriviroc for 

the treatment of liver fibrosis in 

participants with NASH.

CCR2/CCR5 antagonist

Successful completion of both Treatment 

Period 1 and Treatment Period 2, of the 

CENTAUR Study (652-2-203), including a 

Year 2 liver biopsy.

Jul-30

II Recruiting NCT03205345 Emricasan

Emricasan, a caspase inhibitor, for 

treatment of subjects with 

decompensated NASH cirrhosis 

(ENCORE-LF)

Caspase inhibitors
Cirrhosis due to NASH with exclusion of 

other causes of cirrhosis.
Aug-19

II Recruiting NCT03042767 IMM-124e
Anti-LPS antibody treatment for 

paediatric NAFLD.

Anti-LPS IgG-rich 

bovine antibody 

(Paediatric NAFLD)

Nonalcoholic fatty liver disease (NAFLD) 

diagnosis confirmed by liver biopsy or 

MRI.

May-19

II Recruiting NCT03061721 Saroglitazar
Saroglitazar magnesium in patients 

with NAFLD and/or NASH.
PPARα/γ agonist Documented diagnosis of NAFLD Nov-19

III Recruiting NCT02704403 Elafibranor

Phase 3 study to evaluate the 

efficacy and safety of Elafibranor vs 

placebo in patients with NASH 

(RESOLVE-IT).

PPARα/δ agonist NASH with NAS score ≥4 Dec-21

III Recruiting NCT03439254
Obeticholic 

acid

Study evaluating the efficacy and 

safety of Obeticholic acid in 

subjects with compensated cirrhosis 

due to NASH (REVERSE)

FXR agonist

Subjects with a confirmed diagnosis of 

NASH and a fibrosis score of 4 based upon 

the NASH CRN scoring system.

Jul-21

III
Not yet 

recruiting
NCT03053050 GS-4997

Safety and efficacy of Selonsertib in 

adults with NASH and bridging (F3) 

fibrosis (STELLAR 3).

ASK1 inhibitor

Liver biopsy consistent with NASH and 

bridging (F3 fibrosis) according to the 

NASH CRN classification.

Feb-23

IV
Not yet 

recruiting
NCT03434613

Rosuvastatin +/- 

ezetimibe

A randomized, prospective, open 

label, active control, phase IV study 

to evaluate the effects of statin 

monotherapy or dtatin / Ezetimibe 

combination therapy on hepatic 

steatosis in patients with 

hyperlipidemia and NAFLD

HMG-CoA reductase 

and NPC1L1 inhibitor

Patients diagnosed with fatty liver by 

abdominal ultrasonography or liver 

fibroscan.

Jan-20
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1. Develop an in vitro model for loading hepatocytes with FC in order to study 

the cellular mechanisms of lipotoxicity exerted by this lipid species in live cells 

(Chapter 3). 

2. Test whether FC-mediated injury and cell death to hepatocytes is linked to 

mitochondrial damage and/or ER stress (Chapter 4). 

3. Characterise the role of JNK-1 in FC-mediated lipotoxicity to hepatocytes 

(Chapter 4). 

4. Examine whether FC-induced lipotoxicity liberates EVs from injured and 

apoptotic hepatocytes (Chapter 5).  

5. Determine whether circulating EVs in experimental (murine) and human NASH 

contain markers of hepatocytes, as well as inflammatory cells and platelets 

(Chapter 6). 
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  CHAPTER 2

General materials and methods 

 

Techniques commonly used throughout the thesis are described in this chapter. 

Detailed procedures for more specialised methods will be included in the later 

relevant chapters.   

  

2.1 Reagents and other research materials, including commercial assay kits 

Reagents were obtained from the following providers: 

 

Sigma Aldrich (St Louis, MO) 

2’7’-Dichlorofluorescein diacetate, ammonium persulfate (APS), bovine serum 

albumin (BSA) (≥96% purity for tissue culture; ≥98% for western blot, and ≥99.9% 

for palmitic acid dissolution), cacodylic acid, 3-[(3-cholamidopropyl)-

dimethylammoniol]-1-propanesulfonate (CHAPS), cyclosporine A, 

diethylpyrocarbonate (DEPC), dimethylsulphoxide (DMSO), ethylene glycol 

tetraacetic acid (EGTA), filipin III (from Streptomyces filipines), 4-(2-

hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES), Höechst 33342, hydrogen 

peroxide (H2O2), Igepal CA-630, metaphosphoric acid, human unmodified low 

density lipoprotein (LDL), NaCl, nicotinamide, Nile red, oil red O, palmitic acid, 

phosphatase inhibitor cocktail 1 & 2, ponceau S, 2-propanol, protease inhibitor 

cocktail, saponin, sodium bicarbonate, sodium deoxycholate, sodium dodecyl 

sulphate (SDS), sucrose, tetramethylrhodamine methyl ester percholate (TMRM),  

triethanolamine, TRI-reagent, triton X-100, trypan blue, tween-20, and 2-

vinylpyridine. 

 

Amresco (Solon, Ohio, USA) 

Calcium chloride dihydrate, ethylenediaminetetraacetic acid (EDTA), phosphate 

buffer saline (PBS) tablets. 
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ProSciTech (Thuringowa, Qld, Australia) 

Osmium tetroxide 4% aqueous solution, hexamethyldisilazane (HMDS), 11 mm 

plastic coverslips, parafomaldehyde 16% (v/v), glutaraldehyde 25% (v/v), uranyl 

acetate, digitonin (C56H92O29), IM032 Crystal mount™, Hematoxylin Gill's No.2. 

 

Life Technologies (Carlsbard, CA, USA) 

William’s E media (WEM), Hank’s balanced salt solution (HBSS 1X and 10X), rat-

tail collagen, RPMI 1640, dithiothreitol (DTT), ProLong® Gold antifade, penicillin 

and streptomycin, fetal calf serum, ATP determination kit, Superscript III, Annexin 

V-Alexa Fluoro® 350 

 

Other 

Arylamide/bis-acrylamide (30%, 29:1 ratio), iQ SYBR Green Supermix, Precision 

Plus™ Prestained Protein standards, qPCR reaction tubes and plate sealers were all 

purchased from Bio-Rad (Hercules, CA). Percoll™ and tetramethylethylenediamine 

(TEMED) were from GE Healthcare (Buckinghamshire, UK). Free cholesterol E 

(free cholesterol molarity determination) and NEFA C (fatty acid molarity 

determination) kits were purchased from Wako (Osaka, Japan). NE-PER 

nuclear:cytoplasmic extraction kits, SuperSignal West Pico and Femto enhanced 

chemiluminescence (ECL) substrate solution were purchased from 

ThermoScientific (Rockford, IL); Western Lightning Plus ECL (Cayman 

Chemicals, Ann Arbor, MI). Membrane fluidity kit was from Marker Gene 

Technology (Eugene, OR). Random and oligo (dT) primers and Cytotox 96© non-

radioactive cytotoxicity assay were from Promega (Madison, WI). Ethanol, glycine, 

HCl, methanol, and Tris (tris-[hydroxymethyl] aminomethane) were purchased from 

Astral Scientific (Caringbah, NSW, Australia); polyvinylidene fluoride (PVDF), 

sterilising filters (22 µm) and deionised ultrapure water (d.H2O) were obtained from 

a Milli-RO
®
 water purification system from Millipore (Billerica, MA). Cell culture 

flasks (Ti 75) and dished (Ti 55), 6-, 24- and 96-well plates were from Iwaki Sterilin 

(Staffordshire, UK); Sterile 15 mL plastic screw top tubes used in cell culture were 

purchased from Sterilin Bibby (Staffordshire, UK); 50 mL plastic screw tops and 4-

chamber plastic slides for cell culture were from Nunc (Roskilde, Denmark). Cell 

strainers (100 µm) were purchased from BD Biosciences (Franklin Lakes, NJ); 
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Centrifuge tubes 5 mL and 15 mL from Beckman Coulter (Brea, CA). ELISA kits 

for murine IL-6, IL1-β and TNF-α were purchased from R&D Systems 

(Minneapolis, MN), while murine serum IL-18 ELISA kits were from Medical & 

Biological Laboratories Co., Ltd. (Nagoya, Japan). Paraformaldehyde was obtained 

from Electron Microscopy Sciences (Hatfield, PA); ultra-pure water was from 

Baxter Healthcare (Toongabbie, NSW), and types 2 and 4 collagenase were 

purchased from Worthington (Lakewood, NJ). Ketamine hydrochloride and xylazil 

were from Troy Laboratories (Glendenning, NSW). Finally, skim milk powder 

(Diploma, Fonterra Foodservices, North Ryde, NSW) was purchased from a local 

food retailer.  

 

ELISA kits for human hyaluronic acid (HA) were purchased from Echelon® (Utah, 

USA); hepatocyte-specific cytokeratin-18 markers M30 and M65 (EpiDeath65®) 

kits were purchased from Peviva (Broma Sweden); pro-collagen III N-terminal 

peptide (PIIINT) kits were from Cusabio (Wuhan, Hubei, China); EVs (MP) ELISA 

kits (based on annexin V analysis) were from Hypen BioMed (Neuville-Sur-Oise, 

France). 

 

2.2 JNK inhibitors 

Specific JNK inhibitors CC-401, CC-930 and CC-003 were from kindly provided 

by Celgene (San Diego, CA), courtesy of Brydan Bennett (see acknowledgements). 

 

2.3 Antibodies 

Antibodies were purchased from Abcam (Oxford, UK), Cell Signalling Technology 

(Danvers, MA), R&D Systems (Minneapolis, MN), Santa Cruz (Santa Cruz, CA), 

BD Pharmingen (Franlin Lakes, NJ), Life Technologies/ Invitrogen (Carlsbad, CA), 

BioLegend (San Diego, CA), eBioscience (San Diego, CA), AbD Serotec (Raleigh, 

NH), Polyscience (Warrington, PA) and Novus Biologicals (Littleton, CO). Primary 

and secondary antibody supplier details, catalogue numbers, and application details 

are shown in Tables 2.1 and 2.2, respectively. 
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Table 2.1 Primary antibodies used in this research  

Abbreviations for Table 2.1: ASGPR, asialoglycoprotein receptor; Bcl-xL, B-cell lymphoma-extra large; Bax, 

bcl-2-like protein 4; Chop, C/EBP homologous protein; COX-IV, cytochrome c oxidase subunit; GRP78, 

glucose regulated protein-78; HMGB1, high mobility group box 1; HNF, hepatocyte nuclear factor; HSP90, 

heat shock protein-90; HSP60, heat shock protein-60; ICAM, inter-cellular adhesion molecule-1; JNK, c-Jun 

N-terminal kinase; TLR, toll-like receptor; LAMP, lysosome-associated membrane protein; LDLR, LDL 

receptor; Na/K-ATPase, sodium-potassium ATP-ase; NFκB p65, nuclear factor kappa-B protein 65; TBP, tata-

box binding protein; VCAM-1, vascular cell adhesion protein 1; WB, western blot; IF, immunofluorescence. 

Antibodies were purchased from Abcam (Cambridge, UK), AbD Serotec (Oxford, UK), Cell Signalling 

(Danvers, MA), R&D Systems (Minneapolis, MN) and Santa Cruz Biotechnology, Inc (Santa Cruz, CA).    

 

 

Antibodies Host Supplier
Catalogue 

number
Application Dilution Band (kDa)

ASGPR 1/2 Rabbit Santa Cruz sc-28977 WB 1:200 50, 95

β-actin Mouse Sigma-Aldrich A5441 WB 1:5000 42

Bcl-xL Rabbit Cell Signaling 2764 WB 1:900 30

Bax Rabbit Santa Cruz sc-6236 WB 1:200 23

Cathepsin B Mouse Abcam ab58802 WB 1:750 38

c-Jun Rabbit Cell Signaling 9165 WB 1:900 48

Chop Mouse Cell Signaling 2895 WB 1:1000 27

Cytochrome C Rabbit Cell Signaling 4272 WB 1:1000 14

COX-IV Rabbit Cell Signaling 4844 WB 1:1000 17

COX-IV Mouse Abcam ab14744 IF 1:500 16

F4/80 Rat Abcam MCA497R IHC, IF 1:135, 1:40 160

GRP78 Rabbit Abcam ab21685 IF, WB 1:1400 78

HMGB1 Rabbit Abcam ab18256 IF, WB 1:80, 1:900 30

HNF-4α Mouse Abcam ab41898 IF, WB 1:80, 1:500 52

HSP60 Rabbit Cell Signaling 4870S WB 1:1000 60

HSP90 Goat R&D Systems AF3775 WB 1:2000 90

ICAM-1 Goat R&D Systems AF796 WB 1:500 80

ICAM-1 Mouse R&D Systems BBA3 WB 1:500 80

SAPK/JNK Rabbit Cell Signaling 9258 WB 1:900 46, 54

TLR4 Rabbit Cell Signaling 2219 IF 1:50 95-100

TLR4 Rabbit Abcam ab13556 WB 1:900 95-100

TLR9 Rabbit Abcam ab13928 WB 1:900 110

Lamin B1 Rabbit Abcam ab16048 IF 1:500 68

LAMP Rat Abcam ab13524 IF 1:100 105

LDLR Rabbit Abcam ab52818 IF, WB 1:200, 1:1700 140

Na/K-ATPase Mouse Abcam Ab7671 IF 1:90 112

NFκB p65 Rabbit Cell Signaling 4764 IF, WB 1:80, 1:2000 65

Phospho-cJun Rabbit Cell Signaling 3270 IF, WB 1:80, 1:750 48

Phospho-SAPK/JNK Rabbit Cell Signaling 4668 IF, WB 1:750 46, 54

Phospho-JNK1 Rabbit Abcam ab18680 IF, WB 1:40, 1:750 48

TBP Mouse Abcam ab818 WB 1:2000 38

VCAM-1 Goat R&D Systems AF643 WB 1:500 85-110

VCAM-1 Mouse R&D Systems BBA5 WB 1:500 85-110
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Table 2.2 Secondary antibodies used in this research  

 

Abbreviations for Table 2.2: HRP, horseradish peroxidase; IF, immunofluorescence; WB, western blot. 

Antibodies were purchased from Invitrogen (Carlsbad, CA), Molecular Probes (Eugene, OR), and Santa Cruz 

Biotechnology, Inc (Santa Cruz, CA).  

 

2.4 Animals and diets 

All animal experimentation conformed to the high standards stipulated by NHMRC 

and international guidelines, and was approved by the ANU Animal 

experimentation Ethics Committee (protocol A2012/22). Only female mice were 

used. Mice used to obtain liver cells for primary hepatocytes and primary KC 

culture were C57B/6J strain. Wildtype (WT) and Myd88
-/-

 mice (C57B/6J strain) 

were obtained from Animal Services Division, ANU Bioscience Research Facility 

(Canberra). Tlr2
-/- 

and Tlr4
-/-

 mice were kindly provided by Dr Shaun Summers 

from Monash Medical Centre Animal Facilities (Clayton Victoria), while Jnk1
-/-

 and 

Jnk2
-/-

 mice were obtained (by kind gift) from Dr David Nikolic-Paterson 

(Department of Nephrology, Monash Medical Centre, Clayton Victoria).  

 

NOD.B10 strain (WT and Alms1 mutant [foz/foz]) mice were used, as indicated, in 

relevant chapters pertinent to in vivo correlations with in vitro experiments. 

NOD.B10 strain mice were bred at The Canberra Hospital (TCH) animal facility.  

 

All mice received food, water ad libitum and were maintained in a sterile animal 

facility under constant 12-hour light/dark cycle at 22°C, with relative humidity 

greater than 40%. Mice were housed (~4/cage) in individually ventilated cages 

(IVC) (Tecniplast, Philadelphia, PA). Cages were lined with sterile ALPHA-dri 

PLUS® (Sheppard Specialty Papers, Richland, MI). Unless otherwise indicated, 

mice were fed chow (5% fat, 67% carbohydrate, 19% protein, 0% cholesterol) from 

Antibody Host Supplier
Catalogue 

number
Conjugate Application Dilution 

Goat Rabbit Santa Cruz sc-2768 HRP WB 1:10,000

Mouse Goat Santa Cruz sc-2005 HRP WB 1:10,000

Rabbit Goat Santa Cruz sc-2004 HRP WB 1:10,000

Rat Goat Santa Cruz sc-2006 HRP WB 1:10,000

Goat Chicken MP A-21467 Alexa 488 IF 1:1,000

Mouse Goat Invitrogen A-11001 Alexa 488 IF 1:1,000

Rabbit Chicken MP A-21441 Alexa 488 IF 1:1,000

Rat Chicken MP A-21470 Alexa 488 IF 1:,1000

Rabbit Chicken MP A-21427 Alexa 555 IF 1:10,000
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weaning until sacrifice (age: 6–8 weeks). NODB.10 mice were either fed chow or 

atherogenic (Ath) diet (23% fat, 45% carbohydrate, 20% protein, 0.2% cholesterol) 

(SF03-020, Specialty Feeds, Glen Forrest, WA, Australia).  

 

2.5 Primary hepatocyte isolation  

Primary hepatocytes were isolated from mice as previously outlined (Berry et al. 

1997, Van Rooyen et al. 2011). For each experiment, hepatocytes isolated from a 

minimum of 3–4 mice were pooled, prior to culturing on plates. Briefly, the 

procedure is outlined below: 

 

2.5.1 Reagents 

William’s E media and 1X Hank’s buffered salt solution (HBSS). Solutions were 

purchased commercially and required no additional preparation. 

 

0.5 M EDTA stock solution. EDTA (18.61 g) was dissolved in distilled water (80 

mL), pH corrected to 8.0 with NaOH, and final volume adjusted to 100 mL. 

Solution was sterile filtered (22 µm), aliquoted and stored at 4°C until ready for use.  

 

1 M CaCl2 stock solution. CaCl2 (11.1 g) was dissolved in distilled water (100 mL). 

Solution was filter sterilised (22 µm), aliquoted, and stored at 4°C until ready for 

use.  

 

Penicillin-streptomycin (pen-strep) antibacterial solution. Solution was purchased 

commercially (100X strength) and only required dilution prior to use.  

 

Perfusion buffer stock solution (20 mM HEPES, 404 µM NaHCO3, 1X pen-strep in 

HBSS, pH 7.4). HEPES (2.38 g) and NaHCO3 (17 mg) were dissolved in HBSS 

(500 mL). Pen-strep (5 mL) was added, pH adjusted to 7.4, and filter sterilised (22 

µm). Buffer was aliquoted into four sterile falcon tubes, as per Figure 2.1. Solutions 

were pre-warmed to 37°C in water bath prior to use. Perfusion solutions #2 and #4 

received additional components as described below. 
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Perfusion buffer #2 (20 mM HEPES, 404 µM NaHCO3 in HBSS, 0.5 mM EDTA, 

pH 7.4). EDTA (25 µL of 0.5 M stock) was added to the perfusion buffer solution 

(25 mL) and mixed thoroughly before use. 

 

Perfusion buffer #4 (20 mM HEPES, 404 µM NaHCO3 in HBSS, 1 M CaCl2, 100 

U/mL of type 2 collagenase, pH 7.4). CaCl2 (250 µL of 1 M stock) and type 2 

collagenase (Worthington, Lakewood, NJ) (~20 mg of 248 U/mg stock) were added 

to perfusion solution (50 mL). Collagenase was weighed out but (in order to 

preserve catalytic activity) not added to tube four until liver was being perfused by 

perfusion solution in tube two.  

 

Figure 2.1 Schematic representation of perfusion buffer solutions.  

Prepared perfusion buffer (50 mL) was aliquoted into tubes one and four, while 25 mL into tubes 

two and three. Tubes two and four were supplemented with 25 µL of 0.5 M EDTA and 250 µL of 

1 M CaCl2, respectively. Type 2 collagenase (100 U/mL) was added into tube four immediately 

before use. 

 

Hepatocyte culture media (10 mM HEPES, 1% (m/v) BSA, 10 mM nicotinamide in 

William’s E, pH 7.4). HEPES (2.38 g), BSA (10 g), and nicotinamide (1.21 g) were 

dissolved in William’s E buffer (1 L), and pH adjusted to 7.4, before solution was 

filter sterilised (22 µm). 

 

2.5.2 Procedure 

Mice were anaesthetised by intraperitoneal injections of ketamine hydrochloride 

and xylazine (100 and 20 mg/kg body weight, respectively) prior to midline 

laparotomy. Intestines were displaced laterally to expose the portal vein (PV), 

before the mesentery was carefully blunt-dissected and a 22 gauge intravenous 
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catheter was used to cannulate the PV (this was secured in place by silk sutures). 

Pre-warmed buffer solutions (Figure 2.1) were infused at a rate of 8 mL/min 

through the catheter using a pre-calibrated peristaltic pump. Perfusion buffer 

solution (tube #1, 50 mL) was used to flush blood from the liver. At the onset of 

perfusion, the abdominal and thoracic inferior vena cavas (IVC) were severed to 

prevent hydrostatic pressure build-up. Cholecystectomy was performed, and evident 

bile (yellow) on liver surface was washed away with saline to prevent bile 

contamination of the liver.  

 

Following the initial “wash-out”, the liver was perfused with EDTA-containing 

buffer solution #2 (25 mL). This chelates ionic calcium, thereby allowing 

desmosome-cytoskeleton dissociation (Mattey and Garrod 1986, Berry et al. 1997). 

EDTA solution was flushed out by perfusion buffer solution #3 (25 mL). Finally, 

perfusion buffer #4 (50 mL) containing 100 U/mL of collagenase and CaCl2 (to 

scavenge remaining EDTA), was perfused into the liver, causing matrix digestion so 

that the liver becomes soft and swollen.  

 

Following collagenase digestion, the liver was excised and cells suspended in ice 

cold culture media. The final homogenate was then passed through a 100 µm cell 

sieve and centrifuged (100 x g, 2 min, 4°C) to pellet hepatocytes. Non-parenchymal 

cell fractions (present in the supernatant) were discarded and hepatocytes 

resuspended in ice-cold William’s E buffer (50 mL). This step was repeated twice to 

purify parenchymal cell fractions. Cellular viability was quantified using trypan 

blue exclusion (TBE) (Strober 2001). Hepatocytes (>90% viability) were seeded 

onto rat-tail collagen coated plates (5 µg/cm
2
) at a cell density of ~6.5 x 10

4
 viable 

cells/cm
2
 and cultured in WEM.  

 

After 4 hours, non-adherent cells were washed off with sterile HBSS (37°C, pH 

7.4), and the remaining adherent primary hepatocytes were loaded with free 

cholesterol (FC) by incubation with unmodified human low density lipoprotein 

(LDL) (20–40 µM) or control  (no LDL) culture media (37°C, pH 7.4). Cells were 

grown for 24 hours (37°C, 5% CO2), after which cells and supernatant were 

collected and stored at –80°C until use. Further specific experimental details are 

described in relevant Chapters (Chapters 4 and 5). 
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2.6 Collection and processing of mouse and human blood samples for 

extracellular vesicles analysis  

Venous blood was collected from mice and humans subjects (patients with various 

liver diseases and health controls, see Chapter 6) for EV isolation. As described in 

later Chapters 5 and 6, EV fractions were assayed by ELISA, western blotting, and 

flow cytometry.  

 

2.6.1 Mouse blood collection 

For in vivo studies of circulating EVs in experimental NASH, NOD.B10 mice 

received diets identical to those used in earlier dietary experiments (Van Rooyen et 

al. 2011) (2.4). At experimental endpoints, mice were anaesthetised, as per Section 

2.4.1 and blood was collected in citrate anticoagulant. Tubes were kept at room 

temperature, and were gently mixed (avoiding vigorous agitation) to prevent 

activation of blood EVs (Simak et al. 2006, Yuana et al. 2011). Collected blood 

samples were processed immediately (always ≤2 hours for mouse samples; though 

this was not always possible for human samples), initially centrifuged (1,500 x g, 15 

min, RT) and pellet discarded. The supernatant, which constitute the platelet-rich 

plasma (PRP) fraction, was further centrifuged (13,000 x g, 2 min, RT) to remove 

platelet and cellular debris, resulting in a platelet-free plasma (PFP) fraction. This 

fraction was frozen at –80°C (Lacroix et al. 2012) and later used for EV isolation 

and characterisation by ELISA quantification, western blotting, and conduct of 

immunophenotyping by flow cytometry (described in detail, Section 2.7.1.2).  

 

2.6.2 Human blood sample collection 

Venous blood was taken from patients with NAFLD across the clinical spectrum 

(simple steatosis [SS], NASH and advanced fibrosis), those with other liver disease 

and healthy controls (recruitment details described in Chapter 6, Section 6.3). Blood 

was collected by certified phlebotomists at The Canberra Hospital Pathology 

Collection Centre into citrate-filled vacutainer tubes. Within 1–2 hours of 

collection, samples were centrifuged (1,500 x g, 15 min, RT) and pellet discarded. 

Thereafter, PRP supernatant was processed in an identical manner to mouse samples 

(see above, Section 2.6.1).  
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2.7 Extracellular vesicle isolation and analysis  

Extracellular vesicle (EV)s (≤1.0 µm) were isolated from tissue culture supernatant 

(Section 2.5.1.1) and PFP (Section 2.6) by a previously reported method (Baj-

Krzyworzeka et al. 2002, Orozco and Lewis 2010). Briefly, details are outlined 

below: 

 

2.7.1 Procedure 

2.7.1.1 EV isolation from primary hepatocyte supernatant 

From in vitro experiments, conditioned media from primary hepatocytes treated 

with LDL (Section 2.5.1) was collected and centrifuged (500 x g, 5 min, RT, no 

brakes) to pellet cellular debris and fractionate residual lipid colloids. Further 

centrifugation (10,000 x g, 10 min, RT) was performed to remove mitochondrial 

and other subcellular organelles. Finally, to ensure the smaller EVs (0.03–0.1 µm) 

were pelleted, further ultracentrifugation (100,000 x g, 90 min, RT) (Baran et al. 

2010, Baj-Krzyworzeka et al. 2012) was performed. Final EV pellets were 

processed separately according to purpose of use, as follows: 

 

PS residues in supernatant (neat) and EV fractions (post-selective centrifugation at 

10,000 x g and 100,000 x g) were quantified by ELISA (Hyphen BioMed, Neuville-

Sur-Oise, France), conducted as per Manufacturer’s instructions.  

 

EV fractions for use in primary murine KC-stimulation experiments were 

resuspended in sterile WEM, and protein quantified by NanoDrop 1000 

spectrophotometer (ThermoScientific, Wilmington, DE, USA). EV pellets were 

normalised to 10 µg protein/mL for use in experiments with primary KCs, as per 

Section 2.8. These fractions were stored at –80°C until use. 

 

EV fractions for use in WB were resuspended in radio immunoprecipitation assay 

(RIPA) buffer containing protease and phosphatase inhibitors (Sigma Aldrich) prior 

to ultrasound sonication (60 sec) (Vasina et al. 2013). Homogenised protein was 

quantified using DC™ Protein Assay (BioRad, Hercules, CA), as per 

Manufacturer’s instructions. These fractions were normalised to 6.25 mg 

protein/mL. Further details pertaining to WB are described in Section 2.13.  
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2.7.1.2  EV isolation from mice 

For in vivo studies of circulating EVs in experimental NASH, NOD.B10 mice 

received diets identical to those used in earlier dietary experiments (Van Rooyen et 

al. 2011). In anaesthetised animals, venous blood was collected, as outlined in 

Section 2.6.1.  

 

PS equivalents of EV fractions were quantified by commercially available ELISA 

(Hyphen BioMed, Neuville-Sur-Oise, France). PFP samples stored at –80°C were 

rapidly thawed at 37°C (to minimise ice crystals formation) (Orozco and Lewis 

2010) before analysis of PS content.  

 

Smaller EVs (0.03–0.1 µm) were pelleted, as described above (Section 2.7.1.2). EV 

fractions were prepared according to purpose of use, as follows. 

 

EV fractions intended for flow cytometry were suspended in PBS and stored at –

80°C until ready to use. Smaller EVs/ endosomes pelleted at 100,000 x g tend to 

have lower abundance of PS residues compared to larger sized EVs/ectosomes; the 

later tend to be associated with formation of lipid rafts, which are membrane regions 

containing higher levels of cholesterol and signalling molecules. Endosomes 

transport different cargo than the ectosomes originating from the same cell, showing 

more transporting selectivity for intracellular proteins and other molecules (Baj-

Krzyworzeka et al. 2012). Detecting EVs that exhibit double-positive staining for 

annexin V and specific cell surface markers allow the cell of origin to be 

characterised. Bearing this in mind, EV populations were first identified in flow 

cytometry by positive annexin V staining (PS conjugate) (Becton Dickinson, San 

Jose, USA). Antibodies to different cell type-specific antigens were then used to 

identify the cellular origin of circulating EV preparations. For example, CD41 

fluorescence was taken to represent cells originating from platelets, CD144 from 

endothelial cells, and F4/80 representing EV originating from murine macrophages 

(Simak and Gelderman 2006, Simak et al. 2006). A summary of the specific 

monoclonal antibodies used in identification of EV origin by flow cytometry is 

presented in Table 2.3 (Fuhrer et al. 1994, Stockert 1995, Hanna et al. 2003, Iacono 

et al. 2007, Lynch and Ludlam 2007, Shugarts and Benet 2009, Weidle et al. 2010, 

Guy et al. 2011, Padda et al. 2011).  
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To characterise the EV cargo of smaller ectosomes, WB techniques were used, as 

described above.  

 

Table 2.3 Specificities of monoclonal antibodies used to identify cell types of origin of EVs 

 

References: (1) Lynch et al (2007), (2) Fuhrer et al (1994), (3) Shugarts and Benet (2009), (4) Guy et al 

(2011), (5) Stockert et al (1995), (6) Padda et al (2011), (7) Hanna et al (2003), (8) Iacono et al (2007), (9) 

Weidle et al (2010).  

Abbreviations: ASGPR, asialoglycoprotein receptor; CD, cluster differentiation; EMMPRIN, extracellular 

matrix metalloproteinase inducer; GP, glycoprotein; ICAM, intracellular adhesion molecule; MelCAM, 

melanoma cell adhesion molecule; NTCP, sodium-taurocholate co-transporter; PECAM, platelet endothelial 

cell adhesion molecule; SLC10A, solute carrier protein 10A; WB, western blotting.  

 

2.7.1.3 Extracellular vesicle isolation from human blood samples 

Venous bloods samples were collected from volunteer healthy controls and patients 

with NAFLD or other liver disease, as described in Section 2.6.2. EV fractions were 

prepared, as described above, according to intended purpose of use (flow cytometry 

Subtypes Antigen Protein name Mode of detection Ref

CD31 (CD42–) PECAM-1 Flow cytometry 1

CD31 (CD41–) PECAM-1 Flow cytometry 1

CD62E E-Selectin Flow cytometry 1

CD144 VE Cadherin Flow cytometry, WB 1

CD51avb3 Vitronectin Flow cytometry 1

CD146 MelCAM Flow cytometry 1

CD105 Endoglin Flow cytometry 1

CD54 ICAM-1 Flow cytometry 1

CD42a GPIX Flow cytometry 1

CD42b GPIb Flow cytometry 1

CD42 CDIbIX Flow cytometry 1

CD41 GPIIbIIIa Flow cytometry 1

CD61 GPIIIa Flow cytometry 1

CD62P P-selectin activation Flow cytometry 1

Monocyte CD14 Endotoxin receptor Flow cytometry 1

Erythrocyte CD235 Glycophorin A Flow cytometry 1

ASGPR1/2

Endocytic transport receptor on 

the basolateral surface of 

hepatocytes

WB 2–4

SCL10A1/NTCP

Primary carrier for conjugated bile 

salt uptake from portal blood, 

located on basolateral surface of 

Flow cytometry 5,6

CD282 Toll-like receptor 2 Flow cytometry

CD284 Toll-like receptor 4 Flow cytometry

CD147 

(EMMPRIN, 

basigin)

matrix metalloproteinase induction, 

cell adhesion, T cell activation, 

embryonic development, 

Flow cytometry, WB 7–9

Endothelial 

Platelet 

Hepatocyte 

Others 
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or WB). Further details of antibody staining for flow cytometry analysis are detailed 

in relevant Chapters.  

 

2.8 Primary Kupffer cell (KC) culture  

Primary KCs were isolated from collagenase-perfused mouse livers using the 

methodology described by Froh et al (Froh et al. 2003). For each experiment, a 

minimum of 5–6 mice were used to obtain sufficient KCs (pooled). The procedure 

for isolation of KCs is briefly outlined below:  

 

2.8.1 Reagents 

See Section 2.5.1 for perfusion buffer solution recipes. 

 

RPMI 1640 1X (4.5 g/L D-glucose, 2.3 g/L HEPES buffer, L-glutamine, 1.5 g/L 

sodium bicarbonate, 0.1 mg/L sodium pyruvate). Solution was purchased 

commercially, required no additional preparation.   

 

HBSS 10X (138 mM NaCl, 5.4 mM KCL, 0.4 mM Na2HPO4, 5.6 mM dextrose, 0.8 

mM MgSO4.7H2O, 1.26 mM CaCl2.7H2O, 4 mM NaHCO3). Solution was 

purchased commercially, required no additional preparation. 

 

Percoll solution 50% (Percoll™, 4 mM NaHCO3, 10X HBSS, 1X pen-strep, pH 7.4, 

final density ~ 1.065 g/mL). NaHCO3 (0.35 g) was dissolved in 400 mL distilled 

water and added to 500 mL of Percoll™ and 100 mL of 10X HBSS. The pH was 

adjusted to 7.4, before filter sterilisation (0.22 µm filter).  

 

Percoll solution 25% (final density ~ 1.037 g/mL). For 20 mL, add 10 mL of 50% 

Percoll solution (prepared above), and 10 mL of 1X HBSS (containing red pH 

indicator).  

 

Two-step Percoll gradient (50%/25%). Percoll (20 mL of 25%) was carefully 

layered over 20 mL of 50% Percoll in 50 mL tubes.  
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2.8.2 Procedure  

Following liver perfusion, as per Section 2.5, liver homogenates were subjected to 

several rounds of centrifugation to purify KC cell fractions. Details are outline 

below (schematic representation of the centrifugation process is presented in Figure 

2.2). 

 

2.8.2.1 Centrifugation suspension  

The filtered suspensions were centrifuge initially for 3 min, 35 x g, 4°C (maximum 

brake). (All steps between centrifugation were performed in 50 mL falcon tubes, 

cooled using ice). Supernatant fractions (fraction #1) were transferred to clean 50 

mL tubes kept chilled. This supernatant fraction contains predominantly non-

parenchymal cells, KCs, endothelial cells, lymphocytes and stellate cells, whilst the 

pellets contain hepatocytes. If hepatocytes needed to be collected, the pellets were 

used after subjection to the centrifugation protocol (Section 2.5). Otherwise, for 

further non-parenchymal cell isolation, the pellets were then resuspended in 50 mL 

with ice cold HBSS.  

 

Following resuspension, pellets were again centrifuged (3 min, 25 x g, 4°C, 

maximum brake). The resultant supernatant fractions (fraction #2) were transferred 

to clean 50 mL tubes and stored on ice. Pellets were resuspended in chilled HBSS 

and centrifuged (3 min, 20 x g, 4°C, maximum brake). Pellets obtained at this stage 

were discarded and supernatants were transferred to clean 50 mL tubes (fraction 

#3).  

 

Isolated fractions #1, 2, 3 were centrifuged (7 min, 650 x g, 4°C, maximal brake), 

thereby pelleting hepatic non-parenchymal cells; these pellets contain mostly KC, 

but also endothelial, stellate cells, leukocytes, cell debris, and a few swollen 

parenchymal cells. Supernatants obtained at this stage were discarded, while pellets 

in reconstituted in 10 mL HBSS. This homogenate was carefully layer onto a 

50%/25% Percoll gradient (Figure 2.3.A), which was centrifuged (15 min, 1,800 x 

g, 4°C, no brake). The resultant uppermost layer was discarded (Figure 2.3.B), and 

the middle layers collected, pooled together, and centrifuged (7 min, 650 x g, 4°C, 

maximum brake). Pellets obtained at this stage were resuspended in 1 mL HBSS 

and subjected to TBE (Section 2.5.1). KC viability was routinely ≥99%.  
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Following isolation, KCs were seeded onto plastic coverslips or culture plates (0.5–

1.0 x 10
6
cells/cm

2
). Cells were cultured in RPMI 1640 (10% FBS, pen-strep, 37°C). 

To obtain pure monolayer culture of KCs, an incubation time of 15 min (not more 

than 30 min) was chosen based on the selective adherence (i.e., attachments and 

spreading) of KCs to plastic surfaces. Non-adherent cells, which include sinusoidal 

endothelial cells, were removed by media change. After 4 hours, these KC cultures 

were exposed to either supernatant of conditioned media from FC-injured primary 

hepatocytes, or to isolated EV fractions from this supernatant. EV fractions used to 

treat KCs were standardised to 10 µg protein/mL of media (Section 2.7.1.2). Further 

experimental details are outlines in relevant Chapters.  

 

 

Figure 2.2 Schematic representation of the centrifugation step required for primary 

Kupffer cell isolation from murine livers. 

 

2.9 Semi-quantitative analysis of gene expression  

Gene expression as mRNA levels was assessed by real-time reverse transcriptase 

(RT)-PCR amplification of desired genes, using designed primers (Table 2.4). In 

order to assess mRNA expression in primary hepatocytes, cells were cultured on 55 

cm
2
 plates (n=3–5/group), then scraped off after 24 hours of treatment with 

indicated additions (Chapters 4 and 5). Complementary DNA (cDNA) was 
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subsequently synthesised, and real-time PCR performed. Details of methods relating 

to these steps are outlined below. 

 

2.9.1 Ribonucleic acid (RNA) isolation   

Total ribonucleic acid (RNA) was isolated from liver lysates or hepatocytes using 

the guanidinium thiocyanate-phenol-chloroform extraction method developed by 

Chomcyznski and Sacchi (2006).  

 

2.9.1.1 Reagents   

Diethylpyrocarbonate (DEPC)-treated water. DEPC (0.4 mL) was diluted in qPCR-

grade d.H2O (200 mL), the solution mixed thoroughly and incubated overnight (RT, 

fume hood) prior to liquid-cycle autoclaving.  

 

Salt solution (5 M NaCl in DEPC-treated d.H2O). NaCl (11.68 g) was dissolved in 

DEPC-treated d.H2O (final volume 40 mL). 

 

75% (v/v) Ethanol-DEPC. Ethanol (150 mL of >99% solution) was diluted with 

DEPC-treated d.H2O (50 mL).  

 

TRI reagent, isopropanol and chloroform were purchased commercially, and 

required no additional preparation prior to use.  

 

2.9.1.2 Procedure    

Following 24 hours incubation of primary hepatocytes, culture media was aspirated 

and stored at –80°C until further use. Hepatocytes were then washed with ice cold 

PBS, homogenised in TRI reagent (1 mL), and incubated at room temperature (10 

min) before centrifugation (16,000 x g, 10 min 4°C). Pelleted cell debris was 

discarded and supernatants were transferred to sterile Eppendorf tubes. Chloroform 

(200 µL of 100% [v/v] stock) was added, and samples vortexed (15 sec), and 

incubated (15 min, RT) prior to centrifugation (16,000 x g, 15 min, 4°C). Clear 

upper phases containing total RNA were transferred to sterile Eppendorf tubes 

before addition of isopropanol (500 µL of 100%) and salt solution (20 µL, 5 M 

NaCl DEPC-treated stock). Samples were further incubated (5 min, RT), and 

centrifuged (16,000 x g, 15 min, 4°C) to pellet RNA. Supernatants were discarded 
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and pellets washed with 75% DEPC-treated ethanol (1 mL) prior to centrifugation 

(16,000 x g, 10 min, 4°C). Ethanol was subsequently aspirated and pellets 

resuspended in DEPC water (50 µL) before drying.  

 

Purified RNA samples were quantified by spectophotometry (Nanodrop, Themo 

Scientific, Wilmington, DE). For cDNA synthesis, RNA samples were standardised 

to concentration of 1 µg DNA/µL in DEPC-treated d.H2O and stored at –80°C.  

 

2.9.2 cDNA synthesis     

2.9.2.1 Reagents      

10 mM deoxynucleotides (dNTPs), 1 µg/µL random hexamers, 0.1 M dithiothreitol 

(DTT), 5X first strand buffer, and Superscript® III reverse transcription (RT) 

enzyme (200 U/µL) were purchased from Invitrogen (Carlsbad, CA) and required 

no additional preparation before use.  

 

Mastermix #1 (1.11 nM dNTPs, 0.11 µg/µL random hexamers in DEPC-treated 

d.H2O). 10 mM dNTPs (1 µL), and DEPC-treated d.H2O (7 µL) were combined for 

each RT-PCR reaction.  

 

Mastermix #2 (17 nM DTT, 0.8X first strand buffer, 200 U Superscript® III). 0.1 M 

DTT (1 µL), 5X first strand buffer (4 µL), and Superscript® III (1 µL) were added 

for each RT-PCR reaction.  

 

2.9.2.2 Procedure       

RNA samples were diluted (1 µg RNA/µL) (Section 2.9.1.2) and subjected to 

reverse transcription using commercial reverse-transcription PCR (RT-PCR) kit 

(Invitrogen, Carlsbad, CA). Briefly, for each cDNA reaction, mastermix solution #1 

(9 µL) was added to each tube, before incubation (65°C, 10 min), after which tubes 

were chilled on ice (1 min). PCR tubes containing mastermix #2 were prepared 

separately and heated (50°C, 2 min), after which mastermix #2 (6 µL) was added to 

tubes containing mastermix #1. Tubes were then incubated (50°C, 1 h), heated 

(70°C, 15 min) to inactivate Superscript® III, chilled on ice (5 min), and diluted by 

adding DEPC-treated PCR grade water (30 µL) to give stock cDNA concentration 

of approximately 0.1 µg/µL. Stock cDNA preparations were further diluted 1:50 
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(PCR-grade d.H2O) prior to qPCR analysis. Individual experimental samples were 

subjected to RT-PCR simultaneously (in the same run) to negate inter-assay 

variation, commonly observed between separate cDNA synthesis reactions 

(Stahlberg et al. 2004, Stahlberg et al. 2004).  

 

2.9.3 Real-time PCR       

2.9.3.1 Reagents       

PCR-grade d.H2O, and iQ SYBR Green Supermix were purchased commercially.  

Primers were designed using Beacon Designer™ V7.0 (PREMIER Biosoft, Palo 

Alto, CA), ensuring amplicon products crossed at least 1 exon boundary. Sequences 

are summarised in Table 2.4. Designed primers were purchased from Geneworks 

(Thebarton, SA, Australia).  

 

250 µM primer stocks. Primers were prepared to 250 µM stock concentrations by 

addition qPCR-grade d.H2O (calculated from primer nmol weights). 

 

Primer working solution (7.5 µmol in qPCR-grade d.H2O). Primer stocks (6 µL of 

250 µM stock) were diluted in qPCR-grade d.H2O (194 µL), to yield 7.5 µmol 

working solutions.  

 

cDNA standard solutions. Standard cDNA samples were made up by pooling 

cDNA, and serially diluting with PCR-grade d.H2O to create 1:10, 1:40, 1:160, 

1:640 and 1:2560 dilutions of pooled cDNA. Standards were included in each qPCR 

reaction, allowing relative gene expression to be calculated in relation to overall 

gene expression.  

 

Master-mix solution (0.4 units of iQ SYBR Green Supermix, 150 nM forward and 

reverse primer, 32.5% PCR-grade d.H2O). IQ SYBR Green Supermix (10 µL), 

forward and reverse primer (0.4 µL each), and ultra-pure qPCR-grade d.H2O (5.2 

µL) were added together for each template DNA amplification. The solution was 

mixed thoroughly and used immediately.  
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Table 2.4 Primer sets for semi-quantitative real-time PCR   

 

Abbreviations for Table 2.4: Asc, apoptosis-associated-speck-like protein containing a caspase recruitment 

domain; β2M, β2-microglobulin; eIF-2, eukaryotic initiation factor 2; GAPDH, glyceraldehyde 3-phosphate 

dehydrogenase; GCLC, glutamate-cysteine ligase, catalytic subunit; GCLM, glutamate-cysteine ligase, 

regulatory subunit; IL, interleukin; MyD88, myeloid differentiation primary response gene 88; Nalp3, NLR 

family, pyrin domain containing 3; NRF1, nuclear respiratory factor 1; NRF2, nuclear factor, erythroid 

derived-2, like-2; PUMA, Bcl-2 binding component 3/p53 upregulated modulator of apoptosis; RAGE, 

MAPK/MAK/MRK overlapping kinase; Sma, smooth muscle actin; Sod2, superoxide dismutase-2, 

mitochondrial; Sod3, superoxide dismutase-3, extracellular; StAR, sterol regulatory element binding protein-1; 

TLR, toll-like receptor 

 

2.9.3.2 Procedure       

Master-mix solution (16 µL) containing the forward and reverse primers (Table 2.4) 

was pipetted into Bio-Rad 96-well PCR plates. cDNA samples, standards, and non-

template controls (PCR-grade d.H2O) were added (4 µL/well), after which plates 

were sealed (Bio-Rad clear Microseal® adhesive seals), vortexed then centrifuged 

to remove droplets from seal cover. qPCR reactions were carried out in a Bio-Rad 

IQ5 Themocycler (Hercules, CA) under the following conditions: polymerase 

activation at 95°C (3min), followed by 45 cycles consisting of 95°C (10 sec), 65°C 

(20 sec), and 72°C (20 sec). SYBR green I fluorescence emission was reported after 

Target gene Forward Primer (3' to 5') Reverse Primer (5' to 3')

Asc TGCCTTGGGAGTCAGACCTATG GGAGATGGAGCAACTGGAGGAA

β2M TCCAGAAAACCCCTCAAATTCA AGTATGTTCGGCTTCCCATTCTC

Caspase-1 TGCCTGCCCAGAGCACAAG TGGTCCCACATATTCCCTCCTG

eIF-2 AGCCACATCCAGGAAGTGACAAG ACAGGAGTAGGAGCCGCATCA

GAPDH CATGGCCTTCCGTGTTCCTA CCTGCTTCACCACCTTCTTGA

GCLC ACTGGCAGACAATGAGGTTTAAGC ACCACGAATACCACATAGGCAGAG

GCLM ACTGCTCTCTGAGGCAAGTTTCC CCACAGCGGCACCCAATCC

IL-1β TGAGCACCTTCTTTTCCTTCA GGAGCCTGTAGTGCAGTTGTC

Myd88 CCGCATGGTGGTGGTTGTTTC AGGAATCAGTCGCTTCTGTTGGA

Nalp3 CAGGTTCAGTGTGTTTTCCCAGAC TTGAGAAGAGACCACGGCAGAAG

Nrf1 GATGGCACCGTGTCGCTCAT TGTGGTTGGCAGTTCTGAAGCA

Nrf2 ACATGGAGCAAGTTTGGCAGGA TGTGGCTTCTGGGCTGGGA

Puma TGCGTGTGGAGGAGGAGGAG AGGGTGAGGGTCGGTGTCG

RAGE ACCCTAGCCACGGACCTCAG CAGACTCACCCACAGAGCCTTC

Sma GGCTCTGGGCTCTGTAAGG CTCTTGCTCTGGGCTTCATC

Sod2 GTT ACA ACT CAG GTC GCT CTT CAG AGC AAC TCT CCT TTG GGT TCT CC

Sod3 CTT GTT CTA CGG CTT GCT ACT G ATG CTG GTC GCC TAT CTT CT

StAR CTCACTTGGCTGCTCAGTATTGAC CAGGTGGTTGGCGAACTCTATCT

TLR2 CACTGGTGTCTGGAGTCTGCTG CACGCCCACATCATTCTCAGGTA

TLR3 TCTGGGCTGAAGTGGACAAATCTC AAGGAACCGTTGCCGACATCA

TLR4 CTGGGGAGGCACATCTTCTGG CTCTGCTGTTTGCTCAGGATTCG

TLR5 AGACTGCGATGAAGAGGAAGCC GACTACAAGGGTGATGACGAGGAA

TLR6 GGCTGTCACTGGGGCTTTCC CCTGTGCCTGGTCTGTGTCC

TLR7 GTGATGCTGTGTGGTTTGTCTGG TTTGACCTTTGTGTGCTCCTGGA

TLR8 GTGCTTTTGTCTGCTGTCCTCTG GGGAGTTGTGCCTTATCTCGTCA

TLR9 GCACCCTCCTCCAGAAACTCG GAGAATGTTGTGGCTGAGGTTGAC
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each successive cycle, and iQ5 Optical Systems software (Bio-Rad, Hercules, CA) 

was used to established sample quantity. Gene expression was expressed as relative 

gene expression, typically normalised to levels in control group (primary 

hepatocytes untreated with LDL). Melt curves were run after each PCR reaction to 

assess amplicon product quality and to check for primer-dimer production.  

 

2.10 Protein isolation for hepatocytes and subcellular fractions      

Different methods were used to isolate the following protein fractions: primary 

hepatocyte lysates, nuclear, cytoplasmic, and mitochondrial fractions. As described 

in Chapter 4, these compartments were used to establish the expression of each 

protein of interest. The methods used to isolate each protein fraction are described 

below: 

 

2.10.1 Total hepatocellular protein  

2.10.1.1 Reagents       

Protease and phosphatase inhibitors were purchased commercially and required no 

additional preparation prior to use.  

 

Cell lysis buffer (50 mM HEPES, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 

10% glycerol, 0.1% triton X-100). HEPES (5.96 g), NaCl (4.84 g), MgCl2 (71.5 

mg), EGTA (190 mg), glycerol (50 mL), and triton X-100 (500 µL) were mixed 

together and made up to 500 mL with d.H2O. Solutions was aliquot (5 mL) and 

stored at –20°C. Protease and phosphatase inhibitors (10 µL/mL) were added to cell 

lysis buffer before use.  

 

2.10.1.2 Procedure        

Following primary hepatocyte culture (Section 2.5.1), cells were scraped into cell 

lysis buffer (120 µL). Homogenates were gently mixed (1 h, 4
o
C, dark) before 

centrifugation (12,000 x g, 4°C, 15 min). Supernatants containing extracted cellular 

protein were aliquoted (7 µL for protein determination, the rest for western blot), 

and stored at −80°C until further use.  
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2.10.2 Hepatic nuclear and cytoplasmic protein fractionation         

Nuclear and cytoplasmic proteins were extracted from primary hepatocytes using 

NE-PER nuclear/cytoplasmic extraction kit (Thermo, Rockford, IL), as per the 

Manufacturer’s instructions. Protease and phosphatase inhibitors (Sigma-Aldrich) 

were added to buffers to prevent protein degradation. Isolated protein fractions were 

aliquoted (7 µL for protein determination, the rest for western blot) and frozen at –

80°C until ready for use. The cytoplasmic fractions isolated via this method contain 

organelles, in particular mitochondria and will not be used in the analysis of 

mitochondrial-mediated cell death pathways, described in later chapters.  

 

2.10.3 Mitochondrial and cytoplasmic (mitochondria-free) protein isolation         

In order to isolate cytoplasmic fractions free of mitochondrial contamination, 

methods described by Chen and colleague (Chen et al. 2007) were employed. 

Details of reagents and methods are described below: 

 

2.10.3.1 Reagents       

Buffer B (10 mM HEPES, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, pH 7.4). 

HEPES (119 mg), NaCl (438 mg), MgCl2 (15.24 mg), EGTA (19.01 mg) were 

combined, dissolved and made up 50 mL of d.H2O, pH adjusted to 7.4.  

 

Digitonin 0.05% [m/v]. Digitonin (Sigma-Aldrich) (25 mg) was dissolved in 50 mL 

of buffer B.  

 

2.10.3.2 Procedures        

Following the termination of primary hepatocyte experiments, cell pellets were 

collected (Section 2.5.1) and treated with 0.05% digitonin in buffer B (10 mM 

HEPES, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, pH 7.4), followed by 

centrifugation (10,000 x g, 4°C, 10 min). The supernatant, containing mitochondria-

free cytosolic fraction was analysed (Section 2.13.2) for presence of COX-IV by 

WB to confirm purity. Pellets from the above procedures contained the 

mitochondrial fraction, and were resuspended in buffer B containing 3-([3-

cholamidopropyl]-diethylammoniol)-1-propanesultofonate (CHAPS), or treated 

with cell lysis buffer (Section 2.10.1.1) containing protease and phosphatase 

inhibitors (Sigma Aldrich).  
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2.11 Protein determination      

Total protein content of the above preparations was determined with a commercial 

kit (DC™ Protein Assay, Bio-Rad, Hercules, CA), as per the Manufacturer’s 

instructions. Briefly, the methodology is outlined below: 

 

2.11.1 Reagents      

1.45 mg/mL of bovine serum albumin stock. 

 

Reagent A’ (35 µL/well). This is made fresh by addition of 20 µL of reagent S to 1 

mL of reagent A, both provided by the Manufacturer of DC™ Protein Assay. 

 

Reagent B (275 µL/well). This is provided by the Manufacturer of the DC™ Protein 

Assay, and required no additional preparation.  

 

2.11.2 Methods      

Protein samples were diluted in d.H2O (dilution factors for homogenate of whole 

liver, primary hepatocellular protein, protein fractions and EVs are shown in Table 

2.5). Diluted samples, along with standards, were pipetted onto clear 96 well plates 

(7 µL). Freshly prepared reagent A’ (35 µL/well) and reagent B (275 µL/well) were 

added to samples, before incubation (15 min, RT, orbital shaker) and quantification 

of absorbance (750 nm, FLUOstar OPTIMA plate reader). Standard curve 

absorbance values were used to calculate corresponding protein concentrations.  

 

Table 2.5 Dilution factors for protein determination 

 

Protein origin Dilution factor

Liver homogenate from whole liver 1:30

Primary hepatocellular protein 1:7

Hepatocyte culture media 1:9

Mitochondria fraction 1:10

Cytoplasmic fraction (mitochondria-free) Neat 

Cytoplasmic fraction                                                  

(isolated using NE-PER nuclear/cytoplasmic 

extraction kit) 

1:9

Nuclear fraction 1:7

Microparticles 1:5
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2.12 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)      

Protein samples were separated by size using sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE). The Bio-Rad Mini-PROTEAN® 

electrophoresis system (0.75 mm thick) was used according to the Manufacturer’s 

instructions. The method is briefly outlined below. 

 

2.12.1 Reagents     

Tetramethylethylenediamine (TEMED), 30% acrylamide, and molecular weight 

markers (Bio-Rad Precision Plus Protein Prestained Standards) were all purchased 

commercially and require no additional preparation.  

 

1 M Tris-HCl, pH 6.8. Tris (121.14 g) was dissolved in d.H2O (0.8 L), pH adjusted 

to 6.8 with HCl, and final volume made up to 1 L with addition of d.H2O.  

 

3 M Tris-HCl, pH 8.8. Tris (363.42 g) was dissolved in d.H2O (0.8 L), pH adjusted 

to 8.8 with HCl, and final volume made up to 1 L with d.H2O.  

 

10% APS stock. APS (1 g) was dissolved in d.H2O (10 mL), aliquoted, and stored at 

−20°C.  

 

10% SDS stock. SDS (50 g) was dissolved in d.H2O (450 mL), pH adjusted to 7.2 

with HCl, and final volume made up to 1 L with d.H2O.  

 

10 M DTT in d.H2O. DTT (1.54 g) was dissolved in d.H2O (1 mL), aliquoted and 

stored at −20°C.  

 

5X reducing treatment buffer (300 mM Tris-HCl, pH 6.8, 10% [m/v] SDS, 50% 

[v/v] glycerol, 0.04% [m/v] bromophenol blue, 0.5 M DTT). Tris (1.81 g) was 

dissolved in d.H2O (15 mL), pH adjusted to 6.8 SDS (5 g), glycerol (25 mL), 

bromophenol blue (20 mg) added, pH rechecked and final volume made up to 47.5 

mL with d.H2O. Buffer was aliquoted (0.95 mL) and stored at −20°C. Just before 

use, 10 M DTT was added.  

 

Running buffer (100 mM Tris, 76 mM glycine, 0.1% SDS, pH 8.3).  
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2.12.2  Procedure     

The Bio-Rad Mini-PROTEAN® electrophoresis gel casing apparatus was assembled 

as per Manufacturer’s specifications. Gels were prepared as described in Table 2.6, 

with resolving and loading gels poured and set sequentially before being transferred 

into Bio-Rad Mini-PROTEAN® electrophoresis modules containing running buffer. 

Protein samples were standardised to concentration of either 6.25 mg/mL (for total 

hepatocellular and culture media protein) or 5.0 mg/mL (for isolated nuclear, 

cytoplasmic, mitochondria fractions and EV). Samples were standardised by 

diluting protein in d.H2O. Standardised protein samples were subsequently reduced 

in 5X reducing treatment buffer, heated (100°C, 5 min) and loaded (62.5 µg/well for 

total hepatocellular and 50 µg/well for nuclear, cytoplasmic and mitochondria 

protein), along with commercial BioRad protein molecular weight markers (10 

µL/well) prior to electrophoresis (120 V, 2 h, RT) in running buffer.  

 

Table 2.6 Volume of SDS-PAGE reagent used for preparation of four Bio-Rad mini-

PROTEAN® 0.75 mm thickness gels of varying running gel pore size 

 

Abbreviations: % C, cross-linker percentage concentration; % T, total percent concentration; APS, 

ammonium persulfate; SDS, sodium dodecyl sulphate; TEMED, tetramethylethyllenediamine 

 

2.13 Western blotting      

Western blotting was employed to quantify specific proteins through the use of 

protein-antibody interactions (Renart et al. 1979). The methodology incorporates 

two major steps. The first involves immobilisation of SDS-PAGE separated proteins 

onto PVDF membrane by electrophoresis. The second is a “probing” step, using 

specific (commercially purchased) antibodies (Towbin et al. 1979). The SDS-PAGE 

protocol is described in Section 2.12.2, and subsequent steps for protein 

immobilisation and probing are outlined below. 

Stacking gel

15%  T 12.5%  T 10%  T 7.5%  T (4%  T, 2.7%  C)

30% [m/v] Acrylamide 7.00 mL 5.30 mL 4.40 mL 3.30 mL 1.04 mL

3M Tris-HCl, pH 8.8 3.30 mL 3.30 mL 3.30 mL 3.30 mL –

1M Tris-HCl, pH 7.8 – – – – 2.00 mL 

10% [w/v] SDS 250 µL 250 µL 250 µL 250 µL 160 µL 

d.H2O 2.72 mL 4.42 mL 5.32 mL 6.42 mL 4.88 mL

10% [w/v] APS 100 µL 100 µL 100 µL 100 µL 50 µL

TEMED 10 µL 10 µL 10 µL 10 µL 10 µL 

Final volume 13.38 mL 13.38 mL 13.38 mL 13.38 mL 8.14 mL 

Solution
Running gel (2.7%  C)
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2.13.1 Reagents      

Transfer buffer (25 mM Tris-HCl, 192 mM glycine, 20% methanol, 0.01% SDS, pH 

8.3). Tris (9 g) and glycine (43.2 g) were dissolved in d.H2O (2.4 L). SDS (2 mL of 

10% stock solution, Section 2.12.1), methanol (600 mL) was added, and buffer was 

stored at 4°C without pH adjustment.  

 

Tris-buffered saline, containing Tween-20 (TBST) (20 mM Tris-HCl, 200 mM 

NaCl, pH 7.4, 0.05% Tween-20). Tris (2.42 g) and NaCl (11.7 g) were dissolved in 

d.H2O (950 mL). The pH was adjusted to 7.4 with HCl. Tween-20 (2 mL of 25% 

stock) was added and final volume made up to 1 L.  

 

Blocking solution (5% skim milk power in TBST, pH 7.4). Skim milk powder (5 g) 

was dissolved in TBST (100 mL). The solution was prepared just prior to use.  

 

Antibody diluent (either BSA or skim milk) was dissolved in TBST and prepared 

just prior to use.  

 

2.13.2 Procedure       

The western blot procedure outlined in this section is identical to methods described 

by Furuyama and Fujisawa (Furuyama and Fujisawa 2000). Following SDS-PAGE 

electrophoresis (Section 2.12.2), gels, along with blotting paper (4 sheets/gel), 90 x 

60 mm pieces of PVDF membrane (0.45 µm pore) were activated in 100% 

methanol (30 sec, RT), then equilibrated in ice-cold transfer buffer. Protein transfer 

sandwiches were assembled using Trans-Blot
®
 Semi-Dry Transfer Cell 

electrophoresis cassettes according to the Manufacturer’s instructions. Briefly, two 

sheets of blotting paper (pre-soaked in ice cold transfer buffer) were placed at the 

bottom of transfer tray, followed by PVDF membrane, followed by resolved SDS-

PAGE gels (Section 2.12.2) on top of this, and finally two more sheets of blotting 

paper (pre-soaked in ice cold transfer buffer) to complete the protein transfer 

sandwich. Care was taken to ensure no air bubbles were trapped between each layer 

(Towbin et al. 1979). The gels were transferred (20 min, 25 V, 5.5 mA/cm
2
), after 

which PVDF membranes were stained using Ponceau S to determine transfer 

efficiency. Ponceau S stain was removed with d.H2O, and drop-wise addition of 10 
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M NaOH solution. PVDF membranes were stored in TBST buffer until ready for 

probing.  

 

PVDF membranes were blocked against non-specific protein-protein interactions 

with 5% skim milk powder diluted in Tris-buffered saline with 0.05% Tween-20 (1 

h, RT, orbital shaker). Membranes were subsequently incubated with primary 

antibodies (see Table 2.1) diluted in BSA- or skim milk-TBST antibody diluent (16 

h, 4°C, orbital shaker), and washed (TBST, 3 x 5 min). Immunoreactivity was 

subsequently detected by incubating membranes with HRP-conjugated secondary 

antibodies diluted in BSA- or Skim-TBST (see Table 2.2). A final wash step was 

carried out (TBST, 3 x 5 min), after which membranes were immersed in 

SuperSignal West (Femto/Pico) or Western Lightning Plus ECL and proteins 

detected using a digital-enhanced chemiluminescence image capture system (LAS-

4000, FujiFilm, Tokyo, Japan). Analysis of densitometry was performed 

(MultiGauge V3.0, FujiFilm, Tokyo, Japan) and values were normalised to house-

keeping gene expression (β-actin, HSP-90, HSP-60, and TATA box-binding protein 

[TBP]). Protein expression data were subsequently normalised to the control group 

(see later Chapters). Western blots were run in triplicate or quadruplicate, with 

experiments repeated at least twice.  

 

2.14 Localisation of free cholesterol     

Methodologies for lipid staining and subcellular organelle co-localisation are 

identical to those described by Mari et al. (2006) and are briefly described below. 

 

2.14.1 Reagents     

Filipin III complex (5 µg/mL filipin in DMSO). Filipin (1 mg, Sigma-Aldrich) was 

dissolved in PBS (20 mL).  This solution was shielded from light.  

 

3.7% paraformaldehyde working solution buffered in PBS, pH 7.4. 

Paraformaldehyde stock solution (10 mL of 8% stock solution) was diluted in PBS 

(11.6 mL). This solution was prepared immediately before use. 
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Permeabilisation/block solution (0.1% saponin, 1% BSA in PBS). Saponin (0.025 g) 

and BSA (0.25 g) were dissolved in PBS (25 mL). This solution was prepared 

immediately before use. 

 

Saponin wash solution (0.0025% saponin in PBS). Saponin (13 mg) was dissolved 

in PBS (500 mL). 

 

Antibody diluent (0.5% BSA in PBS). BSA (0.25 g) was dissolved in PBS (50 mL). 

 

2.14.2 Procedure      

Primary hepatocytes were grown on 4 chamber plastic slides (Nunc, Roskilde, 

Denmark). Following 24 h of experiment, culture media was removed, then cell 

debris washed away once with PBS, before fixing in 3.7% (m/v) paraformaldehyde 

(15 min, RT). Following fixation, slides with fixed hepatocytes were washed in 

PBS, incubated with filipin working solution (16 h, 4°C, moisture chamber, in 

dark). Filipin staining solution was removed and slides were washed, and 

permeabilised with blocking/permeabilisation solution (5 min, RT, dark). Slides 

were rinsed (3 x 10 sec) (3 x 10 sec, PBS, dark) and incubated with primary 

antibodies (Table 2.1) diluted in antibody diluent (Section 2.14.1) (≥5 h, RT, dark). 

Slides were subsequently washed (3 x 10 sec, PBS, dark) and incubated with 

fluorescent secondary antibodies (Table 2.2) (90 min, RT, dark), and washed (3 x 

10 sec, PBS, dark and 2 x 10 sec, saponin, dark). Finally, nuclei were stained (see 

Table 2.7 below for conditions), and slides were desalted (1 x 10 sec, d.H2O, dark, 

followed by 3 x 10 sec, PBS, subjected to a final rinse 1 x 10 sec, d.H2O, dark), and 

air-dried in the dark. Slides were mounted using ProLong® Gold antifade reagent, 

and sealed using clear nail varnish.  

 

For esterified lipid localisation, primary hepatocytes were fixed in 3.7% (m/v) 

paraformaldehyde (15 min, RT), washed (3 x 10 sec, PBS), and incubated with Nile 

red working solution (30 min, RT, in dark). Slides were washed (3 x 10 sec, PBS, 

dark), then nuclei were stained as described above and mounted using ProLong® 

Gold antifade, and sealed using nail varnish. Fluorescent images were captured 

using Zeiss Axioplan2 microscope with Apotome (Zeiss, GmbH, Germany). Images 

were analysed with AxioVision V4.8 (Zeiss, GmbH, Germany).  
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Table 2.7 Invitrogen™ nuclear labelling kit fluorophobe options and preparation details 

 

Abbreviation: 7-AAD, 7-aminoactinomycin D; DAPI, 4',6-diamidino-2-phenylindole; SYTOX, 

green nucleic acid stain; TO-PRO-3, thiazole orange derivative fluorophore 

 

2.15 Cell injury and cell death analysis        

2.15.1 Lactate dehydrogenase (LDH) leakage in culture media        

Culture media lactate dehydrogenase (LDH) leakage were used to assess 

hepatocellular injury, using a commercially available kit, Cytotox 96© non-

radioactive cytotoxicity assay (Promega, Madison, WI). Methods were as the per 

Manufacturer’s instructions, and are briefly outlined below. 

 

2.15.2 Methods 

Primary hepatocytes were grown on clear 96-well plates (200 µL culture 

media/well). Following 24 h experiments, 50 µL of supernatant was transferred to 

separate 96 well plates and set aside (for pre-lysis LDH analysis). A further 50 µL 

was removed, leaving 100 µL in the 96-well culture plates. 10X lysis buffer (10 µL) 

was added to this volume and the plates re-incubated (45 min, 37°C, 5% CO2). 

Subsequently, the 96-well plates were centrifuged (250 x g, 4 min, RT) to sediment 

floating cell debris following cell lysis. Supernatant (50 µL) was then transferred to 

a clean 96-well plate (post-lysis LDH analysis). Finally, 50 µL/well of substrate mix 

was added to both pre- and post-lysis LDH sample plates, incubated (30 min, RT, 

dark), before reactions terminated using stop solution (50 µL). Plates were read at 

495 nm (FLUOstar OPTIMA plate reader) and LDH leakage from injured 

hepatocytes was calculated as follows: 

 

 

2.15.3 Cell death analysis      

Hepatocellular apoptosis was quantified by nuclear morphology, using Höechst 33342 

(Sigma-Aldrich) and propidium iodide (BD Bioscience), as described by Mari et al 

Excitation Emission

DAPI Blue 358 461 1:300 in PBS 2 min

SYTOX Green 504 523 1:300 in water 15 min

7-AAD Red 546 647 1:50 in water 45 min

TO-PRO-3 Far Red 642 661 1:300 in PBS 15 min

Stain
Spectral 

colour

Dilution of 

stock

Incubation 

time 

Wavelength (nm)
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(2006). Cells with condensed or fragmented nuclei on Höechst 33342 staining were 

considered apoptotic, while necrotic cells were detected by positive nuclei propidium 

iodide staining.  

 

2.15.3.1 Reagents     

Propidium iodide stock (74.8 µM). This was purchased commercially and stored at 4°C.  

 

Propidium iodide working solution (10 µM). This was diluted from PI stock solution in 

PBS and prepared just before use and shielded from light.  

 

Höechst 33342 stock (35 mM). Höechst 33342 (50 mg/mL) was dissolved in d.H2O (10 

mL) to yield stock solution of 35 mM, before aliquoting (500 µL), shielded from light 

and stored at –20°C.  

 

Höechst 33342 working solution (10 µM). This was diluted from Höechst 33342 stock 

solution in d.H2O and prepared just before use and shielded from light.  

 

2.14.2.2  Methods       

Primary hepatocytes were isolated and cultured, as described in Section 2.5.1, and 

grown on four chamber plastic slides. At experimental endpoints, cells were gently 

washed (ice-cold PBS), followed by fixation (ice-cold 100% methanol, 30 min, 4°C). 

After fixation, methanol was aspirated and primary hepatocytes were incubated (5 min, 

RT, in dark) with PI working solution (10 µM), followed by washing (1X PBS, RT).  

Finally Höechst 33342 working solution (10 µM) was added and allowed to incubate 

(15 min, RT, in dark), before washing (3X PBS, RT, in dark). Slides mounted with glass 

coverslips prior to viewing. A minimum of six high-powered field images were 

obtained using an Olympus IX70 microscope fitted with a high-resolution CCD camera 

(Olympus, Wendenstrasse, Hamburg, Germany). Apoptotic cells were quantified as a 

percentage of cells with abnormal Höechst 33342 nuclear morphology, while necrotic 

cells by PI-positive staining. 

 

2.16 Statistical analyses 

All data presented within this thesis are presented as mean  standard error of the mean 

(SEM), with the number (n) of independent replicates clearly stated for each 
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experiment. In regards to the general approach to statistical analysis, data were 

generally non-parametric and were subject to analysis of variance (ANOVA) with 

subsequent post-hoc testing using Tukey’s procedure (SPSS V17.0, Chicago, IL, USA). 

Statistical significance is defined as P<0.05.  
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  CHAPTER 3

 

In vitro hepatocellular free cholesterol loading: a model 

for testing cholesterol lipotoxicity 

 

3.1 Introduction 

NAFLD is currently the commonest form of chronic liver disease affecting both adults 

and children worldwide (Gan et al., 2011). NAFLD embraces a pathological spectrum 

of liver disease, ranging from benign simple steatosis (SS) or “non-NASH” (without 

hepatocellular injury or inflammation), through steatohepatitis (NASH), to liver 

cirrhosis (Farrell et al., 2012).  

 

Excess retention of lipids in hepatocytes is the prerequisite for NAFLD development 

(Alkhouri et al., 2009). The mechanisms of steatosis development, and more 

importantly the potential links between steatosis and liver damage resulting in disease 

progression to NASH and cirrhosis remain elusive. However, the details of this disease 

process are highly relevant, as their identification may help to find novel therapeutic 

targets to prevent or treat NASH, and so prevent cirrhosis.  

 

As discussed in Chapter 1, steatosis reflects an increase in hepatic TG content, but it is 

increasingly recognised that TG is likely the safe storage form for excess lipid. As such, 

TG accumulation may not be harmful to hepatocytes; instead, its formation may 

represent a protective mechanism from lipotoxicity caused by FFA or DAG 

(Listenberger et al., 2003). In vivo experiments have provided support for such a 

protective effect of TG. Investigators used leptin receptor-mutated db/db mice placed on 

a MCD diet to produce hepatic steatosis, liver injury and apoptosis, with increased 

generation of ROS and fibrosis but a decline in hepatic TG content over time. Blocking 

TG synthesis by suppression of DGAT2 expression (using DGAT2 antisense 

oligonucleotides) in these animals significantly increased hepatocyte FFA content, and 

concomitantly worsened oxidative stress, hepatocellular apoptosis, liver inflammation 

and fibrosis (Yamaguchi et al., 2007).  
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Since TG appears to be a safe storage lipid, identification of the toxic lipid species, 

which trigger transition from benign SS to inflammatory NASH, is now a major focus 

for NAFLD research. To date, saturated FFA (sFFA) and its metabolites (ceramide, 

DAG, lysophosphatidylcholine [LPC]) have been the most studied ‘toxic lipid species’ 

in relation to production of liver injury (Neuschwander-Tetri, 2010). However, there is 

now emerging evidence to support the role of FC as a toxic lipid species that can 

mediate the transition from SS to NASH (discussed below).   

  

Lipidomic evidence shows that hepatic FFA levels are increased in all forms of NAFLD 

and do not differ between NASH and “non-NASH” (or SS) phenotypes, either in 

humans (Puri et al., 2007) or in mice (Van Rooyen et al., 2011). Instead, levels of 

biologically reactive, non-esterified FC are high in NASH but unaltered (compared with 

lean livers) in SS (Puri et al., 2007, Caballero et al., 2009). A correlation between 

dietary cholesterol content and resultant hepatocyte FC levels with NASH severity (Van 

Rooyen et al., 2011), and the beneficial effects of cholesterol lowering drugs on liver 

pathology provides indirect evidence that FC accumulation in NASH leads to 

hepatocyte cell death, inflammatory recruitment and fibrosis (Kiyici et al., 2003, 

Rallidis et al., 2004, Min et al., 2012, Van Rooyen et al., 2013).   

  

The landmark study by Mari et al showed that FC accumulation sensitises murine 

hepatocytes to TNF-α and FasL-mediated apoptosis: the authors proposed that this 

could lead to progression from steatosis to NASH (Ginsberg, 2006, Marí et al., 2006). 

In this study, rats were fed choline-deficient or 2% cholesterol plus sodium cholate diets 

to increase hepatic TG or cholesterol levels, respectively. Examination of these livers 

revealed that TNF-α treatment caused apoptosis, increased ROS and liver injury only in 

cholesterol-loaded hepatocytes (Marí et al., 2006). The mechanism by which cholesterol 

loading sensitised hepatocytes to TNF-α, was at least partly attributable to a selective 

depletion of mitochondria glutathione content, possibly due to increased mitochondria 

FC level although this was not measured directly in this study.  

 

In another study in human NASH, the authors found a 15-fold increase in hepatic levels 

of transcript for StAR, a protein responsible for transport of FC into mitochondria 

(Caballero et al., 2009). This observation also supports a possible role for mitochondrial 

FC loading in NAFLD progression to NASH. Although specific analyses of the 
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mitochondrial cholesterol content do not appear to have been explored in any studies, 

presumably due to tissue limitations, the finding of increased StAR expression in NASH 

liver by Caballero et al. (2009) suggest that the subcellular site of hepatic FC 

depositions in NASH may be within the mitochondria. Details pertaining to the possible 

role of mitochondrial dysfunction in FC lipotoxicity will be addressed in Chapter 4.  

 

Whether FC in mitochondria, or alternatively deposited in ER and/or plasma membrane 

could explain hepatocellular injury and disease progression in NAFLD has not been 

explored, partly due to lack of an adequate in vitro system to study the cellular 

mechanisms of FC-mediated hepatocyte lipotoxicity directly. Here, we describe the 

development of a primary murine hepatocyte cell culture model for FC loading, in order 

to explore the mechanisms responsible for FC lipotoxicity (later Chapters).  

  

3.2 Purpose of study: hypotheses and aims 

We hypothesised that mitochondria are a major site of FC deposition in cholesterol-

loaded hepatocytes.  

The specific aims addressed/explored in this Chapter were to: 

1. Determine the subcellular localisation of FC in HF/HC-fed foz/foz mice with 

NASH. 

2. Test the efficacy of FC-loading in primary murine hepatocytes using unmodified 

human LDL. 

3. Assess whether the pattern of intracellular FC distribution in FC-loaded 

hepatocytes replicates with the patterns observed in HF/HC-fed foz/foz mice 

with NASH 

4. Test whether FC-loading induces hepatocellular apoptosis and necrosis in 

cultured primary hepatocytes. 

 

3.3 Methods 

3.3.1 Mice and diets 

Frozen liver sections were obtained from female foz/foz NOD.B10 mice fed HF/HC-diet 

(containing 0, 0.2, or 2.0% [w/w] cholesterol) 24 weeks. Details pertaining to 

experimental conditions and dietary composition are outlined in previous experiments 

conducted in the host laboratory (Van Rooyen et al., 2011). Mice were maintained as 

described in Section 2.5.  
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For cell culture, female WT C57B/6J and foz/foz NOB.B10 mice were maintained as 

described in Section 2.5, until 6-8 weeks of age. Foz/foz NOD.B10 mice were also used 

to isolate primary hepatocytes in preliminary experiments. Mice were fed either chow or 

HF diet containing 0-1% dietary cholesterol (as indicated in Results, Table 3.1). All 

diets were purchased from Specialty Feeds (Glen Forrest, WA, Australia).  

 

Primary hepatocytes were isolated as described in Section 2.5. 

 

3.3.2 Fluorescent staining of frozen and cultured primary hepatocytes 

Fluorescent staining for FC subcellular localisation of frozen liver sections was 

conducted as described in Section 2.14 (primary and secondary antibodies are listed in 

Tables 2.1 and 2.2, respectively). Images were captured using a Zeiss Axioplan2 

microscope (Zeiss, GmbH, Germany). Captured images were analysed using 

AxioVision V4.8 software (Zeiss, GmbH, Germany). 

 

Following established isolation and culture of primary hepatocytes, cells were loaded 

with FC using unmodified human LDL, as per Section 2.4. Thereafter, hepatocytes were 

fixed and stained for FC and subcellular markers, as described in Section 2.14. 

 

3.3.3 Hepatocellular protein isolation and FC quantification 

In separate experiments, cultured hepatocytes were washed with ice-cold PBS and lysed 

with RIPA buffer (a commonly used tissue culture cell lysis buffer containing 25 mM 

Tris-HCl, 150 mM NaCl, 1% [v/v] sodium deoxycholate, 1% SDS [m/v], pH 7.6) to 

lyse the cells. Lysed cellular material was scrapped off culture plates and centrifuged 

(16,000 x g, 15 min, 4°C). FC content within supernatant fractions was then determined 

biochemically using a commercially available kit (Wako, Osaka, Japan). FC levels were 

normalised to mg of protein, as described in Section 2.11. 

 

Separately, nuclear and cytoplasmic fractions from cultured hepatocytes were isolated 

using a commercial (NE-PER) nuclear/cytoplasmic extraction kit (Thermo, Rockford, 

IL). These fractions were subsequently quantified and standardised, as described in 

Section 2.12, prior to western blotting (Section 2.13). Antibodies and conditions are 

detailed in Table 2.1 and 2.2. 
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3.3.4 Supernatant ALT quantification 

In addition to LDH release, hepatocellular injury was measured by hepatocellular ALT 

release in some experiments. Supernatant samples from cultured hepatocytes were 

collected and centrifuged (16,000 x g, 15 min, 4°C) to pellet cellular debris. ALT level 

was measured in supernatant fractions by automated testing (Department of Clinical 

Chemistry, The Canberra Hospital). 

 

3.3.5 Assessment of hepatocellular injury and cell death  

Hepatocellular injury was assessed using lactate dehydrogenase (LDH) leakage (into 

supernatant). LDH levels were determined using Cytotox 96
©

 non-radioactive 

cytotoxicity assay (Promega, Madison, WI). Further details pertaining to the calculation 

of LDH release are specified in Section 2.15.1.  

 

Apoptosis of hepatocytes was quantified by nuclear morphology using Höechst 33342, 

while necrosis was estimated by propidium iodide staining, the combined assay being 

conducted in identical manner to that described Mari et al (2006). Specifically, cells 

with condensed or fragmented nuclei on Höechst 33342 staining were considered 

apoptotic, while nuclei with positive propidium iodide staining were considered 

necrotic. 

 

3.3.6 Scanning (SEM) and transmission (TEM) electron microscopy 

In this study, SEM was used for morphological assessment of FC-loaded (40 µM LDL) 

hepatocytes. Separately, TEM was employed for ultrastructural evaluation of 

hepatocellular organelle architecture and plasma membrane integrity following FC-

loading. The methodologies used for SEM and TEM techniques have been published 

and reviewed (McCuskey 1986, McCuskey and McCuskey 1990). 

 

3.3.6.1 Reagents 

200 mM Cacodylate buffer, pH 7.2. Sodium cacodylate acid (42.8 g) was dissolved in 

ultra-pure d.H2O (180 mL), pH adjusted to 7.2 and final volume made up to 200 mL.  

Buffer was diluted to 100 mM working concentration prior to use. 
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1% (v/v) Osmium tetroxide in cacodylate buffer, pH 7.2. Stock (4% [v/v]) OsO4 was 

purchased from Electron Microscopy Science (Hatfield, PA). Prior to use it was diluted 

to 1% (v/v) in 100 mM cacodylate buffer, pH 7.2. 

 

2% (m/v) Gluteraldehyde in 100 mM cacodylate buffer, pH 7.2. Gluteraldehyde (10 mL 

of 8% [m/v] stock) (Electron Microscopy Science, Hatfield, PA) was diluted in 100 mM 

cacodylate buffer (30 mL). 

 

70-90% (v/v) Ethanol gradients. Absolute pure ethanol (Astral Scientific, Caringbah, 

NSW) was diluted in ultra-pure, hospital grade d.H2O to yield 10% increments ranging 

from 70% to 90% (v/v).  

 

3.3.6.2 Procedure 

For SEM:  

Primary hepatocytes were isolated and cultured on Thermanox™ coverslips (Thermo 

Scientific, Waltham, MA), as described in Section 2.5.1.1. At experimental endpoints, 

cells were washed with ice-cold HBSS and fixed with 2% gluteraldehyde buffered in 

100 mM cacodylic acid buffer, pH 7.2 (30 min, RT, fume cabinet). Following fixation, 

cells were washed with 100 mM cacodylic acid buffer (3 x 5 min), fixed in 1% (v/v) 

osmium tetroxide (30 min, RT, fume cabinet), again washed in 100 mM cacodylic acid 

and dehydrated using graduated 70-100% (v/v) ethanol gradient washes. Once 

coverslips reached 100% (v/v) ethanol solution, cells were further dried with the 

application HMDS solution (Sigma Aldrich, St. Louis, MO) (100 µL, 3 min, RT, fume 

cabinet). Coverslips were subsequently removed from culture plates, attached to 

aluminum SEM mounting stubs (ProSciTech, Kirwan, QLD) using conductive double-

sided carbon tape (ProSciTech, Kirwan, QLD) before platinum sputter coated (10 nm, 

20 mA, 3 mins) (EmiTech, GmbH, Germany). Specimens were viewed on a Zeiss 

UltraPlus analytical field emission SEM microscope (FESEM) (Oberkochen, Germany) 

(3-10 kV setting).  

 

For TEM: 

Again, primary hepatocytes were isolated and cultured on Thermanox™ coverslips 

(Thermo Scientific, Waltham, MA) (see Section 2.5.1.1). At experimental endpoints, 

cells were washed and fixed with 2% gluteraldehyde and osmium tetroxide fixative, as 
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described above for SEM analysis. Following osmium tetroxide fixation, cells were 

washed several times with ultra-pure d.H2O, before electron staining with 2% (m/v) 

aqueous uranyl acetate (Electron Microscopy Science, Hatfield, PA) (2 h, 4
o
C, dark) 

before dehydrating and embedding in Procure/Araldite epoxy resin (ProSciTech, 

Kirwan, QLD), as per Manufacturer’s instructions. The epoxy resin was applied directly 

to coverslips and adherent hepatocytes and allowed to set completely (8–12 h at ~65°C). 

Thereafter, coverslips were fractured off the resin by submersion in liquid nitrogen. The 

remaining resin blocks were cut into ultra-thin sections at the hepatocyte surface, using 

a diamond-bladed ultramicrotome (Leica EM UC7, Wetzlar, Germany). Ultra-thin 

sections were transferred to formvar-coated copper grids (Electron Microscopy Science, 

Hatfield, PA) prior to viewing on a JEOL 2100F (Peabody, MA) TEM microscope. 

 

3.3.7 Statistics 

Statistical analyses were carried out as described in Section 2.16. 

 

3.4 Results 

3.4.1 Hepatic FC localisation in foz/foz mice with NASH  

To establish the subcellular sites of hepatic FC deposition in livers of foz/foz mice with 

NASH, we first explored livers obtained from earlier published experiments (conducted 

by Dr Derrick Van Rooyen, see Acknowledgments and Statement of Originality) in 

which foz/foz mice were fed HF diet containing increasing amounts of cholesterol (0, 

0.2, 2.0% [w/w]). These mice developed NASH pathology, the severity of which 

correlated with hepatic cholesterol content determined by lipidomic analysis (HPLC and 

MS analysis) (Van Rooyen et al., 2011). Here, using fluorescent subcellular markers 

and filipin (blue fluorescence) staining, it was shown that FC localised predominantly to 

the plasma membrane, with additional localisation to the mitochondrial, and ER 

compartments (Figure 3.1A, B, C). Interestingly, the hepatic expression of GRP78 (a 

marker of ER stress) was reduced in cholesterol-loaded livers (Figure 3.1B). Likewise, 

the intensity of COXIV (mitochondria marker) immunofluorescence in FC-loaded 

NASH livers was decreased, compared with SS livers (Figure 3.1C), but 

immunofluorescence is a qualitative method of ER and mitochondrial protein analysis. 

In Chapter 4 (Section 4.4.2), we describe the contribution of FC to mitochondrial 

dysfunction in FC-loaded hepatocytes. 
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An important finding salient to a lipotoxic pathogenesis of NASH was that F4/80 

staining for macrophages (these include KCs and/or recruited macrophages) showed 

accumulation around fat-laden hepatocytes, which contained FC-rich vacuoles (Figure 

3.1D). As previously described by the host laboratory, the livers of these mice display 

significant increases in numbers of inflammatory cells (both macrophage and 

neutrophils), as well as hepatocyte apoptosis and fibrosis (Van Rooyen et al., 2011) 

which are all hallmarks of NASH.  

 

Figure 3.1 In livers of diabetic mice with NASH, free cholesterol deposits in hepatocyte 

plasma membrane, mitochondria and ER, and is associated with F4/80-

positive macrophage recruitment.  

Frozen sections were obtained from obese, diabetic foz/foz mice fed HF diet, containing 0, 0.2, or 

2.0% [w/w] dietary cholesterol, over 24 weeks. Livers from these mice with NASH (Van Rooyen 

et al., 2011) were stained for FC (Filipin, blue), which co-localised (arrows) to: (A) plasma 

membrane (Na/K-ATPase, green), (B) ER (GRP78, green) and (C). mitochondria (COXIV, 

green). (D) F4/80-positive macrophages (green) accumulate around FC-rich macrosteatotic 

hepatocytes. Histopathological NAFLD activity scoring (NAS) of these livers has been published 

by Van Rooyen et al. in the host laboratory (2011). Scale bars represent 20 µm.  
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3.4.2 Incubating primary hepatocytes with LDL increases FC with identical 

subcellular distribution as in NASH livers obtained from HF/HC-fed foz/foz mice  

To date, no suitable in vitro systems have been described for the study of cellular 

mechanisms of FC-mediated hepatocyte lipotoxicity. We first attempted to isolate fat-

laden hepatocytes from foz/foz mice (Arsov, 2005). These mice develop hyperphagic 

obesity complicated by insulin resistance with resultant diabetes, metabolic syndrome 

and dyslipidemia (Arsov et al., 2006, Larter et al., 2009). In order to prepare suitably 

loaded hepatocytes for in vitro studies, female foz/foz mice were fed, from weaning, 

with different diets (normal chow [NC], high fat diet [HFD] containing 0.2% 

cholesterol, and NC with 1% cholesterol diet, and HFD without cholesterol). The aim 

was to achieve steatotic liver, with hepatocytes loaded with, either FFA, FC or both. 

Unfortunately, despite multiple attempts, the viability of hepatocytes isolated from these 

mice was inadequate (<60%) for culturing, irrespective of mouse age or duration of 

dietary feeding (Table 3.1). Further, the hepatocyte cultures that were attempted (despite 

low cell viability) were unsuccessful due to failure of hepatocyte attachment; indeed, 

the fat laden hepatocytes exhibited buoyancy in aqueous media, which was likely 

attributable to steatosis.  

 

Tabas et al. previously reported use of unmodified LDL to successfully load cultured 

macrophages in their studies of foam cell role in atherosclerotic plaques (Tabas et al., 

1985). Here, we adapted a similar strategy to achieve FC-loading in primary murine 

hepatocytes. To establish our system to directly study FC lipotoxicity in hepatocytes, 

primary murine hepatocytes were incubated in William’s E (WEM) culture media 

supplemented with 20–40 µM unmodified human LDL (Sigma Aldrich). Such 

incubation resulted in dose-dependent FC accumulation, as shown by increasing 

intensity of filipin (blue) fluorescence (Figure 3.2A) and significantly raised 

intracellular FC content (P<0.05, Figure 3.2D). Similarly, immunofluorescent and 

protein determination of LDLR, a protein responsible for uptake of unmodified LDL by 

endocytosis (Goldstein and Brown, 1984), revealed significant increases in 

hepatocellular LDLR staining and immunoblotting (P<0.05, Figure 3.2B,C). 
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Table 3.1 Viabilities of primary hepatocytes isolated from foz/foz mice of varying ages and 

fed varying experimental diets.  

 

Foz/foz mice were fed chow or HF diet containing 0, 0.2, or 1.0% (w/w) cholesterol for 6-12 weeks. Primary 

hepatocytes were then isolated as described in Section 2.5. Following isolation, hepatocyte viabilities were 

calculated using trypan blue exclusion (Strober, 2001). 

Abbreviations: Chol, Cholesterol; HF, high fat; Av, average 

 

We used methodology described in Section 3.4.1 to characterise the subcellular 

localisation of FC in hepatocytes. The results recapitulated those observed in livers of 

HF/HC-fed foz/foz mice with NASH (Figure 3.1). Specifically, FC deposited 

predominantly within hepatocyte plasma membranes (Figure 3.3A), with some co-

localisation observed between FC and mitochondria, and perceptible but less so with the 

ER compartment (Figure 3.3 C,D). These findings from the in vitro system mirror 

results obtained for FC-loaded foz/foz livers with NASH (Figure 3.1 B,C). It is 

important to stress that in NASH livers of foz/foz mice fed HF containing 2% [w/w] 

cholesterol and primary hepatocytes loaded with FC by highest concentration of LDL 

(40 µM), GRP78 fluorescent staining (indicating ER localisation) appeared to be 

substantially reduced (Figure 3.1B and Figure 3.3C respectively), when compared to SS 

livers of foz/foz mice fed HF containing 0.2% [w/w] cholesterol and primary 

hepatocytes in the control (0 µM LDL) group that were not exposed to cholesterol.  

 

Given the strong localisation of FC within plasma membrane compartments, the effect 

of FC-loading on membrane fluidity was investigated. FC-loading of hepatocytes 

caused a significant reduction in plasma membrane fluidity, as determined by the ratio 

between excitatory and unexcited forms of pyrenedecanoic acid (P<0.05, Figure 3.3E). 
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3.4.3 FC loading injures primary hepatocytes and induces apoptosis and necrosis 

To test our hypothesis that FC-loading contributes to hepatocellular lipotoxicity, we 

then assessed markers of hepatocellular injury and cell death.  

 

As determined by cellular LDH and ALT release into the culture media, hepatocyte 

injury increased significantly in primary hepatocyte cultures following FC-loading 

(P<0.05, Figure 3.4A,B). The most notable changes followed hepatocyte incubation 

with 30 and 40 µM LDL (P<0.05, Figure 3.4A,B), which corresponded to a 

hepatocellular FC content of ~27.5 µg/mg hepatocyte protein (Figure 3.2D), versus ~10 

µg/mg protein in control hepatocytes. Hepatocytes exposed to 40 µM LDL also 

exhibited a significant increase in apoptosis, as determined by changes in nuclear 

morphology viewed by Höechst 33342 staining (P<0.05, Figure 3.4C,E). More 

impressively, the proportion of necrotic hepatocytes was increased to greater extent 

(P<0.05), and even the lower dose (20 µM) of LDL exposure produced some necrosis 

(Figure 3.4D,E). Furthermore, levels of hepatocellular necrosis continued to increase in 

a dose-dependent manner, with ~30% of hepatocytes found to be necrotic following 40 

µM LDL exposure (P<0.05, Figure 3.4D,E). The more detailed studies of mechanisms 

of cellular injury described in later Chapters were therefore conducted using 40 µM 

LDL.  
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Figure 3.2 LDL supplementation of culture media increases LDLR expression and FC-

loading in primary murine hepatocytes.  

(A) Primary murine hepatocytes exposed to 0-40 µM LDL over 24 h show dose-dependent 

increases in filipin (blue) staining, which is associated with increased LDLR expression, as 

determined by (B) fluorescence (green) and (C) protein expression. (D) Cellular FC content (as 

determined by Wako kit; see Section 3.3.3), increased significantly in hepatocytes exposed to 

increasing concentrations of LDL. *P<0.05, vs control. Arrows indicate areas of filipin staining 

which associates with LDLR expression. Scale bars represent 20 µm. 
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Figure 3.3 FC localises to plasma membrane, ER and mitochondria in primary murine 

hepatocytes loaded with LDL and reduces membrane fluidity. 

WT C57B6/J hepatocytes were exposed to 20-40 µM LDL over 24 h. Cells demonstrated (A) 

dose-dependent increases in FC filipin (blue) fluorescence, which co-localises (arrows) with 

(B) plasma membrane (Na/K-ATPase, green), (C) endoplasmic reticulum (GRP78, green), and 

(D) mitochondrial (COXIV, green) markers. Cellular nuclei were counter-stained with 7-AAD 

(red fluorescence). Arrows indicate representative regions of co-localised staining between 

filipin and subcellular compartments. Scale bars represent 20 µm. (E) Primary WT hepatocytes 

were exposed to 0-40 µM LDL, washed and stained with pyrenedecanoic acid. Pyrenedecanoic 

acid excitation (dimer formation; a surrogate marker of membrane fluidity) was decreased in 

hepatocytes after cholesterol loading, consistent with localisation of FC in the plasma 

membrane (Figure 3.1A). 
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Figure 3.4 FC loading causes liver injury, apoptosis and necrosis in primary murine 

hepatocytes.  

(A) Incubation of WT C57B6/J primary hepatocytes with unmodified human LDL (20-40 µM) 

for 24 h increases LDH leakage and (B) supernatant ALT levels in a dose-dependent manner. 

Cholesterol loading also incites significant increases in (C) apoptosis and (D) necrosis, as 

determined using morphological assessment of Höechst 33342 (blue staining) and PI (red 

staining) fluorescence. (E) Representative images  of  Höechst 33342 and PI staining in LDL-

loaded vs control hepatocytes. *P<0.05, vs time-matched control. Mean ± SEM from 4–6 

animals. All experiments were repeated 2-4 times, n=8-24/gp (see Section 2.15.3 for 

methodological details). Yellow arrows show the pyknotic nuclei of cells undergoing apoptosis, 

white arrows are PI-positive cells. Scale bars: 20 µm. 
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3.4.4 FC loading cause ultrastructural changes within hepatocytes 

The effect of FC-loading of primary hepatocytes on cellular ultrastructure was then 

assessed using SEM and TEM microscopy (Figure 3.5). Loading hepatocytes with 40 

µM LDL resulted in a dramatic shift in the morphology of hepatocytes: internal cellular 

disorganisation, upregulation of autophagic vacuoles and plasma membrane 

derangement were observed. Hepatocytes damaged by FC-loading were also seen to 

undergo widespread plasma membrane blebbing, mitochondrial swelling and nuclear 

autophagy, the latter is shown by chromatin condensation and nuclear membrane 

fragmentation (Figure 3.5A,B). Interestingly, the membrane fragments produced by PM 

blebbing matched the reported size range of EVs (100 nm to 1.0 µm) (Figure 3.5A,B 

arrows).   
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Figure 3.5 FC-loaded primary hepatocytes undergo plasma membrane blebbing 

and EV formation, as demonstrated by SEM and TEM 

(A) SEM of primary C57Bl/6 WT hepatocytes exposed to 0-40 µM LDL was performed as 

described in Section 2.5.1. After 24 h, cells were fixed, processed and platinum sputter coated 

(20 nm, 20 mA, 3 mins) (EmiTech, GmbH, Germany) prior to viewing on Zeiss UltraPlus 

analytical FESEM (Oberkochen, Germany) (3-10 kV setting). WT hepatocytes not exposed to 

LDL (panels labeled 0 µM) had uniform monolayer morphology and were largely confluent 

with mosaic pattern architecture. Conversely, hepatocytes loaded with FC (40 µM LDL) 

exhibited significant alteration in hepatocyte morphology. They were less confluent and many 

cells showed features of apoptosis, as well as plasma membrane blebbing and extracellular 

vesicle (EV) release (yellow arrow). (B) TEM was performed as per Section 3.3.6, prior to 

viewing on a JEOL 2100F (Peabody, MA) TEM microscope. Hepatocytes not exposed to LDL 

have ordered internal ultrastructure, numerous perinuclear mitochondria and an intact plasma 

membrane. However, following 40 µM LDL exposure to produce FC-loading, mitochondrial 

disarray and reduction in total number of mitochondria, plasma membrane blebbing with EV 

release were observed. Panel A scale bars represent 20 µm, panel B scale bars indicated in the 

lower right panel quadrant. 
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3.5 Discussion 

Two decades ago, Unger and colleagues coined the term lipotoxicity to describe the 

deleterious effects of excessive FFA on murine pancreatic β cell function in the 

pathogenesis of T2D (Lee et al., 1994). This term embraces cellular injury and death, 

often with resultant inflammation, caused by sFFA and their metabolites, including 

DAG and possibly TG in excess (Neuschwander-Tetri, 2010). The tissue responses to 

this form of injury include inflammation and a wound-healing response with matrix 

deposition leading to scar formation (fibrosis) and hepatocellular regeneration. The 

pathogenesis of NASH is now generally regarded a consequence of hepatic lipotoxicity, 

whereby one or more toxic lipid species accumulate within the steatotic liver and induce 

hepatocellular damage, inflammatory cell recruitment and over time, fibrosis and 

eventually cirrhosis (Alkhouri et al., 2009, Farrell et al., 2012). TG, traditionally 

thought to be important “first hit” in the progression to NASH (Day and James, 1998), 

is now widely considered the safe form of lipid storage, as reviewed in Section 1.3. 

Whilst sFFA and their metabolites have been the most studied “toxic lipid species” in 

relation to production of liver injury, the role of cholesterol (and specifically FC) in 

NASH progression has recently gained credibility among reviewers in the field of 

NAFLD (Alkhouri et al., 2009, Neuschwander-Tetri, 2010, Arteel, 2012, Musso et al., 

2013). The evidence supporting this concept was reviewed in Chapter 1, Section 1.3 of 

the Thesis.  

 

Research from the host laboratory using foz/foz mice model of metabolic obesity 

demonstrated a clear correlation between increased hepatic FC content and NASH 

severity (Van Rooyen et al., 2011). Furthermore, pharmacological modulation of 

cholesterol synthesis and/or uptake using atorvastatin and ezetemibe, respectively, 

reversed the NASH pathology (including liver fibrosis) in this model (Van Rooyen et 

al., 2013). Elsewhere, researchers have shown similar improvement of liver histology 

with atorvastatin treatment in biopsy-proven human NASH (Min et al., 2012). Puri et 

al. (2008) and Caballero et al. (2009) reported significant increases in hepatic FC in 

human NASH patients compared to those with SS, in addition to over-expression of 

SREBP-2  (a transcription factor important in regulation of cholesterol uptake via 

LDLR and synthesis). While these findings collectively suggest that cholesterol may 

play a fundamental role in NASH progression, the studies have been largely correlative 

and cannot fully exclude the contribution of other potential candidate lipid species 
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including sFFA. We sought to address whether FC can cause hepatic lipotoxicity 

directly, developing a reductionist model system to investigate the role of cholesterol 

loading within primary hepatocytes. This Chapter describes the development of this 

system, in which unmodified human LDL was successfully used to load hepatocytes 

with FC.  

 

In order to ascertain whether the FC loading observed in this model distributed to the 

same organelles as FC deposition observed in livers of HF-fed foz/foz mice with NASH 

(and is therefore a representative model), we first revisited a previous in vivo study (Van 

Rooyen et al., 2011). Using frozen liver sections from HF (containing cholesterol in 0, 

0.2 or 2.0% w/w)-fed foz/foz mice to study the subcellular localisation of FC-deposits, 

we identified a predominant pattern of FC deposition within the PM compartment 

(Figure 3.2A). In addition, FC also co-localised to ER and mitochondria, albeit to an 

apparently lesser extent.  

 

ER is potentially important as a subcellular site of FC deposition in NASH. However, 

evidence to date for the operation of ER stress in NASH pathogenesis has been 

inconsistent and conflicting (Puri et al., 2008, Gregor et al., 2009, Leclercq et al., 2011, 

Legry et al. 2014). ER stress results from an inadequate response to the accumulation of 

unfolded proteins (UFP) within the ER (the UFP response, UFPR). It is usually 

accompanied by up-regulation of physiological unfolded protein chaperones, such as 

GRP78. This is perceived by one or more of 3 signalling cassettes, some of which can 

signal JNK to activate NF-κB (Wang et al., 2009). If UFP accumulation is not reversed, 

cells are programmed to undergo apoptosis via migration of CHOP protein (the ER 

stress apoptosis execution pathway) to the nucleus. In the pathogenesis of diabetes, ER 

stress contributes to pancreatic β cell loss and insulin resistance (Eizirik et al., 2008). 

Since NAFLD is closely related to metabolic syndrome, we considered whether ER 

stress could play a role in FC lipotoxicity. However, there was no increase in the 

expression of GRP78 or nuclear expression of CHOP in foz/foz mice with NASH (Van 

Rooyen et al [unpublished], PhD ANU, 2011), in spite of ER cholesterol localisation. 

The contribution of ER stress in FC-induced lipotoxicity will be addressed further in 

Chapter 4.  

 

Importantly, FC co-localised with mitochondria in foz/foz mice with NASH (Figure 
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3.1C), as previously described by Mari et al (2006) in their in vivo loading model 

system. The deposition of FC in mitochondria is an important finding, as this has been 

inferred by observation in human NASH, shown by upregulation of StAR transcription 

factor, StAR transports cholesterol into mitochondria (Caballero et al., 2009). 

Mitochondria FC deposition has relevant implications in understanding the mechanisms 

for NASH progression, as there are strong evidence to suggest mitochondrial injury 

occurs in human NASH (Cortez-Pinto et al., 1999, Perez-Carreras et al., 2003, Caldwell 

et al., 2009); mitochondrial FC loading may explain this process. Details of the impact 

of mitochondrial injury and activation of mitochondrial cell death pathway by FC will 

be discussed further in Chapter 4.  

 

In livers of HF/HC-fed foz/foz mice with NASH, we also observed accumulation of 

resident and/or recruited macrophages adjacent to FC-loaded (filipin intense) 

hepatocytes (Figure 3.1D). Recently, Ioannou et al. (2013) used polarised light to 

demonstrate that these areas of intense filipin staining show abundant birefringent 

crystals within a large portion of hepatocellular lipid droplets. Since these crystals stain 

prominently with filipin, they likely represent FC crystallisation. In the same study, 

similar birefringent cholesterol crystals were also discovered in human NASH livers. 

Notably, cholesterol crystals were absent in livers of both human and mice with SS. 

Furthermore, Ioannou et al also found similar aggregates of CD68-positive KCs, which 

formed “crown-like” structures only around hepatocytes which contained birefringent 

lipid droplets. Most of these KCs also stained positive for CD11b and TNF-α suggesting 

that they are of the activated (M1) phenotype (Ioannou et al., 2013). These observations 

are consistent with the idea that KCs are recruited to FC-loaded areas (containing 

cholesterol crystals) in NASH livers, and become activated upon engulfment of 

cholesterol crystals; such activation initiates inflammatory and fibrotic pathways that 

cause NASH progression. Interestingly, in a recent experiment on pathogenesis of 

atherosclerosis, exposure of macrophages to cholesterol crystals (which is a hallmark of 

atherosclerotic plaques) was shown to activate inflammatory processes via stimulation 

of the NLRP3 inflammasome complex (Duewell et al., 2010). Activation of the NLRP3 

inflammasome by cholesterol crystals could be amplified by priming macrophages with 

other pro-inflammatory substances, like cell wall components of Gram-positive 

bacteria, or minimally modified LDL (Duewell et al., 2010). Future studies directed at 

modulating cholesterol crystallisation, macrophage aggregation or inflammasome 
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activation are required to test whether this proposed sequence of events is relevant 

to NASH (see Future Directions in Chapter 7, Section 7.2).   

 

Having characterised sites of FC deposition in vivo, we then achieved loading of 

primary murine hepatocytes with FC by incubating cells with unmodified human LDL. 

The efficacy of this approach was assessed with two techniques. Firstly, quantitative 

biochemical analyses of intracellular FC content (Figure 3.2D), and secondly 

fluorescent (qualitative) evaluation of FC localisation using filipin staining (Figure 

3.2A). By supplementing the culture media with 30 or 40 µM LDL, we were able to 

significantly load WT C57B6/J hepatocytes with FC (Figure 3.2D). FC “loaded” 

hepatocytes contained 2-3 fold more FC than control cells  (27 vs 10 µg/mg protein). 

Further, the distribution of FC within these loaded hepatocytes correlated strongly with 

the pattern of FC localisation observed in our foz/foz mice with NASH (comparison 

between Figures 3.1 and 3.3). As yet there are no published studies documenting the 

hepatic subcellular localisation of FC in human NASH; this constitutes a potential 

future direction of research (see Future Directions in Chapter 7, Section 7.2.1.1). 

 

One of the interesting findings of the present study is the dose-dependent increase in 

LDLR expression following FC loading (Figure 3.2B,C). Under physiological 

conditions, SREBP-2 favours cholesterol synthesis (Horton et al., 2002). In situations of 

cholesterol excess, such as those found in livers of both mice and humans with NASH 

(Puri et al., 2007, Caballero et al., 2009, Van Rooyen et al., 2011), cholesterol excess 

should down-regulate the processing of SREBP-2, which in turn should result in 

downregulation of HMG-CoA reductase (HMGR) to prevent further cholesterol 

synthesis, and LDLR to reduce cholesterol uptake via LDL receptor-mediated 

endocytosis respectively (Brown and Goldstein, 2008). However, in human NASH 

(Caballero et al., 2009, Min et al., 2012), and foz/foz mice with metabolic obesity and 

NASH (Van Rooyen et al., 2011), SREBP-2 is inappropriately increased, likely as a 

consequence of hyperinsulinemia (Van Rooyen et al., 2011) or in response to 

inflammatory stress triggering IL-1β secretion (Zhang et al., 2004, Zhao et al., 2011). 

The contribution of inflammasome activation, in particular IL-1β generation in 

mechanisms of FC-mediated hepatocellular injury and KC activation will be further 

explored in Chapter 5. Interestingly, in human NASH, Min et al (2012) found increased 

HMGR protein and decreased expression of LDLR, which is the opposite to what was 
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described by Van Rooyen et al (2011) in the host laboratory in foz/foz mice with 

NASH. This difference could be species-specific but it could also be methodological. 

Van Rooyen et al measured HMGR enzyme activity radiometrically, whereas Min et al 

relied on estimation of HMGR protein (and its phosphorylated [inactive] form), and 

determination of circulating metabolites, which may not accurately reflect liver tissue 

HMGR activity. The mechanisms underlying disrupted cholesterol metabolism in 

NASH is not the focus of this Thesis, and will not be discussed further. Regardless of 

whether this apparent difference is real or not, what is clear is that there is overall 

dysregulation of hepatic cholesterol homeostasis in NASH. In particular, pathways 

responsible for cholesterol utilisation and transport (biotransformation [Cyps 7a1, 7b1, 

27a1], canalicular export of cholesterol [ABCG5/8] and bile acid [BSEP, MRP2]), in 

addition to increase cholesterol uptake (via LDLR and/or CD36) or synthesis, lead to an 

overall increase FC in NASH livers (Van Rooyen et al., 2011, Farrell and Van Rooyen, 

2012, Min et al., 2012, Van Rooyen et al., 2013).  

 

The observed increase in LDLR expression with FC loading of primary hepatocytes 

(Figure 3.2B,C) recapitulates the changes seen in livers of foz/foz mice with NASH 

(Van Rooyen et al., 2011). Specifically, in WT control and foz/foz mice with SS, LDLR 

expression is restricted to sinusoidal endothelial cells, especially within centrilobular 

regions of the liver, whereas foz/foz mice fed HF-diet containing 2% cholesterol [w/w] 

with NASH, display LDLR expression on hepatocytes throughout the liver (Van 

Rooyen et al., 2011). 

 

In our quest to develop an ideal cell culture system to study mechanism of FC-induced 

lipotoxicity, several attempts were made to isolate and culture primary hepatocytes from 

foz/foz mice fed chow, as well as mice fed various fat and cholesterol-containing diets 

administered for varying durations post-weaning (6, 8, 10, and 12 weeks). 

Unfortunately, the viability of hepatocytes obtained from these isolations was uniformly 

low, despite diverse protocol modifications, including reduced perfusion flow rate and 

lowered collagenase concentrations (Table 3.1). We attributed this reduced viability to 

the early steatosis observed in foz/foz livers. Fat-laden hepatocytes are swollen (have 

larger volume and surface area) and can cause distortion of sinusoidal space (Farrell et 

al., 2008). This may impair of microvascular perfusion during isolation of hepatocytes, 

thereby compromising their viability. In addition, steatotic hepatocytes are relatively 
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“fragile” and tend to rupture during processing, while those that survive isolation 

tend to float due to the buoyancy effect of their high lipid content and surface area. 

Inverted culture techniques exist for culturing adipocytes, however, this method 

requires substantially more culture media (and consequently more reagent) and is 

notoriously fastidious (Sugihara et al., 1986, Asada et al., 2011, Kuroda et al., 2011). 

Accordingly, this method was not employed and we decided to pursue our described 

method of in vitro LDL-loading. 

 

Another limitation to this study is the method of organelle co-localisation for 

subcellular FC deposits. Ideally, to appreciate the exact co-localisation of FC deposits 

within hepatocytes, confocal microscopy is used. This allows stereodological analysis 

of three-dimensional structures through precise optical section of the Z-axis plane 

(Howell et al., 2002). However, the filipin staining used in this study requires UV laser 

(364 nm) excitation (Boutte et al., 2011), which is unfortunately not available at the 

Australian National University (ANU) microscopy facilities. Consequently, an epi-

fluorescence mercury lamp (Zeiss Axioplan2 microscope; Zeiss, GmbH, Germany) was 

used to acquire “pseudo-confocal” cross-sectional fluorescence images of filipin intense 

areas of FC-loaded hepatocytes, and this technique coupled to fluorescent markers for 

PM (Na/K-ATPase), endoplasmic reticulum (GRP78) and mitochondria (COXIV) was 

used to identify FC and organelle co-localisation.  This compromises the resolution of 

structures and reduces validity of “semiquantitative” assessments of organelle FC 

content and localisation.    

 

As discussed earlier, we confirmed FC impregnation of our primary hepatocyte culture 

system using two methods – biochemically using a commercially available Wako kit, 

which is a quantitative method and qualitatively, by intensity of blue filipin 

fluorescence. This is based on the premise that LDL is being taken up into hepatocytes 

via LDLR-specific endocytosis, where cholesteryl ester hydrolase (CEH) catalyses the 

hydrolysis of cholesterol ester (CE) inside the LDL complex to release FC (Hui, 1996). 

Ideally assessment of all the lipid species within primary hepatocytes, namely neutral 

lipids (CE, TG, FC, DG), FFA, total FFA and phospholipids (PL) should be confirmed 

using high-performance lipid chromatography (HPLC). Additionally, whilst we 

confirmed FC deposition in plasma membrane, mitochondria and ER by co-localisation 

between filipin FC staining and relevant subcellular compartment markers, a more 
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accurate way of determining FC deposition (in particular to mitochondria) would be 

performed by separately isolating these subcellular compartments and quantifying the 

FC content of each fraction by an analytical technique. Due to reagent limitation 

(expense of LDL), analysis of lipid status within hepatocytes incubated with LDL using 

HPLC and quantification of FC inside subcellular compartments were not possible in 

the present “small scale” experiments. We also cannot exclude substantial localisation 

of FC (or cholesterol crystals) in lysosomes (as suggested by Ioaunou et al. 2013) or 

lipid bodies. 

 

3.6 Summary of findings 

This Chapter describes the successful development of a method for loading primary 

murine hepatocytes with FC, by incubating them with unmodified human LDL. The 

major findings are:  

1. In HF/HC-fed foz/foz mice with NASH, FC localises predominantly to plasma 

membrane, and to lesser extent to mitochondria and the ER. 

2. Incubation of WT C57B6/J hepatocytes with unmodified human LDL produces 

dose-dependent FC loading, which recapitulates the subcellular localisation 

observed in foz/foz mice with NASH.  

3. Effects of FC loading in PM include reduced membrane fluidity, PM blebbing 

and formation of EVs. 

4. FC loading causes dose-dependent increase in hepatocellular injury, and cell 

death via apoptosis and necrosis.  

5. Ultrastructural studies indicate mitochondria and PM are particularly altered by 

FC deposition in cultured hepatocytes. 

 

These findings provide a suitable test system to investigate how FC injures hepatocytes 

to cause apoptosis and necrosis. In the next Chapter, the candidate will address the 

relationships between FC loading and JNK1 activation with oxidative stress and 

mitochondrial dysfunction. The contribution of ER stress as a lipotoxic mechanism will 

also be explored.  
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  CHAPTER 4

 

c-Jun N-terminal kinase-1 activation is essential for free 

cholesterol-mediated hepatocyte lipotoxicity 

 

4.1 Introduction 

Chapter 3 described the development of a robust and effective in vitro system to load 

primary murine hepatocytes with FC by incubating them with unmodified human LDL 

at 20–40 µM concentrations. It was also shown how FC causes hepatocyte injury, 

manifesting as leakage of LDH and ALT into culture media (Figures 3.4A,B), alongside 

increases in cell death by apoptosis (Figure 3.4C), and, more strikingly, by necrosis 

(Figure 3.4D). We were also able to show that FC co-localises predominantly to plasma 

membrane, with additional deposition in ER and mitochondria in FC-loaded primary 

hepatocytes (Figure 3.3B,C,D), identical to the FC localisation observed in livers of 

foz/foz mice with NASH (Figure 3.1A,B,C).  

 

In the host laboratory, Van Rooyen et al (2011) demonstrated that in foz/foz mice with 

NASH, the increase liver FC content is associated with liver injury (increased serum 

ALT), fibrosis (demonstrated by Sirius red stain), apoptosis (M30 IHC), and 

accumulation of F4/80 stained KCs around fat-laden hepatocytes that contained FC-rich 

vacuoles (Van Rooyen et al. 2011). Pharmacological lowering of hepatic cholesterol in 

these mice ameliorated development of hepatocellular apoptosis and liver fibrosis (Van 

Rooyen et al. 2013). Others have also shown that pharmacological cholesterol lowering 

caused similar improvements in liver enzymes and/or histology in both human and 

animal models with NASH (Kiyici et al. 2003, Rallidis et al. 2004, Zheng et al. 2008, 

Abel et al. 2009, Nozaki et al. 2009, Min et al. 2012). Together, the correlations 

between diet-related hepatocyte FC and NASH severity, and the beneficial effects of 

cholesterol-lowering drugs on liver pathology provide indirect evidence that FC 

accumulation in NASH could cause hepatocyte apoptosis and necrosis, inflammatory 

recruitment and fibrosis.  
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One potential mechanism linking FC to inflammatory recruitment in the liver, as 

well as to insulin resistance, is JNK1/2 activation. This could be caused either by direct 

effects of the lipotoxic lipid (FC), or indirectly by oxidative stress, ER stress or growth 

factor/cytokine receptor or TLR signalling. 

 

4.1.1 Oxidative stress in the pathogenesis of NASH 

Oxidative stress can be defined as a severe disturbance in the prooxidant-antioxidant 

balance in favour of the former. The prooxidant excess subsequently overwhelms the 

capacity of endogenous cellular antioxidant defense systems, leading to damage to cells 

and organs (da Silva et al. 2010). Enhanced generation of reactive oxidant species 

(ROS) resulting in oxidative stress has been implicated in many liver diseases, including 

hepatic ischemia reperfusion injury (Jaeschke 2003, Jaeschke 2003, Jaeschke et al. 

2003), acetaminophen (APAP)-induced liver failure (Jaeschke 2003, Jaeschke 2003, 

Jaeschke et al. 2003), alcohol-induced liver injury (Adachi and Ishii 2002, Arteel et al. 

2003, Arteel 2003), hepatic fibrosis (Okazaki et al. 2000, Poli 2000, Friedman 2004) 

and hepatocellular carcinoma (Petersen 2005). 

 

Oxidative stress also appears to be evident in NASH, where it has been attributed to a 

variety of mechanisms. These include the upregulation of cytochrome P450 2E1 

(Weltman et al. 1998, Robertson et al. 2001), and changes in mitochondrial function, 

such as increased β-oxidation or uncoupling of oxidative phosphorylation with leakage 

of electrons (Sanyal et al. 2001, Nakamura et al. 2009). Recruited inflammatory cells 

also generate prooxidants, particularly via NADPH oxidase (Neuschwander-Tetri and 

Caldwell 2003, Lambertucci et al. 2008). Oxidative stress has also been linked to 

pathogenesis of atherosclerosis, hypertension (Halliwell 1989, Stampfer et al. 1993, 

Griendling et al. 1994, Griendling et al. 1994, Uppal et al. 2014) and diabetes mellitus 

(Baynes 1991, De Mattia et al. 1998, De Mattia et al. 1998, Gerrits et al. 2014). All of 

these conditions are part of or have strong associations with metabolic syndrome, which 

seems inextricably entwined with NASH pathogenesis (Farrell and Larter 2006, Larter 

et al. 2010, Gan et al. 2011).  

 

As discussed in Chapter 3, Mari et al (2006) showed that cholesterol-laden livers are 

highly susceptible to TNF-α and Fas-mediated apoptosis by a mechanism that involves 

FC accumulation in mitochondria and oxidative stress (Mari et al. 2006). Mitochondria 
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are normally devoid of cholesterol, but in NASH, livers show 15-fold increased 

levels of transcripts for StAR, the protein responsible for cholesterol transport to 

mitochondria to cause mitochondria FC accumulation (Caballero et al. 2009). Such 

mitochondrial FC deposition is a potential player for progression of steatosis to NASH 

via selective depletion of mitochondrial GSH (Mari et al. 2006, Mari et al. 2008). 

Together with mitochondrial injury (possibly from FC deposition into mitochondria), 

this results in uncoupling of mitochondrial respiratory chain, electron leakage and 

‘unchecked’ generation of mitochondria ROS (Dawson et al. 1993).  

 

Generation of ROS is important as it can lead to prolonged activation of JNK1/2 

(Nieminen et al. 1997, Czaja et al. 2003, Hong et al. 2009). Additionally, ROS have 

been suggested to be involved in TLR4-mediated inflammation in murine models of 

steatohepatitis (Hritz et al. 2008, Ye et al. 2012). Given the strong evidence that FC is 

elevated in NASH livers but not with simple steatosis (Puri et al. 2007, Caballero et al. 

2009, Van Rooyen et al. 2011, Min et al. 2012), and that mitochondrial FC deposition 

(Mari et al. 2006, Caballero et al. 2009) and mitochondrial ultrastructural changes are a 

reproducible feature in NASH pathogenesis (Caldwell et al. 2009) (Caldwell et al. 

1999, Sanyal et al. 2001), we sought to establish whether there existed links between 

FC and oxidative stress, in particular mitochondrial-generated ROS in our FC-loaded 

primary hepatocyte culture system.  

 

4.1.2 Roles of JNKs in the pathogenesis of NASH  

One of the features that distinguish NASH from non-NASH NAFLD is activation of 

pro-inflammatory pathways. These may include ionic calcium, ROS, protein kinases, 

transcription factors, and most consistently NF-κB and JNK (Farrell et al. 2012). For 

the purpose of this Chapter, focus will be directed at JNK activation, though NF-κB and 

JNK are usually activated simultaneously, especially during oxidative stress (Farrell et 

al. 2012).  

 

JNK can be activated by multiple stimuli, including cytokines (TNF-α, IL-1β, 

transforming growth factor [TGF]-β, platelet-derived growth factor [PDGF], epidermal 

growth factor [EGF]), intracellular and extracellular pathogens (lipopolysaccharide 

[LPS], peptidoglycan, and bacterial unmethylated CpG DNA all of which activate 

various TLRs), ROS, pathologic and environmental stress (ischemia, UV, ionising 
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radiation), toxins, drugs, ER stress, and metabolic changes including obesity and 

hyperlipidemia (Farrell et al. 2012, Seki and Schnabl 2012). Strong activation of JNK 

has been observed in the liver, fat and muscle tissues in mice placed on HFD, as well as 

in genetically (ob/ob) obese mice (Hirosumi et al. 2002, Solinas et al. 2006). In the host 

laboratory, JNK1/2 activation has been confirmed in livers of metabolically obese 

foz/foz mice with NASH (Figure 4.1A), and shown to be linked to FC accumulation 

(Van Rooyen et al. 2011, Van Rooyen et al. 2013). Further, pharmacological lowering 

of cholesterol in these NASH livers resulted in amelioration of inflammatory 

recruitment and fibrosis (discussed earlier) in concert with abrogation of JNK1/2 

activation (Figure 4.1) (Van Rooyen et al. 2013). These links support the proposal that 

FC-mediated JNK activation could be critical for activation of injury and inflammatory 

pathways in NASH related to metabolic syndrome.  

 

 

Figure 4.1 Hepatic injury in foz/foz mice with NASH is associated with hepatocellular 

activation of JNK1/2, and is reversed by ezetimibe and atorvastatin treatment. 

 (A) After 24 weeks of HF (0.2% cholesterol) feeding, livers from obese, diabetic foz/foz mice 

with NASH showed pJNK1/2 activation in hepatocyte nuclei (arrows). This activation correlated 

with both hepatic FC content and NASH severity (Van Rooyen et al. 2013), (B) both of which 

were reversed following ezetimibe (Eze) and atorvastatin (Atv) treatment for 8 weeks. 

Improvement in NASH severity was accompanied by significant reductions in hepatic FC 

content (Van Rooyen et al. 2013). Bars represent 20 µm. A and B are representative liver 

sections from a group of animals (n=8-9/grp, as published [Van Rooyen et al. 2013]). 

 

4.1.2.1  JNK isoforms  

In the last decade, researchers have become aware of the diverging roles of JNK1 and 

JNK2 isoforms in pathogenesis of metabolic disease and NASH. Both JNK1 and JNK2 

can cause insulin resistance by phosphorylation of insulin receptor substrate (IRS)-1 and 
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IRS2, respectively at Ser-307 (see Figure 4.20) and Thr-348. This results in 

inhibition of insulin receptor signalling (Solinas et al. 2006, Kodama et al. 2009). On 

the other hand, JNK1 causes steatosis (Kodama et al. 2009). Thus, in whole animal 

experiments, Jnk1
-/- 

but not Jnk2
-/-

 animals on MCD diet were protected from liver 

injury (Schattenberg et al. 2006). Similarly, when put on HFD, Jnk1
-/-

mice were 

protected from liver injury, obesity and insulin resistance (IR) (Hirosumi et al. 2002, 

Singh et al. 2009). On the other hand, Jnk2
-/-

 mice, like WT mice, exhibited obesity, 

insulin resistance and hepatocyte injury on HFD (Singh et al. 2009).  

 

Interestingly, livers from Jnk2
-/-

 mice have greater overall JNK activity, indicating the 

possibility that JNK1 overcompensation could contribute to insulin resistance and liver 

injury (Singh et al. 2009). Such an effect of JNK1 overcompensation was confirmed in 

Jnk2
-/-

 mice with JNK1 haploinsufficiency (Jnk2
-/-

Jnk1
+/-

, produced by crossing Jnk1
-/-

 

with Jnk2
-/-

 mice); these animals were less obese, and had reduced hepatic steatosis and 

increased insulin sensitivity after 16 weeks of HFD (Tuncman et al. 2006). It is of 

considerable interest that other studies have demonstrated that JNK1 can phosphorylate 

c-Jun, thereby activating its transcriptional activity, whereas JNK2 does not 

phosphorylate c-Jun, and may even oppose the action of JNK1 in this respect 

(Sabapathy et al. 2004, Sabapathy and Wagner 2004, Singh et al. 2009).  

 

4.2       Purpose of study: hypotheses and aims  

As described in Chapter 3 (Section 3.5), lipotoxicity of hepatocytes is a form of cellular 

injury and cell death caused by toxic lipid species or their metabolites. This is now a 

widely accepted concept for NASH pathogenesis (Larter et al. 2010, Neuschwander-

Tetri 2010, Cusi 2012). SatFFA can cause apoptosis in hepatocytes through the 

activation of JNK1 and the p53 mediator of apoptosis (PUMA) and Bax (Cazanave et 

al. 2009, Cazanave et al. 2010, Sharma et al. 2012). However, lipodomic analyses from 

both human and mice NAFLD livers showed that FC, and not satFFA, is the 

distinguishing differentiation in lipid species between livers showing NASH and those 

with simple steatosis (Puri et al. 2007, Caballero et al. 2009, Van Rooyen et al. 2011).  

 

In the previous Chapter, it was demonstrated that FC is lipotoxic to primary 

hepatocytes, as evident by increased supernatant ALT and LDH leakage, and 

hepatocellular apoptosis and necrosis. Since such lipotoxicity appeared to be related to 
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JNK1/2 activation in our in vivo mouse model of metabolic obesity (discussed 

above), we sought to determine how FC may activate JNK and the implications of this 

for cell survival, in particular focusing on mitochondrial and ER stress pathways.  

 

We hypothesised that JNK1 activation is necessary for FC-mediated liver injury, and 

that mitochondrial injury and ensuing activation of cell death pathways play a crucial 

role in this process.  The specific aims of this Chapter are detailed below. 

 

4.2 Aims of this Chapter: 

1. Elucidate pathways responsible for FC-induced hepatocyte injury, in particular 

the role (if any) of JNK1 and -2. 

2. Determine whether silencing of JNK1 or -2 gene expression, using gene-deleted 

mice, confers protection to hepatocytes exposed to increasing levels of 

cholesterol. 

3. Determine whether JNK inhibition with potent, specific agents confers hepato-

protection from FC-induced liver injury and death. 

4. Establish the effect that FC accumulation may have on mitochondrial integrity. 

5. Test whether oxidative stress and ER stress play discernible roles in FC-induced 

injury to hepatocytes. 
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4.3 Methods 

4.3.1 Mice and diets 

Female foz/foz NOD.B10 mice were fed HF/HC-diet (containing 0, 0.2 or 2.0% [w/w] 

cholesterol) for 24 weeks. Details pertaining to experimental conditions and dietary 

composition have been outlined in previous experiments conducted in the host 

laboratory (Van Rooyen et al. 2011). The studies of liver tissues were from experiments 

reported by the host laboratory (Van Rooyen and Farrell 2011, Van Rooyen et al. 2013). 

Mice were maintained as described in Section 2.4. At termination of experiments, livers 

were harvested and stored at –80°C until ready for use. JNK1 activation was assessed 

by WB (using JNK1-specific antibody), and IHC for phospho-JNK1/2 (the antibody 

used detects both isoforms), as described by Van Rooyen (2011). See Table 2.1 for 

antibody conditions.  

 

To determine which JNK isoform mediates cell injury and death in FC-loaded 

hepatocytes, we used primary hepatocytes derived from lean female WT, Jnk1
-/-

 and 

Jnk2
-/-

 mice, all on C57Bl/6J background. WT C57Bl/6J mice were from ANU 

Phenomics Research Facility, while Jnk1
-/-

 and Jnk2
-/-

 mice (on C57Bl/6J background) 

were kindly provided by Dr David Nikolic-Paterson (Monash Medical Centre, Clayton, 

Victoria). Experimental animals were generated by crossing homozygous Jnk1
-/-

 and 

Jnk2
-/-

 with WT to produce Jnk1
+/-

 and Jnk2
+/-

 mice, then crossing the generated 

heterozygotes to produce both homozygous knockouts and WT littermates.  

 

4.3.1.1 Reagents 

Materials for primary hepatocyte isolation were as detailed in Section 2.5.1. Reagents 

used specifically in this Chapter are detailed below. 

 

30 mM JNK inhibitor stock solutions (Chapter 2, Section 2.2). CC-401 (30.86 mg), CC-

930 (30.55 mg) and CC-003 (30.23 mg) were dissolved in 2.65 mL, 2.27 mL and 2.77 

mL respectively of 100% DMSO to achieve stock concentration of 30 mM. This was 

aliquoted into light protected Eppendorf containers and stored at –20°C until ready for 

use. In cell-based assays, IC50 values for phospho-c-Jun inhibition of CC-401 and CC-

930 are at 1–5 µM and 1 µM respectively (Ma et al. 2007, Lim et al. 2011). CC-401, 

CC-930 and CC-003 have increasing potency and specificity for JNK1 blockade 

(Brydon Bennett, Celgene Inc, Personal communication, September 2014). However, 
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since no studies have been done using this class of JNK inhibitors in primary murine 

hepatocytes, we sought to establish optimal cytoprotective concentrations for each 

compound in FC-loaded primary hepatocytes (See section 4.4.1 for results). We used 1, 

2, 5 and 10 µM inhibitor concentrations and determined cell death by apoptosis and 

necrosis (Figure 4.8).  

 

4.3.1.2 Procedures 

Primary hepatocytes were isolated as described in Section 2.5. They were then seeded 

onto rat-tail collagen-coated culture plates at ~6.5 X 10
4
 viable cells/cm

2
 and incubated 

at 37°C in 5% CO2 and ~70% relative humidity. At 4 h, dead cells and debris were 

removed by washing with warm HBSS before adding JNK inhibitors. Initially different 

concentrations (1, 2, 5 and 10 µM) were used to determine whether compounds 

displayed cytotoxicity. Later experiments used only 1 and 2 µM inhibitor 

concentrations. At 8 h post seeding, 40 µM LDL was added to load hepatocytes with 

FC. Control groups received no LDL supplementation. Similarly, cyclosporin A (CyA) 

(10 µM), pancaspase inhibitor (50 µM), caspase 3/7 inhibitor (1 µM), and 4-

phenylbutyric acid (4-PBA) (500 µM) were added to culture media after washing, then 

40 µM LDL was supplemented to the media at 8 h. Supernatants were sampled for ALT 

and LDH immediately prior to terminating experiments at 24h post seeding.  

   

Cells were harvested and RNA (Section 2.9.1), as well as total, nuclear, mitochondria 

and cytoplasmic (mitochondria-free) protein fractions were isolated (Sections 2.10.1, 

2.10.2, 2.10.3, respectively). These samples were used for cDNA synthesis, real-time 

PCR and western blotting, as described in Sections 2.9.2, 2.9.3, and 2.13, respectively).  

 

For immunofluorescence studies, cells were grown on 4 chamber Thermanox® plastic 

slides (Nunc, Roskilde, Denmark) then washed with ice-cold PBS, before fixation with 

3.7% PFA (v/v). Slides were then stored at 4°C in PBS, prior to immunofluorescence 

studies (Section 2.15).  

 

Primary and secondary antibodies and primers used in this study are detailed in Tables 

2.1, 2.2 and 2.4, respectively.  

 

LDH was quantified in culture supernatant as described in Section 2.15, using a 
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commercially available kit, Cytotox 96© non-radioactive cytotoxicity assay 

(Promega, Madison, WI). Culture supernatant ALT was analysed by automated 

techniques (Clinical Chemistry Department, The Canberra Hospital).   

 

4.3.2 Evaluation of cellular oxidative stress 

As discussed earlier (Section 4.1.1), oxidative stress occurs when endogenous cellular 

antioxidant defence capacity is overwhelmed by pro-oxidant factors, resulting in tissue 

and cellular damage (da Silva et al. 2010). Since oxidative stress has been implicated 

strongly in NASH pathogenesis, and FC has been identified as an important lipid 

species that accumulates in NASH livers, we utilised our in vitro system to test if FC led 

to cell death and JNK activation through oxidative stress pathways. One method to 

evaluate oxidative is using dihydrodichlorofluorescein diacetate (H2DCF-DA). 

 

4.3.1.3 2’,7’-dichlorofluorescein (DCF) as measure of oxidative stress generated 

from release of mitochondrial cytochrome c into cytosol 

Following passage through the plasma membrane, the lipophilic H2DCF-DA is de-

esterified to a hydrophilic alcohol, dihydrodichlorofluorescein (H2DCF). H2DCF can 

cross the outer mitochondrial membrane where it distributes between cytosol and the 

mitochondrial intermembranous space, creating a weak cytosolic and somewhat 

stronger mitochondrial fluorescence that indicates oxidation to 2’,7’-DCF. This weak 

fluorescence, often interpreted as background/negative DCF test, is the result of normal 

mitochondrial H2O2 production, the presence of cytochrome c in the mitochondrial 

intermembranous space and minute amounts of labile iron being transported through the 

cytosol (Karlsson et al. 2010). Therefore, ROS generated in normal functioning 

mitochondria alone are not adequate to give rise to strong cytosolic 2’,7’-DCF 

fluorescence. Instead, this process also requires the simultaneous presence of the 

following elements in the cytosol: 

1) Hydroxyl radicals formed during a Fenton-type reaction, H2O2 and H2DCF, or 

2) Cytochrome c and H2DCF (Karlsson et al. 2010). 

 

The presence of cytochrome c in the cytosol is required to catalyse the enzymatic 

conversion of H2DCF to 2’,7’-DCF. We therefore used DCF fluorescence as an indirect 

measurement of ROS generated due to release of cytochrome c from mitochondria to 

cytosol, using the method described below.  
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4.3.2.1.1 Reagents 

5mM H2DCF-DA stock solution. H2DCF-DA (20 mg) was dissolved in 100% ethanol 

(20.6 mL). Solution was aliquoted and stored at –20°C (light protected) until ready for 

use.  

 

4.3.2.1.2 Methods 

Methods for detecting 2’,7’-DCF fluorescence have been described by others (LeBel et 

al. 1992, Nieminen et al. 1997, Karlsson et al. 2010). Briefly, primary hepatocytes were 

seeded onto rat-tail collagen coated 96 well plates (Iwaki Sterilin, Staffordshire, UK) 

and 4 chamber plastic slides (Nunc, Roskilde, Denmark). After a 24-hour experiment, 

cultured hepatocytes were loaded (10 µM H2DCF-DA made from stock in warm 

William’s E media, and incubated at 37°C for 30-50 min in the dark). Following this, 

the 96 well plates were washed with warm PBS, then fluorescence quantified by 

fluorometric analysis (excitation wavelength 492 nm, emission wavelength 530 nm) 

using a FLUOstar OPTIMA plate reader. Hepatocytes grown on 4 chamber slides were 

similarly treated, then images captured using an Olympus IX70 microscope fitted with a 

colour camera (Olympus, Wendenstrasse, Hamburg, Germany) that contained a 520 nm 

band filter. 

  

4.3.2.2 Reduced glutathione (GSH) and glutathione disulfide (GSSG) 

Glutathione (Figure 4.2) is present in all mammalian cells, typically at millimolar 

concentrations (physiological range: 0.5-10 mM) (Baker et al. 1990, Will et al. 1999). 

In the liver, concentrations are 4-8 mM, with nearly all the glutathione in its reduced 

form, and <5% as glutathione disulfide (GSSG) (Will et al. 1999). GSH is an important 

redox regulator, playing a prominent role in free radical scavenging, reducing 

disulphide bonds, protecting cysteines from irreversible oxidation, and in detoxification 

of various electrophilic metabolites of xenobiotics (Lauterburg et al. 1984, Lauterburg 

et al. 1984, Baker et al. 1990, Will et al. 1999, Kojer et al. 2012). During these 

processes, GSH is oxidised to GSSG, while its targets are kept in the reduced state (Will 

et al. 1999, Kojer et al. 2012).  
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Figure 4.2 Structure of reduced glutathione, GSH  

Adapted from Will et al. (Will et al. 1999). 

 

Although most GSSG generated intracellularly is reduced by glutathione reductase to 

GSH in an NADPH-dependent process (Figure 4.3) (Droge 2002), during oxidative 

stress a substantial quantity of GSSG is secreted into bile and blood, thus creating a net 

loss of glutathione from the liver (Adams et al. 1983, Lauterburg et al. 1984, 

Lauterburg et al. 1984). As alluded to earlier, oxidative stress occurs due to an 

imbalance between production and detoxification of free radicals and other pro-oxidant 

molecules, which can be either exogenous or endogenous in origin. Exogenous stresses 

can be caused by pollutants, pesticides, drugs, and ionising radiation. Conversely, 

endogenous oxidative stress results primarily from mitochondrial electron transport 

failure (e.g. in mitochondrial injury), ischemia-reperfusion or induction of pro-oxidant 

enzymes (Will et al. 1999).  

 

With this in mind, we assayed at GSH and GSSG levels in FC-loaded primary 

hepatocytes to establish the presence of oxidative stress. We used a commercially 

available kit (Cayman, Anne Arbor, MI), which employs an enzymatic recycling 

method whereby glutathione reductase is used to quantify GSH. The sulfhydryl group of 

GSH (Figure 4.2) reacts with 5,5’-dithio-bis-2-nitrobenzoic acid or Ellman’s reagent 

(Eyer and Podhradsky 1986) (DTNB) to produce a yellow coloured (5-thio-2-

nitrobenzoic acid [TNB]) product. The mixed disulfide that is produced (GSTNB) is 

then reduced by glutathione reductase back to GSH, which produces more TNB in the 

process. The rate of TNB production is directly proportional to this recycling reaction, 

which is in turn proportional to the concentration of GSH in the sample. GSSG 

measurements can be obtained using the kit, since GSSG is produced at an identical rate 

during the DTNB reduction as GSH. Therefore, GSSG can be measured after all GSH 

has been removed from solution (Baker et al. 1990).  
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Figure 4.3 Pathways of ROS production and clearance.  

Superoxide anion (O2
.-
) is formed by univalent reduction of triplet-state molecular oxygen 

(
3
O2). This process is mediated enzymatically by NADPH oxidases and xanthine oxidase, or 

non-enzymatically by redox-reactive compound like semiubiquinone, a component of the 

mitochondrial electron transport chain. SODs then convert superoxide enzymatically to H2O2 

and singlet oxygen (
1
O2). In the presence of reduced divalent transition metals (ferrous or 

copper ions), H2O2 can be converted to: 1) highly reactive hydroxyl radical (
.
OH), or 2) water 

by catalase activity or GSH peroxidase reactions. In the latter process, GSH is oxidised to 

GSSG and subsequently converted back to GSH immediately through the consumption of 

NADPH.  Image adapted from Dröge (2002). 

Abbreviations: GSH, glutathione; GSSG, glutathione disulphide; H2O2, hydrogen peroxide; 

H2O, water; O2, oxygen; O2.-, superoxide; NADP, nicotinamide adenine dinucleotide 

phosphate; NADPH, reduced NADP. 

 

4.3.2.2.1 Reagents 

Cayman’s GSH assay kit was purchased commercially. It required further purchase of 

other reagents for GSSG and GSH determinations. All ingredients were prepared fresh 

prior to use.  

 

Reagents provided with the kit: 

GSH MES Buffer 2X (0.4 M 2-[N-morpholino]ethanesulphonic acid, 0.1 M phosphate, 

2 mM EDTA, pH 6.0). This buffer was reconstituted with distilled water (60 mL) prior 

to use.  
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GSSG Standard (25 µM GSSG in MES buffer). This reagent was supplied with the kit 

and requires no further modification.  

 

GSH co-factor mixture (powder NADP
+
, glucose-6-phosphate). This reagent was 

reconstituted in distilled water (500 µL). 

 

GSH enzyme mixture (glutathione reductase, glucose-6-phosphate dehydrogenase). 

Diluted MES buffer (2 mL) was added to the vial.  

 

GSH DTNB (Ellman’s reagent). Vial was reconstituted with distilled water (500 µL).    

 

1.25 M of Metaphosphoric acid (MPA). MPA (5g) was dissolved in distilled water (50 

mL). This reagent, when combined with TEAM, deproteinates samples to prevent 

contamination from sulfhydryl groups.  

 

4 M Triethanolamine (TEAM) reagent. TEAM (531 µL) was dissolved with distilled 

water (469 µL). The TEAM reagent deproteinates samples by increasing pH, and can be 

used to assay total glutathione (i.e. reduced and oxidised glutathione).  

 

1 M 2-vinylpyridine. 2-vinylpyridine (108 µL) was diluted in 100% ethanol (892 µL). 

2-vinylpyridine was used to conjugate GSH (therefore removing it from samples) before 

residual GSSG was assayed with the glutathione cycling assay kit (Baker et al. 1990).  

 

4.3.2.2.2 Methods 

GSH and GSSG in cell culture samples were determined as reported elsewhere (Baker 

et al. 1990, Blackburn et al. 1999). Briefly, primary hepatocytes were isolated as 

described (Section 2.5) and seeded onto 55 cm
2
 culture dishes at density of ~6.5 x 10

4
 

viable cells/cm
2
. After 24 hours, experiments ware terminated. Cells were washed with 

ice-cold PBS, then gently scraped off and resuspended in cold PBS (10 mL) before 

centrifugation (5 min, 2,000 x g, 4°C). The isolated pellet was then resuspended 

immediately in cold MES buffer (500 µL) and sonicated (60 sec). Following sonication, 

samples were further centrifuged (15 min, 10,000 x g, 4°C) and supernatant transferred 

immediately to ice. The supernatant from the samples was then deproteinated by 
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addition of MPA. Solutions were vortexed and allowed to stand (5 min, RT) before 

centrifugation (2 min, 5,000 x g, RT). Supernatants were carefully collected before 

addition of TEAM reagent (50 µL).  For GSSG assay, 2-vinylpyridine (10 µL) was 

added to sample (1 mL), prior to vortexing and incubation (60 min, RT). The 

glutathione assays was then performed, using provided GSSG standard for both total 

glutathione and GSSG determination. The absorbance was measured at 405 nm using 

FLUOstar OPTIMA plate reader (5 min intervals over 30 mins). GSH and GSSG 

concentrations were normalised to mg protein content, as determined using a 

commercial kit (DC™ Protein Assay, Bio-Rad, Hercules, CA) (Section 2.11.2). 

 

4.3.3 Assessment of mitochondrial permeability pore (MPT) and cellular ATP 

We previously discussed (Chapter 1 Section 1.4) that the principal function of the 

mitochondria in generation of cellular energy, with more than 90% of ATP being 

produced by mitochondria in heart, brain, liver and kidney (Nieminen 2003). ATP 

generation involves interplay between three dynamic energy types: redox, 

electrical/osmotic and chemical energy.  

 

In the mitochondrial matrix (Figure 4.4), the citric acid/TCA cycle breaks down acetyl 

CoA (derived from glycolysis of pyruvate, malate and succinate; amino acid 

breakdown; and β-oxidation of FFA) to generate CO2. In the process, this reduces 

NAD
+
 and FAD

2+
 to NADH and FADH2, respectively. NADH and FADH2 then donate 

electrons to the respiratory chain. This consists of multiple coupled enzyme complexes, 

designated Complex I (NADH dehydrogenase), Complex II (succinate dehydrogenase), 

Complex III (ubiquinol cytochrome c reductase), and Complex IV (cytochrome c 

oxidase) (Pessayre and Fromenty 2005). The transfer of electrons down the respiratory 

chain, ultimately to oxygen, gives rise to protons, which, when transferred across the 

inner mitochondrial membrane, create a proton gradient known as the mitochondrial 

membrane potential (ΔΨm). ΔΨm is estimated to be ~150-180 mV more negative than 

cytosol (Bernardi 1999, Bernardi et al. 1999, Nieminen 2003, Duchen 2004, Duchen 

2004, Pessayre and Fromenty 2005). This negative force underpins the production of 

ATP, which is driven by movement of protons down this gradient, driving the turbines 

of the F1-F0-ATP synthase to phosphorylate ADP and thereby generate ATP. ATP is 

then exported into cytosol by adenosine nucleotide translocase (ANT) for use by the 

cell.  
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As well as driving ATP production, ΔΨm also drives calcium accumulation into the 

mitochondrial matrix. The calcium influx pathway involves an electrogenic uniporter, 

which carries calcium into mitochondrial matrix down an electrochemical potential 

gradient whenever the concentration of extra-mitochondrial calcium rises. The 

accumulated (excess) calcium inside the mitochondrial matrix is then removed through 

the action of a Na
+
/Ca

2+
 exchanger. Mitochondrial calcium uptake (and release) may 

impact on cellular ionic calcium signalling by affecting a fixed spatial buffering system, 

removing local calcium, hence regulating calcium-dependent processes (Duchen 2004, 

Duchen 2004). 

 
Figure 4.4.  Mitochondria oxidative metabolism and energy production. 

In the mitochondrial matrix, the TCA cycle catabolises acetyl CoA derivatives from pyruvate, 

malonate, succinate, long chain FFA (following β-oxidation), and amino acids to generate 

NADH and FADH2. These intermediates transfer electrons to the mitochondrial respiratory 

chain. The flow of electrons down the mitochondrial respiratory chain complexes (I, II, III and 

IV) results in extrusion of protons from the mitochondrial matrix, effectively creating an 

electrochemical proton gradient. This can be expressed as the mitochondrial transmembrane 

potential (ΔΨm), which is ~150 mV–180 mV negative to cytoplasm. In turn, by providing a 

negative gradient, which allows protons (through F1-F0 ATPase channel) and calcium influx into 

mitochondrial matrix, ΔΨm is important for ATP synthesis and calcium accumulation (Nieminen 

2003, Duchen 2004, Pessayre and Fromenty 2005).  

Abbreviations: ΔΨm, mitochondrial transmembrane potential; ANT, adenine nucleoside 

translocase; Cyt c, cytochrome c; TCA, tricarbocylic acid cycle; VDAC, voltage-dependent 

anion channel. 
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Mitochondrial permeability transition (MPT) is a large conductance pathway/pore in the 

inner mitochondrial membrane, probably generated in response to alterations in 

conformation of membrane proteins that normally perform other functions. These could 

include the ANT (ATP export into cytosol) and possibly voltage-dependent anion 

channels (Ca
2+

 influx into mitochondrial matrix) that is located in the outer membrane. 

MPT seems to be found at contact sites between the inner and outer mitochondrial 

membranes, where the voltage-dependent anion channel and the ANT are concentrated 

(Nieminen 2003, Duchen 2004). Cyclophilin D (the binding site for cyclosporine A 

[Cya]), is associated with the MPT pore complex; blocking MPT opening with CyA 

inhibits cell killing (shown later in Results).  

 

A major consequence of MPT is mitochondrial uncoupling with collapse of all electrical 

and chemical gradients and ΔΨm depolarisation. This allows large amplitude 

mitochondrial swelling. It has been suggested that MPT plays an important role in some 

forms of apoptotic cell death – pore opening causes mitochondrial swelling, unfolding 

of mitochondrial respiratory chain proteins with release of cytochrome c into 

intermembranous space; subsequent rupture of outer membranes releases cytochrome c 

into cytosol. If the pore opens irreversibly, cells will die because the mitochondria 

cannot maintain transmembrane potential, so failing to generate ATP, or they start to 

actively consume ATP by reversal of the F1-F0-ATP synthase; such loss of ATP leads to 

necrotic cell death (Nieminen 2003, Duchen 2004).   

 

4.3.3.1 Tetramethylrhodamine methyl ester labelling of mitochondria 

In order to monitor loss of ΔΨm, which occurs as a consequence of MPT, we used a 

cationic, mitochondrial-selective dye, tetramethylrhodamine methyl ester (TMRM). 

Polarised mitochondria (where the interior is more anionic) accumulate more of the 

positively charged TMRM dye. Since ΔΨm is lost following MPT, releasing 

cytochrome c into the cytosol, we used such loss of TMRM fluorescence to indicate the 

loss of ΔΨm that follows MPT and cytochrome c release. It is important to note that 

MPT opening is always followed by ΔΨm depolarisation, but ΔΨm depolarisation does 

not always lead to MPT (Bernardi 1999, Nieminen 2003). Therefore, measuring  ΔΨm 

alone may not be the best way to assess MPT.  It is desirable to also determine directly 

mitochondrial loss of cytochrome c into cytosol. This will be discussed later.  
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4.3.3.1.1 Reagent 

2.11 mM TMRM stock. TMRM (10.6 mg) is dissolved in DMSO (10 mL). Solution 

was aliquoted and stored at –20°C (light protected) until ready for use.  

 

4.3.3.1.2 Methods 

The methods for TMRM mitochondrial loading is as described (Chazotte 2011, 

Chazotte 2011).  

 

Briefly, following aspiration of culture media and washing of cells once with warm 

PBS, hepatocytes were loaded with TMRM by incubating (20 min, 37°C, dark) with 

warm William’s E culture media containing 600 nM TMRM made from stock. 

Following this, the TMRM labelling media was removed and cells immersed in 150 nM 

TMRM to maintain equilibrium of distribution of fluorophobe. TMRM-emitted 

fluorescence was then quantified (excitation wavelength 543 nm, emission wavelength 

565-615 nm) using a FLUOstar OPTIMA plate reader; images were captured using an 

Olympus IX70 microscope fitted with 590/50 nm band filter. Unfortunately, overlays of 

DCF/TMRM pictures could not be produced because TMRM is a metachromatic 

fluorophobe that provides both red and green fluorescence when activated by laser, and 

green fluorescence is much stronger than that of DCF in control cells (Karlsson et al. 

2010). 

 

4.3.3.2 Measurement of cellular ATP  

Reduced hepatic levels of ATP homeostasis have been reported in human NASH livers 

(Cortez-Pinto et al. 1999, Cortez-Pinto et al. 1999). We therefore sought to determine if 

cellular ATP production is impaired in FC-loaded primary hepatocytes. To do this, 

intracellular ATP was measured using a commercially available kit that quantifies ATP 

using firefly luciferase and its substrate, D-luciferin (Molecular Probes
TM

, Eugene, OR). 

This assay is based on the requirement of luciferase for ATP to produce light emission 

(emission maximum ~560 nm at pH 7.8) from the reaction: 
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4.3.3.2.1 Reagents 

Reagents provided with the kit and made up as per manufacturer’s instructions: 

D-luciferin, luciferase solution (40 µL of 5 mg/mL luciferase in 25 mM Tris-acetate, pH 

7.8, 0.2 M ammonium sulfate, 15% [v/v] glycerol, 30% [v/v] ethylene glycerol), 100 

mM DTT, ATP (400 µL of 5 mM solution in TE buffer), 20X reaction buffer (500 mM 

Tricine buffer, pH 7.8, 100 mM MgSO4, 2 mM EDTA and 2 mM sodium azide).  

 

Cell lysis buffer (150 mM NaCl, 50 mM Tris pH 7.5, 1% [v/v] Triton 100X, 1% [m/v] 

SDS, 1% [m/v] sodium deoxycholate). The following were dissolved in distilled water 

(250 mL), NaCl (2.19 g), Tris (1.52 g), Triton 100X (2.5 mL), SDS (0.25 g) and sodium 

deoxycholate (2.5 g).  

 

0.1 mM Tris acetate. In distilled water (500 mL), Tris (6.1 mg) and sodium acetate (4.1 

mg) were dissolved and mixed well.  

 

4.3.3.2.2 Methods 

Methods for determining cellular ATP in cultured cells were adapted from those 

previously described for ATP measurement in whole liver lysate (Evans et al. 2008).  

 

Briefly, hepatocytes were obtained from WT C57Bl/6J mice as previously described in 

Section 2.5. In order to obtain adequate samples, cells were seeded onto 55 cm
2
 culture 

plates in triplicate (per intervention group) (40 vs 0 µM LDL). To determine the point at 

which ATP depletion occurs, cells were harvested at 6 hourly intervals, as follows. 

Cells were washed with ice-cold PBS, then centrifuged (2 min, 1,000 x g, 4°C) before 

pellets were snap-frozen in liquid nitrogen and stored at –80°C until ATP analysis. To 

analyse ATP, an ATP standard curve was generated by reading the luminance from a 

series of ATP concentrations (each diluted from ATP kit stock). Thawed samples were 

then added to ice-cold cell-lysis buffer before pellets were subjected to ultrasound 

sonication (60 sec). Homogenates were transferred into fresh Eppendorf tubes before 

adding 1.5% tricholoroacetic acid (ATPase inhibitor). These solutions were then boiled 

(3 min, 100°C) before centrifugation (5 min, 16,000 xg, 4°C). Supernatants were 

collected and diluted 1:50, 1:30 and 1:20 in 0.1 mM Tris acetate. Luciferin-luciferase 

solution was then added to each sample to start the reaction. ATP concentrations were 
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immediately measured using FLUOstar OPTIMA plate reader (emission wavelength 

~560 nm). For normalisation between samples, total cellular protein from each sample 

was determined using commercial kit (DC
™

 Protein Assay, Bio-Rad, Hercules, CA) as 

previously described in Section 2.11.2. 

 

4.3.4 Assessment of mitochondrial ultrastructure using transmission electron 

microscopy     

In 1977, Petersen reported findings of swollen mitochondria in diabetic, obese patients 

with fatty liver disease (Petersen 1977, Petersen 1977). Subsequently, other researchers 

confirmed these changes, and found that, compared to control and  NAFLD patients 

without NASH, NASH livers have swollen, round (mega-) mitochondria, with stacks of 

linear intra-mitochondrial crystalline inclusion bodies and some loss of cristae 

(Caldwell et al. 1999, Sanyal et al. 2001, Caldwell et al. 2009). We used TEM to 

ascertain if similar mitochondrial changes are present in FC-loaded primary 

hepatocytes.  

 

4.3.4.1 Reagents 

All TEM reagents were prepared, as described in Section 3.3.6. 

 

4.3.4.2 Methods  

TEM methodology is detailed in Section 3.3.6. 

 

4.3.5 Statistics  

Statistical analyses were carried out as described in Section 2.16. 

 

4.4 Results 

4.4.1 JNK1 is essential for FC lipotoxicity to hepatocytes 

In Chapter 3, the earlier finding that hepatic FC level is elevated in foz/foz mice with 

NASH but not SS was discussed (Van Rooyen et al. 2011). More recently, it was shown 

that in these obese mice with NASH, JNK1/2 activation correlated with such FC 

deposition (Figure 4.1) (Van Rooyen et al. 2013), while pharmacological lowering of 

hepatic FC (with combination ezetimibe [5 mg/kg] and atorvastatin [20 mg/kg]) 

abolished such JNK activation (Figure 4.1), in association with improved serum ALT, 

liver inflammation and less apoptosis (Van Rooyen et al. 2013). In Chapter 3 we 
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demonstrated that FC could be loaded successfully into WT primary murine 

hepatocytes (on C57B6/J background) by incubating them with increasing 

concentrations of LDL (20–40 µM) (Figure 3.2D). Such FC loading caused 

hepatocellular lipotoxicity manifest as cell injury (LDH and ALT leakage) and death by 

both apoptosis and necrosis. The latter findings were especially pronounced at 40 µM 

LDL concentration (Figure 3.4). Earlier in vitro studies by Gregory Gores et al. showed 

that hepatocyte lipotoxicity from satFFA (palmitate) involves a JNK1-dependent 

process (Cazanave et al. 2009), likely through generation of lipid metabolites such as 

one of the lipid species (besides FC) shown to be elevated in human NASH (but not SS) 

livers, lysophosphatidylcholine (LPC) (Caballero et al. 2009, Kakisaka et al. 2012, 

Kakisaka et al. 2012).  

 

We first revisited FC-loaded livers from foz/foz mice with NASH (Van Rooyen et al. 

2011, Van Rooyen et al. 2013), and confirmed that the observed activation of JNK1/2 

(Figure 4.1A) was associated with downstream phosphorylation of nuclear c-Jun 

(Figure 4.5A). As for the earlier observations of increased JNK1/2 phosphorylation, this 

increase in c-Jun correlated closely with hepatic FC content (Figure 4.5B).  

 

 

Figure 4.5 Livers from foz/foz mice with NASH show increase nuclear expression of 

phospho-c-Jun that is proportional to hepatic FC content.  

After 24 weeks of HF/HC diet, foz/foz mice with NASH (Van Rooyen et al. 2011) but not 

similarly treated WT controls with SS, show (A) increased activation of c-Jun (shown by 

nuclear p-c-Jun) vs WT. (B) In foz/foz mice with NASH, this increased c-Jun activation is 

associated with increased liver FC content. Mice *P<0.05, vs genotype-matched, 0% dietary 

cholesterol group. †P<0.05, vs dietary-matched, WT control. Data represent mean ± SEM. 

Data from panels A and B represent ~9 animals/group.  
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Subsequent experiments involved incubation of primary hepatocytes with 40 µM 

LDL for 24 hours. This intervention caused significant (P<0.05) phosphorylation of the 

46 kDa JNK1/2 protein (Figure 4.6A,B) and a substantial increase in phosphorylation of 

JNK1 (Figure 4.6C). Such JNK1 phosphorylation was associated increased JNK1 

activity, as evident by phosphorylation of hepatocellular phospho-c-Jun (Figure 4.6D). 

Specifically, increased nuclear phospho-c-Jun was identified both by WB and 

immunofluorescence (Figure 4.6E,F), reflecting upstream JNK1 activation. These data 

indicate that the in vitro system of loading primary hepatocytes with FC recapitulates 

the findings for JNK activation, and specifically JNK1 activation, as observed in mice 

with NASH.  

 

Interestingly, after only 2 hours of exposure to 40 µM LDL, WT primary hepatocytes 

exhibit significantly (P<0.05) increased cell death by apoptosis (Figure 4.7A), before 

LDH leakage was apparent, or cell death by necrosis (Figure 4.7A). This apparent FC-

induced apoptotic cell death was associated with an increase in the 54 kDa (but not the 

46 kDa) JNK1/2 isoform phosphorylation (Figure 4.7B), and downstream 

phosphorylation of c-Jun, reflecting JNK activation (Figure 4.7B). This suggests that, at 

this early time point, the increase in phospho-JNK1/2 is attributable to higher molecular 

weight 54 kDa isoform (but not specifically JNK1), whereas later, the 46 kDa JNK1/2 

becomes activated to cause downstream c-Jun phosphorylation. The implication of this 

early increase in c-Jun phosphorylation with FC loading will be discussed later (Section 

4.6).  
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Figure 4.6 FC-loading of primary hepatocytes increases JNK1/2 activation, specifically 

JNK1 with downstream activation of p-c-Jun.  

(A) Cellular phospho-JNK1/2 protein in WT hepatocytes incubated with 0–40 µM LDL. (B) 

Immunofluorescence showing increasing 46 kDa phospho-JNK1/2 (green) fluorescence 

proportional to filipin (blue) fluorescence, indicating FC loading. (C) Use of JNK1-specific 

antibody indicates specificity of JNK1 activation in FC-loaded hepatocytes. Total 46 kDa 

panJNK (panel A and C) was used as loading control. (D) Hepatocellular c-Jun activation is 

evident with 40 µM LDL loading, (E) specifically, nuclear phospho-c-Jun, and (F) 

immunofluorescence (phospho-c-Jun [green] co-localises with nucleus [red]), shown by 

arrows. β-actin (panel A) and TATA box-binding protein, TBP (panel E) were used as loading 

controls for hepatocellular and nuclear phospho-c-Jun, respectively. *P<0.05, vs time-matched 

control receiving no LDL. Data represent mean ± SEM from n=4–6 pooled animals, with 4-6 

replicates/group. Bars represent 20 µm.  
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Figure 4.7 Two hours of incubation with 40 µM LDL causes hepatocellular apoptosis in 

association with phospho-c-Jun activation.   

(A) In WT hepatocytes, incubation with 40 µM LDL for 2 h caused cellular apoptosis, but was 

insuffient to cause LDH release or necrotic cell injury (see Figure 3.4, data for 24 hours). (B) 

Western blotting analysis revealed significant activation of 54 kDa phospho-JNK1/2 and 

phospho-c-Jun. JNK1 phosphorylation was not significantly increased following FC-loading. 

Total 54 kDa panJNK and pan-c-Jun were used as loading controls for 54 kDa phospho-JNK1/2 

and phospho-c-Jun western blot, respectively. Total 46 kDa panJNK was used as loading control 

for phospho-JNK1. *P<0.05, vs time-matched control receiving no LDL. Data are presented as 

mean ± SEM from n=4 pooled animals, with 10–32 replicates per treatment group for panel A, 

and 8 replicates per treatment group for panel B.  

 

As discussed earlier (Section 4.1.2), JNK activation has been implicated as a potential 

mechanism in the development of NASH. For example, HF diet causes obesity, insulin 

resistance and steatohepatitis in WT and Jnk2
-/-

, but not Jnk1
-/- 

mice (Hirosumi et al. 

2002, Singh et al. 2009). In biopsy-proven obese patients with NASH, there is increased 

phospho-JNK1/2 and increased JNK1-dependent PUMA phosphorylation, which is 

downstream of JNK1. This is not observed in obese patients with normal livers or those 

showing only SS (Cazanave et al. 2009). Further, c-Jun/AP-1 activation has been 

recently shown to be responsible for the development and progression in mice and 

human NASH (Dorn et al. 2014). To test whether JNK, specifically JNK1 activation is 

essential for FC-injury, two approaches were adopted in the present experiments, which 

were conducted for 24 h:  
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1. WT cells were pretreated with potent JNK inhibitors (CC-401, CC-930 

and CC-003 [Celgene, San Diego, CA]) prior to FC loading, and the 

effects on cell injury, apoptosis and necrosis were measured. 

2.  Jnk1
-/-

 and Jnk2
-/- 

primary hepatocytes were loaded with FC, and 

markers of cell injury and cell death compared to similarly loaded WT 

and Jnk2
-/-

 hepatocytes. 

 

The potent and specific inhibitors used to block JNK1 were CC-401, CC-930 and CC-

003 have been developed by Celgene (San Diego, CA) and are currently undergoing 

preclinical and early development. These compounds all competitively inhibit the ATP-

binding site of the active, phosphorylated, form of JNK, thereby preventing downstream 

phosphorylation of JNK target molecules, such as the amino terminus of c-Jun (Ma et 

al. 2007, Ma et al. 2009, Ma et al. 2009, Reich et al. 2012). CC-003 has been de-

identified as it is the first highly JNK1-specific inhibitor molecule to be developed by 

Celgene, and has yet to be approved for scientific publication.  

 

To establish optimal cytoprotective dose of the JNK inhibitors in FC loaded primary 

hepatocytes, concentrations of 1, 2, 5 and 10 µM of each inhibitor were assessed for 

protection against hepatocyte apoptosis and necrosis following 40 µM LDL exposure. 

In preliminary analyses, 1 µM CC-930 and CC-003 were both found to protect 

hepatocytes from FC-induced apoptosis (Figure 4.8A) and necrosis (Figure 4.8B) (see 

arrows). At 2 µM, CC-401 achieved similar protection (Figure 4.8A,B as indicated by 

arrows). Subsequent JNK inhibitor experiments were therefore performed using 1 and 2 

µM concentrations of CC-401, CC-930 and CC-003 added prior to cholesterol loading.  

 

We found that 1 and 2 µM concentrations of CC-401 and CC-930 decreased both 

hepatocellular apoptosis (Figure 4.9A) and necrosis (Figure 4.9B), despite evidence of 

FC loading as demonstrated by filipin blue fluorescence (Figure 4.9C). We also 

confirmed that 1 µM CC-930 effectively blocked phosphorylation of JNK1/2, as 

demonstrated by immunofluorescence (Figure 4.9C) and WB (Figure 4.9D). This 

activation specifically involved phospho-JNK1 activation as reflected by changes in 

phospho-c-Jun (Figure 4.9D).  
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Figure 4.8 Dose-dependents effects of JNK inhibitors CC-401, CC-930 and CC-003 on 

apoptosis and necrosis in FC-loaded hepatocytes.      

(A) Apoptosis, and (B) necrosis in WT primary hepatocytes pretreated with 1, 2, 5 and 10 µM of 

CC-401, CC-930 and CC-003 prior to loading with 40 µM LDL. Equivalent volumes of DMSO 

(vehicle) were used to dilute the JNK inhibitors. 1–2 µM of CC-401 and CC-930 conferred most 

cytoprotection from 40 µM LDL loading, whereas 5 µM gave minimal protection or caused 

cytotoxicity (increased cell death). 
#
P<0.05, vs dose-matched control receiving 40 µM LDL. Data 

are represented as mean ± SEM. Experiments are results from 3 pooled animals, repeated twice, 

with 6 replicates per treatment group, n=12/gp.   
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Figure 4.9  Specific JNK inhibitors abrogate FC-induced hepatocyte cell death.      

Potent JNK inhibitors (1–2 µM CC-401 or CC-930) lessen: (A) apoptosis, and (B) necrosis in 

FC-loaded hepatocytes, (C) despite similar FC loading shown by filipin fluorescence (blue). 1 

µM CC-401 and CC-930 blocked phospho-JNK1/2 phosphorylation as demonstrated by 

immunofluorescence (green), and (for CC-930 only) (D) levels of phospho-JNK1/2, more 

specifically phospho-JNK1 and phospho-c-Jun. Total 46 kDa panJNK (panel D) was used as 

loading controls for 46 kDa phospho-JNK1/2 and 48 kDa phospho-JNK1, and β-actin for 

phospho-c-Jun. *P<0.05, vs time-matched control receiving no LDL, 
#
P<0.05, vs time- and dose-

matched control receiving 40 µM LDL. Data in panels A, B and D are means ± SEM from 4 

pooled animals, with three replicates per treatment group and experiment repeated thrice, n=9/gp. 

Bars represent 20µm.  

 

Subsequently, Jnk1
-/-

, Jnk2
-/-

 and Wt hepatocytes were exposed to 40 µM LDL (Figure 

4.10). As determined by LDH leakage into culture media, Jnk1
-/- 

cells were completely 

refractory to FC-induced injury (Figure 4.11A). Further, Jnk1
-/-

 hepatocytes show no 

phosphorylation of JNK1 with increasing concentrations of LDL (Figure 4.11C) and no 

JNK1 activation, as reflected by c-Jun phosphorylation (Figure 4.11D). Conversely, 

Jnk2
-/- 

hepatocytes were just as susceptible to FC-induced apoptosis (Figure 4.11E) and 
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necrosis (Figure 4.11F) as Wt cells. At 40 µM LDL, Jnk2
-/-

 cells resembled Wt by 

also showing increased phosphorylation of JNK1/2, JNK1 and c-Jun (Figure 4.11G-I).  

 

 

Figure 4.10 Jnk1
-/-

 but not Jnk2
-/-

 hepatocytes are protected from FC-induced 

hepatocellular injury.  

Jnk1
-/-

 hepatocytes are protected from FC-induced injury, but LDH leakage was similar in Jnk2
-/-

 

and Wt hepatocytes exposed to 40 µM LDL. *P<0.05, vs genotype-matched control receiving no 

LDL exposure, †P<0.05, vs Wt (C57Bl/6) hepatocytes exposed to 40 µM LDL. Data are mean ± 

SEM of 4 pooled animals/gp with 8 replicates/treatment group, n=8/gp.  
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Figure 4.11 Jnk1
-/-

 but not Jnk2
-/-

 primary hepatocytes are protected from FC-induced cell 

death.     

Jnk1
-/-

 hepatocytes were protected from FC-induced: (A) apoptosis and (B) necrosis compared 

with Wt cells. As expected, Jnk1
-/-

 hepatocytes showed no change in expression of (C) 46 kDa 

phospho-JNK1/2 or (D) phospho-c-Jun. Total panJNK (panel C) and β-actin (panel D) were 

used as loading controls for phospho-JNK1/2 and hepatocellular phospho-c-Jun, respectively. 

Conversely, FC loading of Jnk2
-/-

 hepatocytes, as observed in Wt primary hepatocytes, induced 

hepatocellular (E) apoptosis, (F) necrosis and increased (G) 46 kDa phospho-JNK1/2, (H) 

phospho-JNK1 with downstream increase of (I) nuclear phospho-c-Jun protein. *P<0.05, vs 

control receiving no LDL, †P<0.05, vs treatment-matched, Wt control. Data represent mean ± 

SEM from 4–6 animals pooled together with a total of 4 replicates per group (n=4/gp).    
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4.4.2 FC-induced JNK activation leads to oxidative stress, mitochondrial 

injury and ATP depletion.  

Oxidative stress is one pathway by which FC can activate JNK (Hong et al. 2009). In 

this work, there was a direct correlation between hepatocellular FC content and ROS 

accumulation, as demonstrated by increased intensity of oxidised 2’,7’-DCF green 

fluorescence (LeBel et al. 1992, Karlsson et al. 2010) (Figure 4.12A, fluorescence 

images shown in Figure 4.12B). Oxidative stress was also evident by accumulation of 

oxidised glutathione (GSSG) with a reciprocal depletion of GSH (Figure 4.12C). When 

expressed as a ratio of GSSG:GSH, accumulation of oxidised glutathione was directly 

proportional to hepatocellular FC content (Figure 3.2D and 4.12D).  

 

In response to the generation of ROS, FC-loaded Wt hepatocytes showed increased 

expression of both Nrf1 and Nrf2 mRNA (Figure 4.13A,B,C). These genes are members 

of the “cap n collar” basic leucine zipper (CNC-bZIP) family responsible for activating 

antioxidant response elements (ARE) (Leung et al. 2003, Xu et al. 2005). The enzymes 

regulated by AREs include superoxide dismutases (SODs), catalase, glutathione 

peroxidase and glutathione S-transferases (Madamanchi et al. 2005, Madamanchi et al. 

2005, Nakano et al. 2006, Nakano et al. 2006). In the present work, there appeared to be 

a trend for an increased expression of SOD2, although the apparent change was not 

significant (Figure 4.13D). SOD2 has been shown to play a role in oxidant scavenging 

in protection against oxidative injury and atherogenesis (Madamanchi et al. 2005) and is 

one of the mitochondrial first line defense against generated ROS (Mari et al. 2013).  
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Figure 4.12 Effects of hepatocyte FC loading on ROS generation and oxidative stress.  

When exposed to 40 µM LDL, Wt but not Jnk1
-/-

 hepatocytes show cellular oxidative stress by 

2’-7’-DCF fluorescence intensity (A) by spectrofluorometric analysis, and (B) green 

immunofluorescence. (C) With increasing LDL concentrations, Wt hepatocytes show lowering of 

cellular anti-oxidant GSH levels (grey bars), with a reciprocal increase in oxidised glutathione, 

GSSG (black bars) (note different scales indicated on the two y-axes). (D) This resulted in a 

dose-dependent increase in oxidised:reduced glutathione (GSSG:GSH). *P<0.05, vs control 

receiving no LDL, †P<0.05, vs treatment-matched, Wt control. Data are mean ± SEM from 4–6 

animals pooled together, 4 replicates/gp, n=4-6/gp. Scale bars represent 50 µm.  

 

 

 



 135 

 

Figure 4.13 Nrf-1 and Nrf-2 are activated in FC-loaded hepatocytes  

Wt hepatocytes showed increases in (A) Nrf-1 mRNA and (B) protein, as well as (C) increase in 

Nrf-2 mRNA. Among Nrf target genes, (D) mitochondrial-located SOD2 mRNA showed an 

increase trend (not significant), but there was no change to (E) extracellularly excreted SOD3 

mRNA. Western blot quantification of NRF-1 was normalised to β-actin expression. Data are 

mean ± SEM. *P<0.05, vs time-matched control receiving no LDL. NS, non-significant. Data are 

from 4–6 pooled animals with ≥3 replicates/gp, n=4-6/gp. 
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Oxidative stress and JNK activation are both triggers for mitochondrial permeability 

transition (MPT), which causes opening of high conductance permeability transition 

pores across the inner mitochondrial membrane so as to allow free distribution of ions, 

solutes and small molecular weight molecules (<1500 Da) across the membrane 

(Nieminen et al. 1997, Isenberg and Klaunig 2000, Czaja et al. 2003, Nieminen 2003, 

Shen and Liu 2006). Induction of MRT causes a significant fall in ΔΨm, which can be 

monitored by using TMRM fluorescence (Section 4.3.3).  

 

In these experiments, we first showed quenching of TMRM fluorescence in hepatocytes 

from Wt mice (white bars) that were incubated with 40 µM LDL (Figure 4.14B, 

fluorescence images in Figure 4.14C), indicating a fall in Ψm and MPT complex 

opening. The collapse of ΔΨm with MPT opening has been shown by others to result in 

mitochondrial swelling (Isenberg and Klaunig 2000, Nieminen 2003). As evident by 

TEM, mitochondria within hepatocytes exposed to 40 µM LDL were larger (average 

mitochondrial diameter ~1.5 µm vs ~1.0 µm) than control hepatocytes (0 µm LDL) 

(Figure 4.15A,B). Further, subcellular mitochondrial structure revealed disarray of 

cristae (Figure 4.15A,B). These mitochondrial changes (ultrastructural and MPT 

induction) could be the result of FC impregnation of mitochondria, as indicated by the 

earlier observation (Chapter 3) that FC localises within mitochondria (colocalisation of 

filipin with mitochondrial marker, COX-IV) in mouse livers with NASH (Figure 3.1C), 

and FC-loaded primary hepatocytes (Figure 3.3D). Further support for this proposal was 

provided by measurement of mRNA for StAR, the pathway for mitochondrial uptake of 

FC (Caballero et al. 2009), which was significantly increased in hepatocytes exposed to 

40 µM LDL (P<0.05, Figure 4.14A).  

 

Loss of ΔΨm and MPT leads to mitochondrial swelling and uncoupling of the electron 

transport chain, thereby arresting ATP production. Here, depletion of cellular ATP was 

observed as early as 6 hours after incubation with 40 µM LDL (Figure 4.14D). This was 

accompanied by an increase in hepatocyte injury, as manifest by raised ALT levels 

(Figure 4.14E). The profound ATP depletion observed in these experiments likely 

explains the striking increase in necrotic cell death (Figure 3.4D) observed as early as 2 

hours after incubation of cells with 40 µM LDL (Figure 4.7), although ATP was not 

measured in the 2 h experiment.  
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To establish whether ROS drives JNK1 activation, or whether, instead, activation of 

JNK1 causes ROS accumulation, mitochondrial studies were conducted in Jnk1
-/-

 and 

Wt hepatocytes loaded with FC (Figure 4.14). TMRM fluorescence was used as a 

marker of ΔΨm and MPT preservation. In Wt cells, FC-loading attenuated TMRM 

fluorescence (Figure 4.14B, fluorescence images in Figure 4.14C). In contrast, Jnk1
-/-

 

cells maintained baseline TMRM fluorescence after FC-loading (Figure 4.14B, 

fluorescence images in Figure 4.14C), suggesting preserved ΔΨm and MPT.  These data 

support the role of JNK1 as a direct mediator of FC-induced lipotoxicity via a 

mitochondrial pathway. Further, JNK1 activation induces oxidative stress, which itself 

triggers JNK. In this manner, FC-induced JNK1 activation is self-propagating, creating 

more ROS to accentuate mitochondrial dysfunction and ultrastructural changes.  

 

4.4.3 Mitochondria injury and not ER stress plays an important role in FC 

lipotoxicity.  

Cytochrome c is normally bound to the inner mitochondrial membrane by its 

association with cardiolipin. Onset of MPT disrupts this interaction, allowing 

cytochrome c to be solubilised. In this form it can be extruded into the extra-

mitochondrial milieu once the outer mitochondrial membrane is breached. There are 

two distinct mechanisms by which the outer mitochondria membrane can be breached: 

Ca
2+

-dependent or Ca
2+

-independent. In the first instance, mitochondrial Ca
2+

 

overloading promotes opening of the permeability transition pore, allowing increased 

permeability of the inner mitochondrial membrane; this leads to matrix swelling, 

rupture of the outer membrane, and subsequent release of cytochrome c. In the Ca
2+

 

independent process, cytochrome c release appears to be governed by members of the 

Bcl-2 family of proteins, in particular Bax permeabilisation of the outer mitochondrial 

membrane. This allows release of cytochrome c once it has been liberated from the 

inner mitochondria membrane, possibly after disruption of the inner membrane by 

oxidation of cardiolipin and other mitochondrial lipids (Ott et al. 2002). Once released 

into the extra-mitochondrial environment, cytochrome c signals the onset of caspase 3-

mediated cell death pathways (Nieminen 2003, Crow et al. 2004).  
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Figure 4.14 Hepatocyte FC loading is associated with up-regulation of StAR, MPT and fall 

in cellular ATP content, and these changes accompany onset of cellular injury.  

(A) Incubation of primary hepatocytes with 40 µM LDL is associated with upregulation of StAR 

mRNA. (B) Wt but not Jnk1
-/-

 hepatocytes exposed to FC show quenching of TMRM 

fluorescence, measured by spectophotometric analysis, and (C) on immunofluorescence intensity 

(red), indicating MPT. (D) Wt hepatocytes exhibit ATP depletion as early as 6 hours following 

FC loading (40 µM LDL), vs control (no LDL), which corresponds to (E) an increase in liver 

injury, manifest as increased ALT release into supernatant (compared with control hepatocytes). 

Data represent mean ± SEM, 4–6 pooled animals with ≥3 replicates and experiment repeated 

thrice, n=9 per experiment. *P<0.05, vs genotype-matched control receiving no LDL, 
#
P< 0.05, 

vs treatment-matched control receiving at 6 hours post seeding, †P<0.05, vs treatment-matched 

WT control. Bars represent 50 µm.  
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Figure 4.15 Changes to mitochondrial ultrastructure with FC loading.  

(A) Mitochondria of control hepatocytes (not exposed to LDL) have normal cristae and average 

~1.0 µm in organelle diameter. (B) In contrast, mitochondria from hepatocytes loaded with FC 

(40 µM LDL exposure) show increase in diameter to 1.5 µm and disarray of cristae (arrows). 

Bars represent 1 µm.   

 

In these experiments, we demonstrated cytochrome c translocation from mitochondria 

to cytosol (Figure 4.16B), and also showed that FC-loaded hepatocytes exhibit down-

regulation of anti-apoptotic Bcl-xl. In addition, there appeared to be a slight increase 

(but not significant) of pro-apoptotic Bax in the mitochondrial fractions of cells 
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incubated with 40 µM LDL (Figure 4.16A). If JNK1-mediated mitochondrial MPT 

and translocation of cytochrome c plays a role in FC-mediated apoptosis, blocking MPT 

with CyA or inhibiting resultant caspase 3 activation (Figure 4.16C, D) should offer the 

same cellular protection as the JNK inhibitors. To test this, we showed that CyA, 

caspase inhibitor II (a pan-caspase inhibitor), and caspase-3 inhibitor II (a targeted 

caspase 3 inhibitor) all abrogated apoptosis and necrosis (Figure 4.16C) induced by 

hepatocyte incubation with 40 µM LDL.  

 

ER stress is another pathway to activation of JNK and NF-κB (Wang et al. 2009), and is 

thought to be an important mechanism in the pathogenesis of T2D (Eizirik et al. 2008). 

In Chapter 3, we showed that FC localises (Figure 3.1B) to ER in livers of mice with 

NASH, and in FC-loaded hepatocytes (Figure 3.3C). Despite such FC localisation, we 

found no increase of GRP78 (Figure 4.17A) or its downstream pro-apoptosis protein, 

CHOP (Figure 4.17B,C). Even more importantly, 4-phenylbutyric acid (4-PBA), an 

UFP chaperone that improves ER folding capacity, failed to protect against apoptosis 

and necrosis cell death in cells loaded with FC (Figure 4.16C, D).  
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Figure 4.16 Mechanisms of free cholesterol lipotoxicity involve mitochondrial but not ER 

stress pathways to cell death (apoptosis and necrosis).   

(A) By preventing mitochondria MPT, 10 µM CyA leads to preservation of TMRM fluorescence 

in cells loaded with 40 µM LDL. (B) Relative expression of cytochrome c, Bcl-xL, BAX in 

mitochondria and cytoplasmic fractions. HSP60 was used as loading control. (C) Apoptosis and 

(D) necrosis (PI positive cells) in FC-loaded hepatocytes is reduced by CyA, pancaspase 

inhibitor (PCI) and caspase 3/7 inhibitor (C3/7I), but not by 4-phenylbutyric acid (4-PBA). Data 

are represented as means ± SEM with experiments conducted in duplicate or triplicate, n=6-8 per 

experiment. *P<0.05, vs time-matched control receiving no LDL, 
#
P<0.05, vs dose-matched 

control receiving 40 µM LDL, †P<0.05, 40 µM LDL vs control.  
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Figure 4.17 ER stress is not induced during FC-induced hepatolipotoxicity.    

FC loading of Wt Hepatocytes does not alter (A) GRP78 protein, (B) CHOP mRNA or (C) 

CHOP expression. β-actin was used as loading control. Data are presented as means ± SEM from 

4 pooled animals, with experiments repeated more than twice in triplicate (n≥6).  

 

4.5 Discussion  

In mice placed on HF diet and in genetically (ob/ob) mice, JNK activation occurs in 

liver, fat, and muscle tissues (Hirosumi et al. 2002, Solinas et al. 2006, Seki and 

Schnabl 2012) and may be implicated in development of insulin resistance. In addition, 

JNK1 activation also appears to be crucial in several experimental models of 

steatohepatitis (Schattenberg et al. 2006, Kodama and Brenner 2009, Singh et al. 2009). 

Further, HF diet causes obesity in WT, but not Jnk1
-/-

 mice (Hirosumi et al. 2002, 

Solinas et al. 2006, Singh et al. 2009). Further, compared with Wt, Jnk1
-/-

 mice on HF 

diet have decreased phosphorylation of the IRS-1 at Ser 307 (an inhibitory site) and 

increased insulin-induced tyrosine phosphorylation at IRS-1, which is the physiological 

phosphorylation pathway of insulin receptor signalling (Hirosumi et al. 2002).  

 

Researchers have observed that lipoapoptosis caused by satFFA is JNK1-dependent 
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(Malhi et al. 2006, Cazanave et al. 2009, Kakisaka et al. 2012, Sharma et al. 2012) 

(Figure 4.20). However, hepatocyte satFFA levels, while high do not differentiate 

NASH from “not NASH NAFLD” in humans or in experimental murine models related 

to obesity and metabolic syndrome (Puri et al. 2007, Caballero et al. 2009, Van Rooyen 

and Farrell 2011, Arteel 2012, Min et al. 2012). Instead, FC is high in NASH but not in 

“non-NASH NAFLD”. To date no studies have directly linked hepatic FC content to 

JNK activation in NASH. Whether FC activates JNK1/2 in hepatocytes, and how this 

may be related to hepatocellular injury and inflammatory recruitment therefore remains 

unclear.  

 

In the previous Chapter, loading primary hepatocytes with FC caused lipotoxicity 

manifest as liver injury and cell death, which are known hallmarks of NASH. Further, it 

was demonstrated that such FC distributes to the plasma membrane, mitochondria and 

ER, recapitulating the subcellular deposition sites of FC in foz/foz mice with NASH 

(Van Rooyen et al. 2011). The functional significance of FC deposition in plasma 

membrane of FC-laden hepatocytes will be discussed in the Chapter 5 in the context of 

inflammatory recruitment in NASH. Mari et al (2006) showed that in vivo 

mitochondrial FC loading causes oxidant stress and sensitises hepatocytes to TNF-α and 

Fas-mediated cytolysis (Mari et al. 2006). Our present in vitro studies extend these 

findings – linking FC lipotoxicity to mitochondrial cell death pathways by a JNK1-

dependent process. We also explored how such pathways could be utilised for 

therapeutic intervention.  

 

The first major observation of this Chapter was that FC-loading of primary hepatocytes 

activates JNK1 in association with lipotoxicity. Administration of potent JNK 

inhibitors, in particular CC-930, inhibited JNK1 activation and this afforded near-

complete protection against FC-induced cell death. Further, Jnk1
-/-

, but not Jnk2
-/-

 

hepatocytes, were refractory to FC-induced lipotoxicity. To date, links between hepatic 

FC and JNK1 activation have been indirect. For example, research in the host laboratory 

found activation of JNK1/2 in livers of foz/foz mice with NASH correlated closely with 

hepatic FC content, while lowering FC levels with pharmacological agents abrogated 

the JNK1/2 activation in association with amelioration of liver injury, inflammation and 

fibrosis (Van Rooyen and Farrell 2011, Van Rooyen et al. 2013). The current in vitro 

studies provide, for the first time, strong evidence for a direct (likely causal) 
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relationship between FC and JNK activation.  

 

The present data also demonstrate that JNK1 is the relevant JNK isomer in FC-induced 

lipotoxicity pathway. However, it is important to note that Sabio et al (2008 and 2009) 

found that hepatocyte JNK1 deletion resulted in glucose intolerance, IR and hepatic 

steatosis in HF diet-fed mice (Sabio et al. 2008), while JNK1 deletion in adipose tissue 

conferred protection against HF diet-induced IR and steatosis (Sabio et al. 2008). These 

findings differ from those of others; Jnk1
-/-

 mice given MCD HF diet were protected 

from liver injury, hepatic steatosis and IR (Singh et al. 2009), while mice subjected to 

MCD were protected from liver injury and inflammation if they were JNK1 deleted 

(Schattenberg et al. 2006). Similarly, JNK1 inhibitor (SP 600125) administered 

intraperitoneally protected against IR and glucose intolerance in HF diet-fed mice 

(Kaneto et al. 2004). These findings suggest that compensatory mechanisms to JNK 

inhibitors may exist in other tissues (e.g. adipocytes and potentially pancreatic β cell), 

resulting in upregulation of JNK1 in these tissues, resulting in IR and steatosis. In the 

present in vitro system, we removed the possibility of such a compensatory mechanism 

by conducting studies in primary hepatocytes.  

 

Given the effective hepatocellular protection offered by specific JNK inhibitors in this 

in vitro model, oral administration of these novel agents is worth testing as a possible 

therapeutic option for experimental NASH, and this is underway in the host laboratory 

in foz/foz mice. If successful, it could lead to a phase I trial in human NASH. In this 

regard, Celgene has recently developed a novel highly specific JNK1 inhibitor 

compound (CC-003), which would be better suited to this application (development of 

CC-930 is on hold for undisclosed reasons). Unfortunately at this time the compound 

has not been approved for experimentation or publication.  

   

The second finding of this Chapter is that JNK1 activation is essential for FC-

lipotoxicity, by a mechanism that involves mitochondrial injury and its downstream 

redox consequence. Whilst oxidative stress features prominently in NASH (Weltman et 

al. 1998, Robertson et al. 2001, Sanyal et al. 2001, Neuschwander-Tetri and Caldwell 

2003, Lambertucci et al. 2008, Nakamura et al. 2009), its role in cell injury and cell 

death has not been fully established (Lee et al. 2007, Syn et al. 2009, Syn et al. 2009, 

Neuschwander-Tetri 2010, Farrell et al. 2012). The present in vitro studies 
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demonstrated that TMRM fluorescence (preserved ΔΨm) was not altered in FC-

loaded Jnk1
-/-

 hepatocytes, whereas it was profoundly reduced in both Wt and Jnk2
-/-

 

hepatocytes. Further, there was minimal, if any, oxidative stress (by either 2’,7’-DCF 

fluorescence or GSSG accumulation) with JNK1 deletion. These findings indicate that 

JNK1 involvement is crucial in the pathways by which FC loading leads to the collapse 

of ΔΨm, MPT and generation of mitochondrial ROS in FC-loaded hepatocytes.  

 

Following onset of MPT and fall of ΔΨm, the following series of events occurs:  

1. cytochrome c detaches from complexes III and IV of the respiratory chain (Figure 

4.4), into the intermembranous space.  

2. The mitochondrial respiratory chain uncouples, with collapse of all electrical and 

chemical gradients.  

3. This  results in large-amplitude swelling driven by the difference of colloid osmotic 

pressure between the matrix and extramitochondrial space (Nieminen 2003). Compared 

to control cells (no FC), such mitochondrial swelling was clearly demonstrated on TEM 

in FC-loaded hepatocytes (Figure 4.15). This change is similar to the mitochondrial 

ultrastructural abnormalities observed in livers of human NASH (Caldwell et al. 1999, 

Sanyal et al. 2001, Caldwell et al. 2009).  

4. With progressive mitochondrial swelling (the result of MPT), the inner mitochondrial 

membrane starts to unfold to accommodate this volume; this may account for the cristae 

disarray observed in mitochondria of FC-loaded hepatocytes (Figure 4.15B).  

5. The outer membrane does not have such unfolding capacity, and its inevitable rupture 

releases cytochrome c into the cytosol. Once in the cytosol, cytochrome c interacts with 

cytosolic proteins, apoptotic protease activating factor-1 (Apaf-1) (Zou et al. 1997) and 

the inactive form of the proteolytic enzyme, caspase-9, to form an “apoptosome” (Li et 

al. 1997). In the presence of ATP, procaspase-9 becomes activated to in turn activate 

the executor caspases, procaspase-3 and -7. Following caspase-3/7 activation, an 

apoptotic cascade is initiated, culminating in  internucleosomal DNA degradation and 

changes in nuclear morphology (condensation and margination of chromatin material) 

typical of apoptosis (Nieminen 2003).  

 

It is possible that all or most of the changes observed in mitochondrial function and 

ultrastructure found with hepatocyte FC-loading in the present studies may be explained 

by JNK1 activation and mitochondrial FC deposition. The observed increase in StAR 
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transcript following LDL incubation provides one explanation for FC trafficking 

into the mitochondria. This finding is similar to that observed by Cabellero et al. (2009), 

who noted a 15-fold increase in StAR transcript in human NAFLD livers with NASH, 

but not in SS. StAR is a hormonally (gonadotropin) regulated 37 kDa protein which is 

trafficked to the mitochondria via an N-terminal targeting sequence. In the 37 kDa form, 

StAR resides in the outer mitochondrial membrane, while a smaller 30 kDa form is 

present in the inner mitochondrial membrane. In these positions, StAR facilitates rapid 

FC trafficking between mitochondrial compartments (Jefcoate et al. 2000).  

 

In the present experiments, blockade of MPT with CyA or caspase 3 or pan-caspase 

inhibition reduced apoptosis and necrosis, almost to that of control hepatocytes (no 

cholesterol loading). If replicated in whole animals with NASH, this finding could have 

therapeutic implications in ‘arresting’ the mitochondria cell death pathway in NASH, 

thereby preventing progression to cirrhosis. A potential future direction for this work 

would be to quantify cellular ATP and mitochondrial FC and glutathione content when 

pathways of JNK-mitochondrial cell death axis are blocked, such as by JNK inhibitors, 

CyA or caspase-3 inhibitor). If the proposal that JNK1 activation is pivotal in FC 

lipotoxicity, it would be expected that ATP levels would be preserved with these 

protectants. 

 

In addition to apoptosis, necrosis is a prominent feature of FC- induced lipotoxic injury 

to hepatocytes. Depletion of ATP is likely to contribute to this cell death pathway 

(Nieminen 2003). In human NASH, liver ATP homeostasis is impaired, such that ATP 

recovery is blunted after fructose infusion to deplete ATP (Cortez-Pinto et al. 1999, 

Cortez-Pinto et al. 1999). In primary hepatocytes incubated with 40 µM LDL, ATP 

depletion had occurred by 6 hours (earlier time points were not studied, although 

apoptosis starts as early as 2 hours [see Figure 4.7]). This was associated with 

significant liver injury, evident by ALT leakage into culture media (Figure 4.14D,E). A 

possible explanation for this sequence is that early JNK1 activation drives the initial 

collapse of ΔΨm, uncouples the electron transport chain from ATP production, leading 

to generation of ROS. Initially, there may be compensatory changes in mitochondria to 

combat this ROS, a concept supported by increased (albeit non-significant) SOD2 

mRNA expression (Figure 4.13), and likely the mitochondrial glutathione redox cycle 

(Mari et al. 2013). With continuing MPT and a fall in ΔΨm due to mitochondrial-
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generated ROS, Ca
2+

 and GSH leak out into the cytosol. Since GSH is synthesised 

exclusively in cytosol and its transport into mitochondria requires ATP and a functional 

ΔΨm, mitochondrial glutathione becomes rapidly depleted (Mari et al. 2013). 

Eventually, ROS generation overwhelms the redox stress defence mechanisms, resulting 

in prolonged JNK activation with further MPT; the latter may function as a self-

amplifying ‘switch’, that, once activated (e.g. by JNK, ROS), leads to irreversible cell 

death (Nieminen et al. 1997, Isenberg and Klaunig 2000) (Figure 4.18). In addition, it is 

possible that necrosis is activated as part of programmed cell death, a process that 

involves RIP-1 and RIP-3. This pathway was not studied in the present work, partly due 

to the paucity of cell protein for more detailed analyses. 

 

In Chapter 3 it was shown that a subpopulation of FC is localised to the ER 

compartment, and ER stress is another factor that is known to activate JNK (Wang et al. 

2009, Wang et al. 2009). Overall, the evidence that ER stress is a critical pathway in 

lipotoxicity and NASH pathogenesis is inconsistent and not convincing (Puri et al. 

2008, Gregor et al. 2009, Leclercq et al. 2011). ER stress has been shown to contribute 

to pancreatic β cell loss and insulin resistance in the pathogenesis of T2D (Eizirik et al. 

2008). Others reported evidence that ER stress could be relevant to satFFA lipotoxicity 

(Cazanave et al. 2009). However, genetic silencing of Chop expression reduces 

hepatocyte toxicity in vitro only at overly high doses of FFA (500 µM palmitate) 

(Pfaffenbach et al. 2010). Further, in nutritional models of NAFLD Chop gene deletion 

failed to reduce disease severity through ER stress resistance (Pfaffenbach et al. 2010).  

 

To clarify a possible role for ER stress in NASH pathogenesis expression, we assessed 

expression of ER stress markers. There was no upregulation of the chaperone protein 

GRP78 which is required for an unfolded protein response, nor was there increased 

cellular expression of CHOP. Importantly, pre-treatment of cells with 4-PBA, a UFP 

chaperone, had no effect on the fate of FC-loaded hepatocytes. These data are consistent 

with earlier observations in foz/foz mice with NASH that GRP78 and nuclear CHOP 

expression fail to increase in relation to NASH severity (Van Rooyen et al 

[unpublished], PhD ANU, 2012). More recently, Legry et al (2014) from Isabelle 

Leclercq’s laboratory (in collaboration with the host laboratory) demonstrated that ER 

stress does not contribute to steatohepatitis in obese, insulin resistant HF-fed foz/foz 

mice. These investigators explored ER stress markers in the liver of foz/foz mice in 
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response to HFD at several time points. Additional studies addressed the metabolic 

and hepatic features of mice administered tunicamycin to induce ER stress, or tauro-

ursodeoxycholic acid (TUDCA) to block it. Using these complementary approaches, the 

authors found no expression of ER stress nor contribution to the pathogenesis of either 

IR or steatohepatitis in this murine model (ER stress was present in ob/ob mice, and 

may be a model-specific phenomenon; it is not present in human NASH [Puri et al. 

2008]). Development of NASH was not associated with activation of upstream unfolded 

protein response (phospho-eIL2α, IRE1α activity, or spliced Xbp1). Further, induction 

of chronic ER stress by tunicamycin failed to worsen obesity, glucose intolerance and 

NASH pathology. Although the ER protectant TUDCA reduced steatosis, combating 

ER stress failed to improve glucose intolerance, hepatic inflammation and apoptosis in 

HFD-fed foz/foz mice. The authors concluded that while ER stress could play a role in 

development of simple steatosis, evident by activation of JNK and up-regulation of Atf4 

and CHOP transcripts, it plays no role in cell death and inflammatory recruitment 

involved in transition to NASH (Legry et al.).  

 

It is also noteworthy that ursodeoxycholic acid at 15–18 mg/kg/d (UCDA) (ER stress 

protectant), failed to reverse NASH pathology in clinical studies (Laurin et al. 1996, 

Lindor et al. 2004). Higher dosages of UCDA had been reported as useful in other 

diseases. For this reason, two trials have used higher dosage UCDA in NASH. The first 

enrolled 126 patients with biopsy-proven NASH, and randomised care to UCDA at 28–

35 mg/kg/d for a year, or placebo (Ratziu et al. 2011). There was significant 

improvement of ALT and GGT, associated with improvement of serum glucose and 

HOMA-IR scores with high dose UCDA compared to the placebo group. The weakness 

of this study was lack of histological proof of fibrosis improvement attributed to UCDA 

treatment and the high frequency of unpleasant side effects associated with ultra high 

dose UCDA. The second study randomised 185 patients to receive 23–28 mg/kg/d of 

UCDA or placebo for 18 months. A second liver biopsy after treatment failed to show 

histological improvement, even though GGT levels improved compared to the placebo 

group (Leuschner et al. 2010). It therefore seems unlikely that attempts to combat ER 

stress in NASH will improve histological and clinical outcomes of this disorder. 
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Figure 4.18 FC-mediates hepatocyte lipotoxicity via a JNK1-dependent mitochondrial cell 

death pathway 

JNK1 can be activated by FC (possibly by ROS generated via NOX activation), which causes 

mitochondrial MPT, and fall in ΔΨm. This releases cytochrome c into the intermembranous 

space. MPT allows passage of low molecular weight (Mwt) solutes from the cytosol into the 

mitochondrial matrix, leading to mitochondrial swelling. Together with JNK driven Bax/Bak 

permeabilisation and rupture of the outer mitochondrial membrane due to mitochondrial 

swelling, cytochrome c is released into the cytoplasm, where ATP-dependent activation of 

caspase 3 causes cell death by apoptosis. Collapse of ΔΨm, possibly coupled with FC deposition 

in mitochondria, results in generation of mitochondrial ROS. ROS overwhelms compensatory 

mechanisms when mitochondrial glutathione is depleted, and in turn provides a continuing 

stimulus for JNK1 activation. ATP production is crippled as mitochondria are unable to maintain 

the proton gradient necessary for ATPase-dependent generation of ATP. Collectively, these 

events culminate in cellular necrosis.  

Abbreviations: ATP, adenosine triphosphate; Apaf-1, apoptotic protease activating factor-1; 

Bak and Bax; BH3-only protein members; JNK, c-Jun-N terminal kinase; FC, free cholesterol; 

MPT, mitochondrial permeability transition; Mwt, molecular weight; NOX, NADPH oxidases; 

ROS, reactive oxygen species; ΔΨm mitochondrial membrane potential  

 

In summary, the results described in this chapter provide the first direct demonstration 

that accumulated FC activates JNK1 to kill hepatocytes by apoptosis and necrosis. ER 
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stress has no role in FC lipotoxicity. Rather, the cellular mechanism of injury 

involves JNK1-dependent mitochondrial MPT with cytochrome c release into 

cytoplasm, oxidative stress and ATP depletion, leading to apoptosis and necrotic cell 

death (Figure 4.18). Importantly, novel and potent JNK inhibitors (including a JNK1-

specific inhibitor) blocked FC-induced cell death, as did blocking the mitochondrial cell 

death pathway using inhibitors, cyclosporine A, and a caspase-3/7 inhibitor. 

 

4.6 Summary of findings in Chapter 4 

This chapter describes how loading primary hepatocytes with FC activates JNK1-

mitochondrial pathways of FC-mediated lipotoxicity. The major findings are: 

1. FC activates JNK1. 

2. JNK1 activation is essential for FC-mediated liver injury and cell death. 

3. A mitochondrial cell death pathway operates in FC lipotoxicity and results in 

both apoptosis and necrosis. Necrosis is likely a consequence of the observed 

ATP depletion, due to evident mitochondrial injury.  

4. FC loading is also associated with a JNK1-dependent increase in oxidative 

stress; this is not found in Jnk1
-/-

 hepatocytes. 

5. Ultrastructural changes (swelling, cristae number) in mitochondria of FC-loaded 

hepatocytes are similar to those observed in livers of human NASH. 

6. Potent JNK inhibitors (CC401 and CC-930), block FC-mediated lipotoxicity, as 

did inhibitors of the mitochondrial cell death pathway (CyA, pancaspase, 

caspase 3/7 inhibitors).  

7. ER stress does not appear to be a conspicuous pathway in FC lipotoxicity. 

These findings provide insights into how the FC activates the JNK1-mitochondrial cell 

death pathway. The inhibitor studies have identified potential new therapeutic options in 

the treatment of NASH. However, NASH is an inflammatory disorder; to be relevant to 

NASH pathogenesis, lipotoxicity to hepatocytes must in some way engage innate 

immunity to provoke and attract this inflammatory response and its resultant 

fibrogenesis. In the next Chapter, the candidate will explore the mechanisms by which 

FC-loaded hepatocytes could orchestrate inflammatory recruitment in NASH.  
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  CHAPTER 5

 

HMGB1-containing extracellular vesicles arising from 

free cholesterol-induced hepatocellular lipotoxicity 

activate Kupffer cells via TLR4 

 

5.1 Introduction 

Thus far, the role of cholesterol as a lipotoxic mediator of hepatocellular injury has been 

explored using an in vitro approach to load primary murine hepatocytes. In Chapter 4, 

the relationship between hepatocellular FC content and hepatocellular injury with 

activation of cell death pathways (both apoptosis and necrosis) was defined. The 

findings suggested direct links between intracellular FC and JNK1 activation (seen as c-

Jun phosphorylation), and subsequent generation of mitochondrial permeability pore 

transition (MPT). This results in cytochrome c release and mitochondrial injury, which 

is evident ultra-structurally as mitochondrial swelling and deranged cristae array, and 

functionally as impaired ATP production. These events also generated oxidant stress, 

with further activation of JNK1 activation in a proposed feed-forward fashion. In the 

present Chapter, experiments are described which examine the mechanisms by which 

FC-injured hepatocytes may be responsible for inflammatory recruitment in NASH, 

specifically the role of high-mobility group box 1 protein (HMGB1) and toll-like 

receptor (TLR)-4 for KC activation. This introduction will provide a brief background 

for why HMGB1 and TLR4 were studied in this research.  

 

5.1.1 HMGB1 

As previously mentioned in Chapter 1, HMGB1 is a 30 kDa protein originally isolated 

in 1973 and characterised in 1976 by Walker, Goodwin and Johns (Goodwin and Johns 

1973, Goodwin et al. 1973, Walker et al. 1976). These investigators described HMGB1 

as a loosely-bound nucleosomal protein ubiquitously expressed by all eukaryotic cells. 

Physiologically, HMGB1 is responsible for DNA bending, facilitating transcription and 

stabilisation of the DNA-histone complex within the nucleus (Figure 5.1) (Singh and 

Dixon 1990, Yamanaka et al. 2002). Following its release from blood monocytes, 

HMGB1 was noted to produce pyrogenic responses (Dinarello et al. 1977). Since then, 
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the roles of HMGB1 have expanded. It is now known that HMGB1 is integral to 

multiple autocrine and paracrine inflammatory processes (see Figure 5.1), as well as 

contributing to the pathogenesis of fibrotic diseases including systemic sclerosis, cystic 

fibrosis, hepatic, renal, pulmonary and myocardial fibrosis. The role of HMGB1 in 

these various disease processes has been reviewed extensively by Li et al. (2014) and 

Kang et al. (2014).  

 

Briefly, HMGB1 functions as a damage-associated molecular pattern (DAMP) cytokine, 

but like the IL-1 family, it lacks a secretory peptide domain required for the ER-Golgi 

vesicle trafficking that typifies secreted proteins. Instead, HMGB1 is secreted in a non-

classical “leaderless” fashion (Nickel 2003). A rise in intracellular ionic calcium (Ca
2+

) 

concentration triggers HMGB1 translocation from the nucleus to the cytoplasm (Zhang 

et al. 2008). This precedes active secretion from macrophages, dendritic (DC) and 

natural killer (NK) cells in response to endotoxaemia and bacterial infection (Wang et 

al. 2004). Cellular damage also results in presentation of HMGB1 to the plasma 

membrane, from where it is released along with heat-shock and S100 proteins. All these 

proteins promote inflammatory cell diapedesis and recruitment (Lolmede et al. 2009). 

Following its plasma membrane presentation and/or release, HMGB1 activates several 

pattern-recognition receptors (PRR); these include TLRs 2 and 4, and receptor for 

advanced glycosylation end-products (RAGE) (Yu et al. 2006, Luan et al. 2010). These 

receptors activate NF-B p65 to induce sterile inflammation (Figure 5.1) (Andersson 

and Tracey 2011) via the pro-inflammatory pathways described below. Extensive 

research has shown that secreted HMGB1 may be packaged in small membrane-bound 

EVs (Pisetsky 2014). 

 

5.1.2 NF-B inflammatory pathways 

The NF-B and TLR pathways have been extensively discussed in Chapter 1. Briefly, 

TLR4 activates NF-B p65 through a series of adapter proteins, including toll-

interleukin 1 receptor domain-containing adapter protein (TIRAP) and myeloid 

differentiation primary response gene-88 (Myd88); the latter signals a downstream 

complex responsible for NF-B and JNK activation (Takeuchi et al. 2000, Fitzgerald et 

al. 2001). NF-B is a transcription factor comprised of 5 peptides, which form a series 

of hetero and homo-dimers. The p65 hetero- and homo-dimers regulate inflammatory 

and apoptotic responses (Aoudjit et al. 1997, Manna and Aggarwal 1999).  
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Activation of NF-B is initiated by the IB kinase (IKK) complex. This phosphorylates 

the cytoplasmic binding protein inhibitor of NF-B, IB, thereby allowing its 

ubiquintination. In turn, such ubiquitination targets the NF-B –IB complex to the 26S 

proteasome, where IB is degraded. Liberated NF-B hetero- and/or homo-dimers then 

migrate to the nucleus where they are taken up and bind to target DNA sites (Hanausek-

Walaszek et al. 1990, Ballard et al. 1992, Ten et al. 1992). Once within the nucleus, 

NF-B p65 promotes transcriptional regulation of numerous pro-inflammatory genes, 

several of which may be involved in the pathogenesis of NASH (Tian et al. 2014).  

 

Murine NASH is associated with FC accumulation, JNK1 activation and hepatocyte cell 

death (see Chapter 1, Section 1.7.3). In such livers, FC accumulation is accompanied by 

activation of NF-B p65, which by IHC appears to be located predominantly in non-

parenchymal cells (Figure 5.1) (Van Rooyen et al. 2013). Other research in fractionated 

livers from HF-fed foz/foz mice demonstrated that NF-B activation is most prominent 

in non-parenchymal cells, but some activation is also evident in hepatocytes (Dr Claire 

Larter, unpublished data, PhD thesis 2008, University of Sydney).  
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Figure 5.1 Physiological and disease-related functions of high mobility group box 1 

(HMGB1).  

Image adapted from Diebold et al. (2013). HMGB1 is responsible for normal bending and 

stablisation of the DNA-histone complex within the nucleus. Cellular damage precedes the 

pro-inflammatory roles of HMGB1. Necrosis results in substantial release of HMGB1 

complexed to receptor for advanced glycosylation end products (RAGE)-HMGB1. HMGB1 is 

then capable of activating adjacent cells through RAGE and TLR-2 and -4 receptors. Ligating 

to these receptors results in activation of Myd88 and IκB kinase complex, leading to activation 

of nuclear factor B (NF-B) p65. In turn, NF-B is responsible for up-regulation of TNF, 

interleukin (IL)-1 and IL-6. Apoptotic cell death causes significantly less HMGB1 release 

since this pathway results in nuclear sequestration of cellular HMGB1 prior to autophagic 

degradation. Separately, HMGB1 may be released into the extracellular fluid (ECF) 

compartment via secretory granules. 
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Figure 5.2 NASH in atherogenic diet-fed foz/foz mice is associated with NF-B p65 

activation in non-parenchymal cells.  

In this work (Van Rooyen et al. 2013), NF-B p65 expression correlated with hepatic 

cholesterol content (see (Van Rooyen et al. 2011) for details). Paraffin-embedded liver 

sections (7 m) were obtained from atherogenic (HF) diet-fed (24 weeks) obese, diabetic 

foz/foz mice (vehicle controls). Separately, foz/foz mice fed an identical diet for 16 weeks 

before receiving HF-diet containing ezetimibe and/or atorvastatin. Drug treatment continued 

for 8 weeks. Liver sections from these mice (Van Rooyen et al. 2011) were probed for NF-B 

p65 expression using immunohistochemistry, as described in Section 5.3. Scale bars represent 

50 m. Arrows indicate positive NF-B p65 staining in non-parenchymal cells. IHC staining 

presented in this figure was performed by the candidate, however the original feeding studies 

were completed by Dr Derrick Van Rooyen (ANU thesis 2012) (see Acknowledgments). 

 

5.2 Scope of research described in this Chapter: 

The principal aims of this Chapter were to test the hypothesis that the FC-induced 

hepatocyte damage described in Chapters 3 and 4 can give rise to proinflammatory 

responses. The specific aims were to:   

1. Determine if experimental NASH is associated with increased HMGB1 

production, cytosolic migration (from nucleus) and release (blood levels). 
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2. Establish whether hepatocyte injury by lipotoxicity releases HMGB1-

containing EVs and/or soluble HMGB1 that subsequent activates KCs. 

3. Test whether antibody neutralisation of HMGB1 confers protection against KC 

activation by conditioned media from lipotoxic hepatocytes. 

4. Characterise the role of TLR4 in KC activation. 

5.3 Methods 

5.3.1 Experimental approaches 

Several experimental approaches were used to address the above-mentioned aims, 

including analysis of in vivo feeding experiments previously published in the host 

laboratory. These approaches are detailed below. 

 

5.3.1.1 Mice and diets 

Experimental details pertinent to the two in vivo experiments have been previously 

described in Section 3.3.1. Archived frozen tissue sections and liver samples from these 

studies were used by the candidate to explore the role of HMGB1 and NF-B p65 in the 

foz/foz model of experimental NASH. The candidate performed the assays documented 

in this Chapter. 

 

5.3.1.2 Primary hepatocyte cultures 

For primary hepatocyte FC localisation, cells were isolated, cultured, and loaded with 

FC using unmodified human LDL, as outlined in Section 2.5 and Chapter 3. Thereafter, 

cells were fixed with 3.7% paraformaldehyde-PBS and stained with filipin for FC and 

subcellular markers, as described in Section 2.14. 

 

5.3.2 Experimental procedures 

5.3.2.1 Fluorescent subcellular localisation 

Fluorescent staining (for FC subcellular localisation) of frozen liver sections was 

conducted as described in Section 2.14, using primary and secondary antibodies as 

listed in Tables 2.1 and 2.2. A Zeiss Axioplan2 microscope (Zeiss, GmbH, Germany) 

with AxioVision V4.8 software (Zeiss, GmbH, Germany) was used to capture images 

and perform post-acquisition analysis. 
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5.3.2.2 Immunohistochemistry (IHC) on paraffin-fixed liver sections 

IHC was used to evaluate NF-B p65 expression in liver sections from HF-fed foz/foz 

mice treated with atorvastatin and/or ezetimibe (Section 5.3.1, and reference Van 

Rooyen et al. [2013]), as described below. 

 

5.3.2.2.1 Reagents 

Epitope unmasking buffer (10 mM sodium-citrate, 0.05% [v/v] tween-20, pH 6.0). 

Sodium citrate dehydrate tribasic (2.94 g) and tween-20 (0.5 mL) were dissolved in 

d.H2O (950 mL), prior to pH adjustment (6.0) and final volume adjustment to 1 L.  

 

Additional IHC reagents including antibody diluent and IHC wash solutions were all 

purchased from Chemicon (Millipore, Billerica, MA). Anti-HMGB1 antibody (details 

are listed in Table 2.1) and biotin conjugated anti-rabbit IgG (Santa Cruz 

Biotechnology, Inc, Santa Cruz, CA) were diluted in commercial antibody diluent 

(Millipore, Billerica, MA), as per Manufacturer’s instructions. 

 

5.3.2.2.2 Procedure 

Liver sections (7 μm) from formalin-fixed, paraffin-embedded samples were dewaxed 

and rehydrated using xylene and ethanol gradients. Antigen retrieval using epitope-

unmasking buffer (123
o
C, 5 min) was subsequently performed using a Decloaking 

Chamber™ (Biocare Medical, Concord, CA), before non-specific epitopes were 

blocked (Chemicon blocking solution, 5 min, RT). Anti-HMGB1 was then applied to 

liver sections and slides incubated (1:100 dilution, 60 min, RT). Bound antibody was 

detected using biotin conjugated anti-rabbit secondary antibody (1:250 dilution in 

antibody diluent buffer, 30 min, RT). Signal from bound secondary antibody was 

amplified using streptavidin conjugated horse-radish peroxidase (HRP) (Chemicon) (10 

min, RT) and diaminobenzidine (DAB) solution (10 min, RT). Sections were 

counterstained for nuclei using Gill’s haematoxylin formulation (45 sec). They were 

then mounted in plasticiser (di-N-butyle phthalate in xylene [DPX]) prior to viewing.  

 

5.3.2.3 Protein isolation and western blotting 

Total hepatic, cytoplasmic and nuclear proteins were isolated as described in Sections 

2.10.1 and 2.10.2, respectively. Specific proteins were then qualitatively (molecular 
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weight) and quantatively (expression relative to controls) assessed using western 

blotting, as per Section 2.12. 

 

5.3.2.4 Quantification of intracellular cholesterol and assessment of hepatocellular 

injury 

In primary hepatocytes, intracellular FC content, LDH release and apoptosis/necrosis 

determination were performed as described in Sections 2.15.1 and 2.15.3, respectively. 

 

5.3.2.5 HMGB1 antibody neutralisation assay 

In order to test the potential of HMGB1 to activate KCs, an anti-HMGB1 antibody 

inhibition assay was performed, as follows.  

 

5.3.2.5.1 Reagents 

Anti-HMGB1 antibody was purchased from Antibodies Online (Atlanta, GA) and 

required no additional preparation before use. 

 

5.3.2.5.2 Procedure 

For HMGB1 blocking experiments on KC cultures, antibody was prepared (10 µg/mL) 

in media (RPMI 1640, see Section 2.8). This was added to culture supernatants used to 

test stimulation of KCs, and incubated (60 min, 37
o
C) prior to KC exposure.  

 

5.3.2.6 Serum IL-1  

Serum IL-1 was determined using a commercially purchased enzyme-linked 

immunosorbent assay (ELISA) (RnD Systems, Minneapolis, MN). All reagents were 

provided and the assays were performed in accordance with the Manufacturer’s 

instructions. 

 

5.3.2.7 Supernatant cytokine levels 

Supernatants isolated from primary hepatocytes cultured in the presence of 0 or 40 µM 

LDL-treated hepatocytes (Section 2.5.1) were analysed for the presence of multiple 

cytokines using Bio-Rad Bioplex™ assays (Bio-Rad, Hercules, CA), as per 

Manufacturer’s instructions. This analysis was performed by Eagle Chu in the lab of 

Professor Jun Yu (Department of Medicine and Therapeutics at The Chinese University 
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of Hong Kong [CUHK]), a longstanding collaboration between the supervisor and 

Professor Yu (see Acknowledgments). 

 

5.3.2.8 Scanning electron microscopy 

SEM was used to identify morphological features of KC activation. The reagents and 

procedure for this technique are detailed in Section 3.3.6. 

 

5.3.2.9 Statistical analyses 

Statistical analyses were carried out as described in Section 2.16. All data presenting in 

this Chapter represent mean ± SEM (with n value stated). Statistical significance is 

defined as P<0.05. 

 

5.4 Results 

5.4.1 FC loading activates NF-κB p65 in primary hepatocytes to cause 

proinflammatory cytokine secretion. 

Previous research in the host laboratory had demonstrated that NF-κB p65 expression is 

increased in non-parenchymal cells in the livers of foz/foz mice with NASH (Figure 5.1) 

(Van Rooyen et al. 2013), but whether this proinflammatory pathway could also be 

activated by FC in hepatocytes is less clear. To establish this, hepatocytes were loaded 

with FC as described in Chapter 3. In turn, nuclear and cytoplasmic NF-κB p65 

fractions were prepared so as to appreciate cytoplasmic to nuclear translocation of this 

transcription factor (Manna and Aggarwal 1999). Following incubation with 40 µM 

LDL to load cells with FC, the cytoplasmic level of NF-κB p65 was significantly 

reduced (P<0.05, Figure 5.3A), with a reciprocal increase in nuclear NF-κB p65 

(P<0.05, Figure 5.3B). These findings confirm nuclear translocation of NF-B is a 

consequence of FC-loading. 

 

Next, the supernatant isolated from 40 µM LDL-treated (FC-loaded) hepatocytes was 

examined using a commercial multiplexed assay (Bio-Plex, Bio-Rad, Hercules, CA) to 

detect secreted cytokines. Several of these are under direct NF-B transcriptional 

control. Importantly, FC loading significantly increased supernatant IL-6 and TNF- 

(P<0.05, Figure 5.3C, H). IL-6 is an acute phase reactive protein, expressed by 

hepatocytes and here may represent a direct acute response to FC loading. Further, 

elevation of IL-6 and TNF- is consistent with previously published data on the 
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inflammatory phenotypes observed in animal models of NASH, as well as in human 

NAFLD (Farrell et al. 2012). 

 

Figure 5.3 FC loading of primary murine hepatocytes increases nuclear expression of NF-

κB, as well as secretion of IL-6 and TNF-. 

Hepatocytes incubated with 40 µM LDL showed translocation of NF-κB from (A) cytoplasm 

into (B) nucleus. β-actin and TATA box-binding protein (TBP) were used as loading control 

for cytoplasmic and nuclear protein, respectively. Bio-Plex Assay (Bio-Rad, Hercules, CA) 

was performed by Eagle Chu (CUHK) (see Acknowledgments) to quantify the secretion of 

multiple cytokines, including (C) IL-6, (D) IL-10, (E) IL-12, (F) IL-13, (G) IFN-, and (H) 

TNF-. Data represent means ± SEM from n=4–6 pooled animals, with 4-6 replicates/group 

(n≥16). *P<0.05 vs time-matched control receiving no LDL.   
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5.4.2 HMGB1 is increased in murine NASH livers. 

NF-B and JNK (Chapter 4) are well-known proinflammatory and pro-apoptotic 

signalling pathways observed both in vivo in the foz/foz model of NASH, and in vitro in 

FC-induced lipotoxicity to primary hepatocytes. Innate immunity signalling has been 

strongly implicated in the activation of these pathways (Farrell et al. 2012, Ganz and 

Szabo 2013, Vonghia et al. 2013). The present experiments explored these pathways, 

with specific focus on the “danger pathway” which includes the DAMPs and receptors 

described earlier (Section 5.1.1). A particular focus here was on HMGB1 and TLR4.  

 

Using atherogenic diet containing increasing amounts of cholesterol (0, 0.2, 2.0% 

[w/w]), NASH was produced in foz/foz mice, with stepwise increase in severity (by 

ALT, histology and fibrosis) according to hepatic FC content (Van Rooyen et al. 2011). 

In these livers, there was a significant increase in total hepatic HMGB1 expression 

proportional to hepatic cholesterol content (P<0.05, Figure 5.4A). This increase was 

further illustrated using fluorescent localisation of HMGB1 in frozen liver sections 

(Figure 5.4B). This approach revealed increased HMGB1 expression was accompanied 

by its translocation from nuclear to (peri-) plasma membrane location (Figure 5.4B 

arrows).  
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Figure 5.4 HMGB1 increases in NASH livers of foz/foz mice fed HFD containing 0-2% 

(w/w) cholesterol.   

(A) High-mobility group box 1 (HMGB1) protein expression was increased in liver lysates 

from foz/foz mice with NASH but not in WT mice with simple steatosis after 24 weeks of 

feeding atherogenic diets containing 0, 0.2 or 2.0% (w/w) cholesterol. Protein expression was 

normalised to heat shock protein 90 (HSP) loading control and data are expressed relative to 

values in WT mice fed the diet with no (0%) cholesterol. (B) Frozen sections of the same mice 

fed 0, 0.2 or 2% (w/w) cholesterol-containing atherogenic diet (top left label of panels) to 

cause NASH (Van Rooyen et al. 2011) were stained for FC (Filipin, blue) and HMGB1 (FITC, 

green). As FC content increased in these livers, there was translocation of HMGB1 (green) 

from nucleus into cytosol (white arrows). *P<0.05, vs genotype-matched dietary control (0% 

cholesterol). †P<0.05, vs WT control. Data in panel A are mean ± SEM, representing 8-10 

animals/gp. Scale bars represent 20 µm. 

 

5.4.3 HMGB1 is released from FC-loaded hepatocytes by a JNK1-dependent 

process that may involve oxidant stress and/or necrosis. 

To verify whether FC could be directly implicated in HMGB1 release from hepatocytes, 

we then assessed HMGB1 expression and release from primary hepatocytes loaded with 

FC (see Section 2.5). After 24 h incubation with LDL (20-40 µM), there was 

concomitant reduction of HMGB1 colocalisation with hepatocyte nuclei, as 
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demonstrated by immunofluorescence (Figure 5.5C).  There was also a decrease in 

hepatocellular HMGB1 protein (P<0.05, Figure 5.5A, black bars), which we attributed 

to release of HMGB1 into supernatant. This was demonstrated by a reciprocal, 

significant increase in supernatant HMGB1 (P<0.05, Figure 5.5B). Furthermore, on 

SEM HMGB1-rich “vesicles” were seen budding off the plasma membrane surface of 

FC-loaded hepatocytes (Figure 5.5C, arrows).  

 

In Chapter 4, it was shown that hepatocytes from Jnk1
-/-

 knock-out mice were protected 

against FC-induced apoptosis and necrosis (Figure 4.12A and B). Both oxidant stress 

and cellular necrosis are known to cause HMGB1 release. It was therefore anticipated 

that Jnk1
-/-

-deficient hepatocytes would not release HMGB1 after FC loading. Unlike 

WT, FC-loading failed to decrease hepatocellular HMGB1 expression in Jnk1
-/-

 cells 

(P<0.05, Figure 5.5A). Further, while FC-loading of WT (and Jnk2
-/-

) hepatocytes 

resulted in translocation of HMGB1 into the supernatant (Figures 5.5B and 5.5E), FC-

loaded Jnk1
-/-

 hepatocytes retained HMGB1 as demonstrated by unchanged supernatant 

HMGB1 protein levels compared to control (P<0.05 cf WT, Figure 5.5B). 
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Figure 5.5 JNK1, but not JNK2, is involved in release of intracellular HMGB1 from FC-

loaded hepatocytes.  

With FC loading using LDL, (A) hepatocellular HMGB1 tended to fall (NS) in WT but 

increase in Jnk1
-/-

 hepatocytes, while (B) supernatant HMGB1 levels increased significantly in 

WT but not Jnk1
-/-

 samples. HMGB1 expression was normalised to β-actin loading control. (C) 

WT hepatocytes exposed to 20–40 µM LDL (see top right label panel) show dose-dependent 

increases in filipin (blue) intensity, which coincides with the translocation of HMGB1 (green) 

from nucleus into cytosol, and release into culture media (arrows). (D) Jnk2
-/-

 hepatocytes 

loaded with 40 µM LDL show no significant change in cellular HMGB1, compared to the fall 

in FC-loaded WT. However, (E) both Jnk2
-/-

 and WT loaded with 40 µM LDL release 

HMGB1 into culture media. *P<0.05 vs time- and genotype-matched receiving no LDL. 

†P<0.05, vs treatment-matched WT control. Data are mean ± SEM from 4–6 pooled 

animals/gp with n=8 replicates/gp. Scale bars represent 20 µm. 
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5.4.4 HMGB1 released from FC-loaded hepatocytes activates TLR4 and activates 

downstream inflammatory pathways. 

Since HMGB1 is a cognate ligand for TLR4 in the proinflammatory cascade, we 

explored the specific role of TLR4 receptor-signalling, using a combination of WT and 

Tlr4
-/-

 cells. An interesting, and somewhat unexpected observation was that FC loading 

significantly increased TLR4 expression in WT hepatocytes; this occurred in a dose-

responsive manner (P<0.05, Fig. 5.6). In order to clarify whether HMGB1 liberated by 

lipotoxic injury to hepatocytes contributes to a feed-forward autocrine/paracrine 

mechanism of lipotoxic cell death to hepatocytes involving the TLR4 receptor (as 

suggested in vivo by Li et al 2011), we compared apoptosis and necrosis in FC-loaded 

Tlr4
-/-

 hepatocytes with WT.  

 

 

Figure 5.6 FC-loading induces dose-responsive TLR4 expression in WT hepatocytes. 

FC loading induces hepatocyte expression of TLR4 protein in WT hepatocytes. β-actin was 

used as loading control. *P<0.05 vs genotype-matched receiving no LDL. Data are mean ± 

SEM from 4–6 pooled animals/gp with n≥8 replicates/gp, experiment performed in duplicate.  

 

We first confirmed the efficacy of FC-loading in Tlr4
-/-

 hepatocytes by incubating them 

with human LDL for 24 h (Section 3.3.1). The intracellular cholesterol content in Tlr4
-/-

 

hepatocytes exposed to 20-40 µM LDL (Figure 5.7) was similar to that of WT 

hepatocytes (Figure 3.2D). However, in contrast to WT hepatocytes, Tlr4
-/-

 hepatocytes 

were refractory to injury (by LDH leakage) and both apoptosis and necrosis (P<0.05, 

Figure 5.8A, B, C). Moreover, incubation of Tlr4
-/-

 primary hepatocytes with LDL 

failed to induce HMGB1 release into supernatant (P<0.05, Figure 5.8D,E), despite the 
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evident increase in FC and cellular HMGB1 content (Figure 5.8). Like Jnk1
-/-

 cells 

described earlier (Figure 5.5B), Tlr4
-/-

 hepatocytes also failed to release HMGB1 

following FC-loading (Figure 5.8D,E).  

 

 

Figure 5.7 LDL exposure results in FC-loading in Tlr4
-/-

 hepatocytes. 

Incubation of Tlr4
-/-

 hepatocytes with LDL increased cellular FC content. *P<0.05 vs 

genotype-matched receiving no LDL. Data are mean ± SEM from 4–6 pooled animals/gp with 

n≥8 replicates/gp, experiment performed in duplicate.  

 

An alternative explanation for TLR4 activation could be lipopolysaccharide (LPS) 

contamination of the LDL preparations. Although we consider this unlikely because of 

the pyrogen-free procedures used, we tested for any possible LPS contamination in 

separate experiments by adding polymyxin B to LDL preparations. Polymyxin B binds 

to and neutralises LPS. In the present experiments, polymyxin B failed to protect 

hepatocytes against cell injury and apoptosis during incubation with LDL, and only 

minimally decreased necrotic cell death (Figure 5.9). This indicates that LDL 

preparations used in these experiments are unlikely to activate KCs because of LPS 

contamination.  
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Figure 5.8 FC-loading causes hepatocyte injury and cell death resulting in release of 

HMGB1 via a TLR4-dependent process. 

(A) FC-loaded Tlr4
-/-

 hepatocytes are refractory to FC-induced injury (as determined by LDH 

leakage; results in WT hepatocytes, as presented earlier [Section 3.4.3], are shown again here 

for comparison), as well as (B) apoptosis and (C) necrosis. (D and E) FC-loaded WT but not 

Tlr4
-/-

 hepatocytes release HMGB1 into culture media, as demonstrated by reduced cellular 

HMGB1 (panel D) and reciprocally increased supernatant HMGB1 (panel E). β-actin was used 

as loading control. *P<0.05 vs time- and genotype-matched receiving no LDL. †P<0.05, vs 

treatment-matched WT control. Data are mean ± SEM from 4–6 pooled animals/gp with n≥8 

replicates/gp, experiment performed in duplicate.  
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Figure 5.9 Addition of polymyxin B to LDL fails to protect FC-loaded hepatocytes from 

injury or cell death.  

Addition of polymyxin B (10 µg/mL) to hepatocyte culture media during LDL incubation (A) 

did not dampen liver injury (left panel), as shown by LDH leakage, or (B) reduce cell death by 

apoptosis (middle panel). (C) It did slightly decrease necrosis (right panel) compared to 

hepatocytes without polymyxin B added (treatment-matched control). *P<0.05, vs control (0 

µM LDL). †P<0.05, vs treatment-matched vehicle control (no addition of polymyxin B). Data 

are mean ± SEM from 4–6 pooled animals/gp with n≥8 replicates/gp, experiment was 

performed in duplicate (n≥16). 

 

5.4.5 HMGB1 neutralisation ameliorates FC-induced lipotoxicity. 

Having shown that TLR4 is important in FC-induced hepatocellular lipotoxicity, the 

role of HMGB1 was tested mechanistically using a specific HMGB1 neutralising 

antibody, as previously described (Cummings et al. 2011). Addition of the neutralising 

antibody (10 μg/mL) to FC-loaded primary WT hepatocyte reduced JNK activation, as 

shown by hepatocellular phospho-c-Jun expression (P<0.05, Figure 5.10A), and 

substantially reduced apoptosis and necrosis (P<0.05, Figure 5.10B and C). 
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Figure 5.10 HMGB1 neutralising antibody abrogates JNK activation and cell death in 

primary hepatocytes. 

(A) In FC-loaded (40 µM LDL) WT hepatocytes, addition of HMGB1 neutralising antibody 

(10 µg/mL) prevented JNK activation, as shown by cellular phospho-c-Jun levels, and 

abrogates (B) apoptosis and (C) necrosis. β-actin was used as loading control. *P<0.05, vs 0 

µM LDL. ‡P<0.05, vs FC-loaded (40 µM LDL) vehicle control. Data are mean ± SEM from 

4–6 pooled animals/gp with n≥8 replicates/gp, experiment was performed in duplicate (n≥16). 

 

5.4.6 Supernatant from FC-loaded hepatocytes activates primary Kupffer cells 

via HMGB1 interaction with TLR4. 

HMGB1 has previously been shown to activate macrophages (Klune et al. 2008, 

Bianchi 2009, Hreggvidsdottir et al. 2012) and Liang Li et al. proposed a role for 

hepatocyte-derived HMGB1 in stimulation of KCs in NAFLD (Li et al. 2011). Having 

demonstrated HMGB1 release from and TLR4 activation of hepatocytes undergoing FC 
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lipotoxicity, and the subsequent autocrine amplification of hepatocellular TLR4 

pathways (Figures 5.5, 5.8, 5.10), we then sought to establish whether the molecules 

(such as danger-associated-molecular patterns, DAMPs) released into supernatant could 

also activate resting KCs. To test this hypothesis, supernatant derived from FC-injured 

hepatocytes was added to resting primary KCs from WT mice. Such “enriched” of 

conditioned media induced KC activation, as determined by increased nuclear NF-κB 

p65 (Figure 5.11A top panel), alteration in KC morphology (observed using SEM, 

Figure 5.11B, right panel) and increased IL-1β secretion (P<0.05, Figure 5.11C).  

 

To confirm that this activation was attributable to HMGB1 released from FC-injured 

hepatocytes, a separate experiment was conducted in which a commercial anti-HMGB1 

neutralising antibody was added to hepatocyte supernatants prior to exposing the resting 

KCs to supernatant. Anti-HMGB1 antiserum ameliorated KC activation, as 

demonstrated by a significant reduction in IL-1β release (Figure 5.11D). As control for 

residual LDL in the hepatocyte culture media, addition of 40 µM LDL directly to KC 

culture media (with or without polymyxin, data not presented) failed to activate them, 

demonstrated by lack of IL-1β release (Figure 5.12A) and no nuclear translocation of 

NF-κB p65 (Figure 5.12B). These observations make it unlikely that the LDL 

preparations used in these studies contributed directly to KC activation. 

 

To confirm that HMGB1 activated KCs via TLR4, separate KC activation experiments 

were performed, in which primary KCs from Tlr4-/- mice were exposed to enriched 

supernatants from 40 µM LDL-loaded WT hepatocytes. In striking contrast to WT KCs, 

Tlr4-/- KCs failed to respond to culture medium from lipotoxic hepatocytes. This non-

responsiveness was indicated by absence of NF-κB p56 immunofluorescence (Figure 

5.11A, bottom panel) and undetectable IL-1β release (Figure 5.11C). Likewise, KCs 

with deletion of the TLR4 downstream signalling intermediate, Myd88, also failed to 

release IL-1β after exposure to enriched culture supernatant from hepatocytes 

undergoing FC lipotoxicity (ND, Figure 5.11D). These data confirm the importance of 

the HMGB1/TLR4/Myd88 pathway in the activation of NF-B p65 by products 

released from lipotoxic hepatocytes. 
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Figure 5.11 Effects of culture media supernatant from FC-loaded primary hepatocytes on 

WT, Tlr4
-/-

 and Myd88
-/-

 Kupffer cells.   

(A) Lipotoxic hepatocyte culture media activates WT KCs (F4/80, green, top panel), but not 

Tlr4
-/-

 KC (bottom panel), as shown by nuclear translocation of NF-κB (red). KC nuclei were 

stained with DAPI (blue). (B) SEM of resting KC (left panel) treated with culture media from 

control (0 µM LDL) hepatocytes and activated KC (right panel) treated with culture media 

from hepatocytes injured by FC (40 µM LDL). Methodology for SEM is described in Section 

3.3.6. (C) WT KCs release IL-1β, whilst Tlr4
-/-

 and Myd88
-/-

 KCs do not when treated with the 

same media. ND = not detected. (D) Neutralising HMGB1 antibody (10 µg/mL) abrogates IL-

1β release from KCs after exposure to lipotoxic hepatocyte media. *P<0.05, vs control KC 

group treated with hepatocyte supernatant from control (0 µM LDL). 
#
P<0.05, vs WT control 

receiving similar treatment. ‡P<0.05, vs vehicle control receiving similar treatment. Scale bars 

represent 20 µm unless otherwise indicated. Data are mean ± SEM from 4–6 pooled 

animals/gp with n=8 replicates/gp, experiment was performed in duplicate (n≥16). 
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Figure 5.12 Kupffer Cells are not activated by direct incubation with 40 µM LDL.    

Addition of 40 µM LDL to KCs culture media (16 h) fails to activate KCs (F4/80, green) as 

indicated by (A) failure to significantly increase IL-1β release (compared with Figure 5.10C) 

and (B) nuclear translocation of NF-κB (arrows indicate cytosolic NF-κB). Bars represent 20 

µm. Data are mean ± SEM from 4–6 pooled animals/gp with n=8 replicates/gp, experiment 

was performed in duplicate (n≥16). 

 

5.4.7 Purified EV fractions produce amplified inflammatory response in KCs. 

EV fractions were isolated from supernatants of primary hepatocytes exposed to 0 µM 

or 40 µM LDL, using the method described in Section 2.7. These fractions were 

washed, quantified, standardised and assessed for HMGB1 content using western 

blotting. In EVs isolated from conditioned media from WT hepatocytes exposed to 40 

µM LDL, HMGB1 content was significantly increased (P<0.05, Figure 5.13A). Added 

these HMGB1-rich EVs to primary murine KCs produced an “amplified” KC activation 

response. Impressively, KC IL-1ß release increased ~two-fold versus KCs stimulated 

with unmodified, undiluted supernatant from 40 µM LDL-exposed primary hepatocytes 

(P<0.05, Figure 5.13A). Similarly, NF-B p65 fluorescent staining intensity was 

markedly increased compared with cells treated with unmodified supernatant (Figure 5. 

13B compared with Figure 5.11A). 
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Figure 5.13 Extracellular vesicles isolated from FC-loaded hepatocytes contain HMGB1 

and activate Kupffer cells.  

(A) EVs isolated from enriched hepatocyte (40 µM LDL) supernatant contain significantly 

more HMGB1 vs those from 0 µM LDL supernatant. (B) Exposure of KCs to 40 M LDL 

hepatocyte supernatants caused a significant release in interleukin (IL)-1 release (shown in 

Figure 5.10, repeated here for comparison). This release was further amplified by exposure to 

EVs isolated from this media. (C) KC NF-B p65 expression (red fluorescence) was 

significantly increased by 40 µM LDL supernatant and EV exposure (green F4/80 fluorescent 

staining). Nuclear NF-B p65 translocation was also observed in these KC groups 

(colocalisation of red NF-B p65 staining with blue [DAPI] KC nuclei). *P<0.05, vs control 

group hepatocyte (0 µM LDL) supernatant. 
#
P<0.05, vs 40 µM LDL exposed, FC-loaded 

hepatocyte supernatant. Scale bars represent 20 µm. Data represent means ± SEM from n=4–6 

pooled animals, with 4-6 replicates/grp, experiments were performed in duplicate (n≥16). 

 

5.5 Discussion 

Liver cell injury and hepatic inflammation are the pathognomonic characteristics of 

NASH (Brunt et al. 2011, Farrell et al. 2012). Following hepatocyte injury with 

resultant activation of proinflammatory pathways, recruitment of inflammatory cells 

occurs, and these may ultimately be responsible for hepatic stellate cell activation with 
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extracellular matrix deposition that causes liver fibrosis. Progressive liver fibrosis 

leads to replacement of normal liver parenchyma and consequential chronic liver 

disease that can advance to cirrhosis and liver failure. Accordingly, pathways of 

inflammatory cell recruitment and activation constitute a potential therapeutic target in 

treatment of NASH.  

 

Previous research from the host laboratory has implicated cholesterol as a potential 

lipotoxic mediator of hepatocellular injury, liver inflammation and fibrosis in 

experimental NASH (Van Rooyen et al. 2011, Van Rooyen et al. 2013). To date, 

however, the relationship between hepatic cholesterol content to the key features of 

NASH (in addition to steatosis, hepatocellular injury, inflammation and fibrosis) have 

been largely associative. The exact pathways responsible for cholesterol-induced injury 

and its relationship to inflammation have not been fully elucidated.  

 

In Chapters 3 and 4, we described an in vitro model to address the mechanism of FC 

lipotoxicity to hepatocytes. The findings appeared to recapitulate some of the in vivo 

findings observed in HF-fed foz/foz mice with NASH, such as FC accumulation within 

hepatocytes causing cellular injury, apoptosis and necrosis. This reductionist model 

provided the opportunity to examine several classical pathways involved cellular injury. 

Collectively, the data described in Chapters 3 and 4 led to the generation of the 

following working model: 

 

Following LDL receptor-mediated uptake of cholesterol to load hepatocytes with FC, 

FC distributes to the plasma membrane, mitochondrial and ER. Shortly thereafter (<24 

hrs in primary hepatocytes), FC-dependent JNK1/c-Jun activation initiates 

mitochondrial MPT formation with cytochrome c release and respiratory chain 

uncoupling. This leads to mitochondrial formation of ROS, decreased ATP generation, 

apoptosis and necrosis.  

A schematic representation of this model is presented in Figure 5.14. 

 

While this model fits much of what is known in vivo, until now the precise pathways 

responsible for FC-mediated inflammation have not been identified. Here (and in the 

next Chapter), we pursue the possible implications of innate immunity operating 

directly by release of DAMPs and indirectly (or more remotely) via proinflammatory 
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EVs generated from dying hepatocytes. In particular, the results of experiments in 

this Chapter have: (a) identified hepatocyte NF-B activation with release of NF-B 

responsive gene products, TNF- and IL-6, (b) lipotoxic hepatocyte HMGB1 release 

(both soluble and in the form of EVs), and (c) HMGB1-mediated activation of TLR4. 

 

In vivo dietary studies of foz/foz mice with NASH have demonstrated NF-B p65 

activation was evident in liver lysates, and particularly in the subfraction of non-

parenchymal cells (Larter et al. 2009). The degree of such activation appeared 

proportional to hepatic cholesterol content (Van Rooyen et al. 2011), and NF-B 

activation was reversed by pharmacological lowering of hepatic FC content, using 

atorvastatin and/or ezetimibe to block cholesterol synthesis and/or reuptake (Van 

Rooyen et al. 2013) (Figure 5.2). While these studies did not clearly demonstrate NF-

B p65 expression in hepatocytes, unpublished data from the host laboratory indicate 

that whilst NF-B activation in non-parenchymal cells features prominently in NASH, 

NF-B is also activated in hepatocytes. Similar data have been reported in the MCD 

steatohepatitis model (Dela Pena et al. 2005). Here, using the combination of a “re-

interrogation” approach to liver sections stored from previous in vivo experiments and 

new in vitro experiments, NF-B p65 activation within hepatocytes has been 

unequivocally demonstrated in NASH and following FC loading (Figure 5.3). Further, 

nuclear p65 expression in vitro was associated with IL-6 and TNF- secretion cytokines 

by hepatocytes. Increases in these (and other) chemokines and cytokines have been 

previously reported in experimental and clinical NASH (Saad et al. 1995, Hui et al. 

2004). An overarching theme of the present thesis is that NF-B p65 may be activated 

as a consequence of the triggering of innate immunity.  

 

IL-6 has chemokine (for polymorphs) as well as cytokine properties (Borish et al. 1989, 

Fielding et al. 2008). Unlike IL-6, TNF- can augment injury and inflammation via 

activation of NF-B and JNK. This is effected through a series of protein signals 

triggered by the TNF receptors (TNFR)-1 and TNFR2 (Schwabe et al. 2004). Following 

binding of TNF to TNFR-1/2, TNF receptor associated death domain (TRADD) adapter 

protein activates TNFR-associated factor 2 (TRAF2). In turn, these adaptor proteins 

regulate NF-B p65 and JNK activation (Kieser et al. 1999, Tsao et al. 2000, Sethi et 

al. 2007, Chen et al. 2008). As previously described (Sections 1.6 and 5.1.1), DAMPs, 
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and most specifically HMGB1, can activate TLR4 to also give rise to NF-B 

activation, which in turn transcriptionally up-regulates expression of proinflammatory 

IL-6 and TNF-. Given the increased NF-B p65 activation observed in hepatocytes 

treated with 40 µM LDL, we conducted further experiments to explore the 

HMGB1/TLR4 pathway.  

 

The first key finding of these studies was that in WT C57Bl/6 hepatocytes damaged by 

FC loading, HMGB1 expression and localisation within cells change significantly. 

Specifically, HMGB1 translocated from the nucleus to the PM and was secreted into the 

supernatant (Figure 5.5). In an unexpected additional finding, FC-loading 

simultaneously up-regulated hepatocyte expression of TLR4. This process was shown to 

be reliant upon the presence of functional JNK1 because Jnk1
-/-

 hepatocytes not only 

failed to secrete HMGB1, but TLR4 expression increased following FC-loading (Figure 

5.5). Accordingly, these data indicate that HMGB1 and TLR4 are both involved in FC-

mediated lipotoxic hepatocyte injury. This entirely novel finding for FC-mediated 

lipotoxicity may be pertinent to NASH pathogenesis, which is known to involve FC and 

to be dependent on TLR4 (Li 2011). 

 

Since TLR4 activation has been extensively implicated in the pathogenesis of NASH 

(Ye et al. 2012, Petrasek et al. 2013, Roh and Seki 2013), we explored the role of 

HMGB1 for activating this receptor using Tlr4
-/-

 C57Bl/6 mice. Interestingly, despite 

equivalent FC loading compared with WT C57Bl/6 hepatocytes, hepatocytes from Tlr4
-

/-
 mice, as with Jnk1

-/-
hepatocytes, were protected against FC-mediated hepatocellular 

injury and HMGB1 release. Using a warm hepatic ischaemia model, Nace et al. (2013) 

identified oxidant stress as a factor leading to HMGB1 release and TLR4 activation. In 

the previous Chapter, FC-loading induced significant oxidant stress in hepatocytes, and 

it seems reasonable to propose that this may contribute to the increased HMGB1 release 

and TLR4 expression described here in FC-loaded hepatocytes. Further, the finding that 

FC lipotoxicity is associated with increased TLR4 expression has profound implications 

for NASH pathogenesis. In particular, these data are consistent wit the proposal that 

activation of TLR4 may constitute an early event in these cascades, and provide a 

pathway for the “auto-propagation” of liver injury that is a key feature of NASH 

pathology and disease outcomes. 
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It is also plausible that FC loading incites release of HMGB1, perhaps in response to 

decreased membrane fluidity, which can induce sheer stress and HMGB1 release (Park 

et al. 1998, DeVerse et al. 2012). Subsequent activation of TLR4 receptors on 

neighbouring (or the same) hepatocytes would result in downstream inflammatory (NF-

B p65, TNF-, IL-6) and apoptotic (JNK-1/c-Jun) pathways, thereby inciting a feed-

forward pathway responsible for amplified HMGB1 release and TLR4 activation. This 

is an attractive explanation for the significant step-wise translocation of cellular 

HMGB1 into the extracellular compartment/environment and simultaneous increase in 

TLR4 expression observed in FC-loaded hepatocytes (see Figures 5.6).  

 

Within the liver, local HMGB1 release would have a different effect on hepatic 

inflammatory responses than would HMGB1 enclosed within (or on) EVs, which would 

most likely enter the circulation to propagate peripheral/systemic inflammatory 

responses. While this phenomenon has not been described in human studies, several 

animal models underscore the importance of HMGB1 in acute and chronic disease 

processes. Schierbeck et al. (2011) demonstrated monoclonal anti-HMGB1 antibody 

protection in two experimental arthritis models. Similarly, acute injury models, 

including ischaemic stroke (Liu et al. 2007) and lipopolysaccharide-induced sepsis 

(Yang et al. 2004) are abrogated through biological neutralisation of HMGB1 (anti-

HMGB1 monoclonal antibody). The systemic effects of HMGB1 could also explain 

circulating inflammatory markers associated with increased cardiovascular risk in 

patients with NASH (Misra et al. 2009, Domanski et al. 2012). Both local and systemic 

roles have also been clarified for soluble and EV-bound CD36, a transmembrane 

glycoprotein that is a free fatty acid and cholesterol transporter that has been implicated 

in disordered lipid metabolism, diabetes, inflammation, insulin-resistance and stroke 

(Alkhatatbeh et al.).  

 

Although beyond the scope of this study, HMGB1 has been shown to activate and 

induce hepatic stellate cell proliferation, thereby directly inducing hepatic fibrosis (Kao 

et al. 2008). Further Kao et al. (2008) demonstrated that circulating HMGB1 down-

regulates membrane metalloproteinase (MMP)-2, but not MMP-9, further contributing 

to extracellular matrix deposition and thus fibrogenesis in NASH. Additionally, 

neutralisation of circulating HMGB1 ameliorates development of atherosclerosis in 

vascular disease-prone ApoE-deficient mice. Specifically, anti-HMGB1 antibody 
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treatment reduced CD11c and CD83, markers of total and mature dendritic cells, 

respectively (Kanellakis et al. 2011). Whether these functions of HMGB1 could be 

relevant to fibrogenesis in NASH is a tantalizing question that merits further 

investigation. To further pursue a potential dual HMGB1 role in inflammation with 

NASH, EVs isolated from FC-injured hepatocytes and from HF-fed foz/foz mice with 

NASH are characterised in the next Chapter. 

 

In the present study, EVs were isolated from the supernatant of FC-loaded hepatocytes. 

These particles appear to be the vectors of at least one pro-inflammatory molecule, in 

terms of HMGB1 delivery to TLR4, thereby initiating NF-B-dependent inflammatory 

signals (Figure 5.14). Additional proinflammatory proteins have also been identified 

within EVs isolated from FC-loaded hepatocytes and HF-fed foz/foz mice with NASH, 

including vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion 

molecule-1 (ICAM-1) (data not shown) as has been reported for the host lab recently for 

ischemia reperfusion injury (Teoh et al. 2014). Circulating EVs can fuse with target cell 

plasma membranes after binding to target cell receptors (Camussi et al. 2010). Thus, 

Fabbri and colleagues (2012) have identified that small non-coding microRNAs 

(miRNAs) within cancer cell-derived EVs can induce pro-inflammatory responses in 

immune cells via TLR receptors. Whether such miRNAs could play a role in EV 

inflammatory responses in NASH is of interest (not addressed here) and constitutes an 

important future direction. Likewise, the methodology used here for isolation of EVs 

specifically gates for microvesicles (100 nm-1 µm). Whether smaller particles, such as 

exosomes (1-100 nm) which also circulate (though in lesser amounts) in experimental 

NAFLD, or lipid rafts play a pro-inflammatory role requires further study. 

 

The possibility of HMGB1 antagonism as a therapeutic approach to NASH raises the 

issue of HMGB1’s physiological role. In this respect, Huang et al. (2014) demonstrated 

some negative effects of hepatocyte-specific HMGB1 deletion. Specifically, HMGB1-

deficient hepatocytes exposed to sub-lethal ischaemia reperfusion showed uncontrolled 

poly-(ADP-ribose) polymerase 1 expression, which resulted in profound ATP depletion. 

As well, mitochondrial instability, susceptibility to oxidant stress and net amplification 

of hepatocellular damage were observed. Accordingly, while the results described in 

this chapter implicate HMGB1 in FC-induced autocrine and paracrine inflammatory 

responses, the physiological and pathophysiological roles of HMGB1 appear to be 
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intrinsically intertwined. Notwithstanding this, targeted biological neutralisation of 

secreted HMGB1 (as shown in Figures 5.10 and 5.11) ameliorated hepatocellular 

apoptosis, necrosis and KC activation. This approach may therefore constitute a 

potential therapeutic approach for human NASH.  

 

 

Figure 5.14 Hypothesised pathways of free cholesterol-mediated hepatocellular damage, 

extracellular vesicle release and inflammatory cell activation.  

Cholesterol loading of hepatocytes leads to plasma membrane (PM) and mitochondrial FC 

accumulation. Resultant reductions in PM fluidity and mitochondrial permeability transition 

(MPT) pore generation leads to cytochrome c (CytC) translocation to the cytoplasm to activate 

apoptosome with consequent caspase 3 activation. Further, mitochondrial dysfunction leads to 

reduced ATP generation and a fall in cell energy levels. Extracellular vesicles (EV)s generated 

at this stage (facilitated by caspase 3 cleavage to submembranous cytoskeleton) are enriched 

with HMGB1, which is capable of activating KCs and hepatic stellate cells (HCSs) though a 

TLR4-dependent process, which occurs via MYD88 with resultant NF-B p65 activation and 

downstream IL-1 expression and extracellular secretion.  

Abbreviations: CytC, cytochrome C; FC, free cholesterol; HMGB1, high-mobility group 

protein 1; HSC, hepatic stellate cell; IL-1, interleukin-1; JNK, c-Jun N-terminal kinases; 

LDL, low-density lipoprotein; MYD88, myeloid differentiation primary response gene (88); 

PM, plasma membrane; TLR, toll-like receptor 
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There are two potentially important limitations for interpretation of the in vitro data 

presented in this Chapter:  

1. Modeling the liver tissue microenvironment using two purified cell types 

(hepatocytes and KCs) over-simplifies the cellular interactions in the intact liver. 

However, the advantages of this modelled in vitro system is to characterise separate 

cellular participants (Rosso et al. 2014).  

2. The human unmodified LDL preparation used to load murine hepatocytes with FC 

could be contaminated with LPS (this was suggested by a reviewer of an earlier version 

of the manuscript Gan et al. 2014). We considered this unlikely because all materials 

used pyrogen-free preparations. If this were the case, polymyxin B (which binds LPS) 

should prevent hepatocellular injury (Figure 5.8). LDL preparations do have a proclivity 

for LPS contamination, due in part to the lipid binding capacity of ApoB100 and the 

strong association between LPS-binding protein (LBP) and ApoB100 (Vreugdenhil et 

al. 2001). Therefore, the presence of LPS as a direct stimulant of TLR4 needed to be 

excluded in order to exclude LPS-mediated (rather than FC) TLR4 activation. To this 

end, polymyxin B was used to bind and inhibit any LPS residues. Polymyxin B is a 

complex antibiotic molecule derived from Bacillus polymyxa, which possesses a cyclic 

domain capable of binding and thereby neutralising LPS (Stansly and Schlosser 1947). 

Here, the failure of polymyxin to alter LDL-mediated hepatocellular injury (Figure 5.8) 

verifies that the hepatocellular responses to LDL exposure are in fact not attributable to 

LPS contamination of LDL preparations. 

 

As with all new findings, the data reported in this Chapter raise several unanswered 

questions. First, the capacity of FC-loaded hepatocyte-derived EVs to activate hepatic 

stellate cells was not assessed. Further experiments are required to determine whether 

EVs can activate these cells directly or indirectly through KC activation and resultant 

cytokine and growth factor secretion. Given the significant HMGB1/TLR4 content 

within hepatocyte-derived EVs, it is plausible that EVs arising from cholesterol-

enriched hepatocytes are capable of directly activating stellate cells, as described by 

others (Kao et al. 2008). This may contribute to hepatic fibrosis following hepatocyte 

cell death. Additionally, activated KCs may amplify such a response, in a paracrine 

fashion through inflammatory cytokine signalling. In the present study FC-loading led 

to increased IL-6 and TNF- secretion for hepatocytes and/or KCs, the levels of which 
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may be sufficient to activate hepatic stellate cells, as described by Thirunavukkarasu 

and colleagues (2006). 

 

5.6 Summary of findings 

The research presenting in this Chapter focused on pathways responsible for KC 

activation following FC-mediated hepatocellular injury. The major findings are 

illustrated in Figure 5.14 and summarised below.  

1. Loading primary hepatocytes with FC activates NF-B p65 with release of IL-6 

and TNF-, as well as blebbing of plasma membrane and EV formation. 

2. EVs isolated from FC-loaded hepatocytes are highly enriched with HMGB1 and 

TLR4. 

3. Both HMGB1 and TLR4 are essential for mediating FC-induced hepatocellular 

cell death through JNK1/c-Jun activation.  

4. EVs released from necrotic/apoptotic hepatocytes function as delivery vectors 

for HMGB1 and possibly TLR4/HMGB1 complexes. 

5. Conditioned media from FC lipotoxicity to hepatocytes activates KCs by an 

HMGB1- and TLR4-dependent mechanism. 
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  CHAPTER 6

 

Extracellular vesicles bearing HMGB1 and TLR4 arise 

from hepatocytes undergoing FC lipotoxicity, and 

circulate in both murine and human NASH 

 

6.1 Introduction 

In Chapter 3, plasma membrane vesicles were seen budding from FC-loaded 

hepatocytes undergoing liver injury (Figure 3.5). The idea that cells shed small 

membrane vesicles from their plasma membrane was first reported 40 years ago. At this 

time, the process was described as release of “cell/platelet dust” (Boulanger and Dignat-

George 2011). More recently however, the concept of cellular dust formation has been 

replaced with the term microvesicle formation, which describes small (usually 

submicron) membrane vesicle shedding from damaged, activated or apoptotic cells 

(Boulanger and Dignat-George 2011). Microvesicles (MVs) (also known as ectosomes) 

are vesicular plasma membrane fragments formed by reverse budding and membrane 

fission. Depending on their size, particles can be classified as exosomes (40-100 nm), 

EVs (100-1000 nm; 0.1-1 µm) or final stage apoptotic body vesicles (1000-3000 nm; 1-

3 µm) (Barteneva et al. 2013). Because the size gating used in the present study 

encompassed 0.1-1.45 µm, these particles are subsequently referred to as EVs.  

 

The surface lipid composition of EVs depends on particle size, but is typically lyso-bis-

phosphatidic acid together with a small amount of PS. EVs and apoptotic bodies, 

however, predominantly express PS (Thery et al. 2002). This unique feature of EVs 

allows them to be quantified using annexin V immunostaining; annexin V binds PS 

residues (Grisendi et al. 2015). In addition to their lipid membrane, exosomes, Evs 

(ectosomes) and apoptotic vesicles each contain a variety of macromolecules, including 

proteins, lipids, mRNAs, microRNA (miRNA) and other non-coding RNAs, and DNA 

(Barteneva et al. 2013). Due to their varying composition, EVs appear to have 

differential physiological and pathophysiological functions. These functions have been 

implicated in intercellular protein transfer, cell-cell signalling and adjacent cell 

communication, procoagulation, vascular dysfunction, blood brain barrier 
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communication, and epigenetic cellular reprogramming (Barteneva et al. 2013). The 

cell of origin of the particle and its contents largely determine these functions.   

 

In NASH, HMGB1 has been identified as one of the EV proteins capable of activating 

TLR4 and inciting NF-B p65 inflammatory responses (Nagata et al. 2007, Guo and 

Friedman 2010, Pisetsky et al. 2011, Yang and Seki 2012, Ye et al. 2012, Pisetsky 

2014). In Chapter 5, EVs isolated from hepatocytes exposed to 40 µM LDL were shown 

to contain HMGB1 (Figure 5.13A) and, more importantly, these vesicles were capable 

of activating primary KCs via a TLR4-dependent pathway. In this Chapter, EVs isolated 

from the in vitro model described in Chapters 3 to 5 will be further characterised. In 

addition, EVs isolated from the circulation of atherogenic (ATH) diet-fed foz/foz mice 

with NASH will also be analysed. Finally, EVs were isolated from patients with 

NAFLD of varying severity. The composition of these EVs was studied, and results 

were compared between groups with apparently healthy controls.  

 

6.2 Aims and hypotheses: 

In this Chapter, EVs were isolated and characterised from: 

1. Primary hepatocytes undergoing FC lipotoxicity, from the experiments 

described in Chapter 5.  

2. ATH diet-fed foz/foz mice with NASH and wildtype (WT) mice with simple 

steatosis. 

3. Human controls, patients with simple steatosis (SS), NASH without advanced 

fibrosis (F0-F2), and NAFLD with advanced fibrosis (F3-F4).  

The over-riding hypothesis was that EVs arising from lipotoxic hepatocytes will contain 

HMGB1, and that similar EVs arising from hepatocytes (as well as other cell-types) 

circulate in NASH to a greater extent than in SS. 

 

6.3 Methods 

6.3.1 Experimental approaches 

We used 3 experimental approaches to characterise EVs in both in vitro and in vivo 

model systems. 
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6.3.1.1 Primary hepatocyte cultures 

For primary hepatocytes, cells were isolated, cultured, and exposed to unmodified 

human LDL (as outlined in Section 2.5 and Chapter 3). After 24 h, supernatant was 

collected and EVs isolated, as described in Section 2.7.1.1.  

 

6.3.1.2 Mice and diets 

The animal experimentation reported in this Chapter was approved by the ANU Animal 

Experimentation Ethics Committee (protocol F.MS2012.22). Briefly, female foz/foz and 

WT NOD.B10 mice were bred and housed (3-5/cage) at The Canberra Hospital Animal 

Facility, with environmental parameters standardised to 23
o
C, 40% relative humidity 

and a constant 12 hour light/12 hour dark cycle. All cages, bedding, food and water 

were sterilised prior to use. Cages were individually ventilated (Tecniplast, 

Philadelphia, PA) with  ~70 volume air changes per hour. At 6 weeks of age, foz/foz and 

WT mice were fed either chow (5% fat, 67% carbohydrate, 19% protein, 0% 

cholesterol) or atherogenic diet (23% fat, 45% carbohydrate, 20% protein, 0.2% 

cholesterol). Diets were purchased from Specialty Feeds (Glen Forrest, WA, Australia). 

Access to food and water was provided ad-libitum.  

 

After 12 weeks of feeding (18 weeks of age), mice were fasted for 4 h (commencing at 

7 AM), anaesthetised with 100 mg/kg ketamine hydrochloride and 20 mg/kg xylazine 

hydrochloride. Anthropometric data were collected before blood was drained through 

cardiac puncture into citrate tubes. EVs were subsequently isolated as described in 

Section 2.7.1.2. Samples of liver were fixed in 10% neutral-buffered formalin and 

processed for histopathological grading of NAFLD severity. 

 

6.3.1.3 Human NAFLD and cirrhotic EV samples 

In order to study sufficient NAFLD cases across varying severity, we combined patients 

who had been subjected to a diagnostic liver biopsy at three centres (Hong Kong, Perth 

and Canberra, Australia). These biopsies had been performed for a clinical indication, 

and had therefore been reported by local pathologists, each experienced in assessment 

of NAFLD biopsies and all using the same histological criteria (see below). In order to 

study a larger number of patients with cirrhosis (for whom liver biopsy is not usually 

needed), we included patients with 2 or more of the following clinicopathological 

and/or imaging criteria: clinical evidence of liver cirrhosis (hard liver edge, spider 
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naevi), portal hypertension manifesting as splenomegaly, ascites and presence of 

oesophageal varices on endoscopic examination or intraabdominal varices by imaging 

studies. Patients with liver biopsies had clinical data collected within a year of biopsy. 

Each gave informed consent to provide 20 mL of blood, which was collected in citrate-

containing tubes for EV analyses. These studies were approved by the respective 

Institutional Review Boards (Hong Kong, Perth, and ACT Health Human Research 

Ethics Committee).  

 

The combined clinical database was compiled of 211 patients, of whom 26 were 

excluded due to missing data, leaving 185 for analysis (119 from Hong Kong, 33 from 

Perth, and 33 from Canberra). Among the 185, 25 were controls and 160 NAFLD cases 

(156 confirmed on liver biopsies, 4 had clinical and imaging evidence of liver cirrhosis 

as described above). Apparently healthy volunteers (n=19) and patients undergoing 

bariatric surgery whose liver biopsy showed normal histology (n=6) were used as the 25 

“normal controls” for this study. The healthy volunteers were selected based on normal 

BMI, liver-stiffness measurement (LSM) by transient elastography (TE) using 

FibroScan. NAFLD was defined as having steatosis ≥5% on liver biopsy. The severity 

of NAFLD was stratified into 3 histological groups according to the NAFLD activity 

score (NAS) (Kleiner et al. 2005) and Brunt’s fibrosis score (Brunt et al. 1999) as per 

Table 6.1. In a large dataset of prospectively obtained clinical data and results from liver 

biopsies blindly reviewed by a committee comprised of pathologists from 9 different 

centres in the United States involved in the NASH Clinical Research Network (CRN), 

the histological criteria for definite steatohepatitis (SH) was met in 75% of subjects with 

NAS ≥5 compared with only 25% of those with NAS≤4 (Brunt et al. 2011). Therefore, 

while not an ideal value, subjects with NAS=4 (regardless of fibrosis stage) were also 

excluded to prevent the overlap and ambiguity.    
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Table 6.1. Classification of NAFLD severity based on NAS and Brunt’s fibrosis scores. 

NAS Brunt’s fibrosis 

score 

n Categorisation 

1-3 0 33 Simple steatosis 

4 0, 1 26 Ambiguous, not studied 

5-8 0-2 61 NASH 

1-8 3-4 36 F4/F4 

NB: The third Brunt’s fibrosis score (Brunt et al. 1999) category (3-4) could includes any patient with NAFLD, 

not all of whom had NASH at the time of liver biopsy.   

 

6.3.2 Histological analysis 

Liver samples were fixed in 10% phosphate-buffered formalin (16 h, 4
o
C) prior to 

ethanol-gradient dehydration and paraffin embedding. Liver sections (4 µm) were cut 

and stained with haematoxylin and eosin (H&E) (John Curtin School of Medical 

Research, ANU, Canberra), and blinded sections were scored by Associate Professor 

Matthew Yeh (MMY), an expert liver pathologist (Department of Pathology, University 

of Washington Medical Centre, Seattle, WA) (see Acknowledgments). Slides from liver 

biopsies of NAFLD patients in Canberra prepared by Department of Anatomical 

Pathology at The Canberra Hospital (TCH) were also sent to MMY for blinded scoring. 

The NAFLD activity scoring (NAS) system, originally described by Kleiner and 

colleagues (Kleiner et al. 2005) was used to determine NAFLD severity. This 

histological scoring system combines separate scores for hepatic steatosis (0-3), 

inflammation (0-3), and hepatocyte ballooning (0-2). In addition, a global assessment 

was made of “NASH”, borderline NASH, simple steatosis or normal liver (Brunt et al. 

1999, Kleiner et al. 2005). 

  

6.3.3 Protein isolation and western blotting 

EVs were isolated from hepatocyte supernatant samples and murine blood samples 

(collected in citrate tubes) as described in Sections 2.7.1.1 and 2.7.1.2, respectively. 

Following isolation, specific proteins were assessed qualitatively (molecular weight) 

and quantitatively (expression relative to controls) using western blotting, as per Section 

2.13. 
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6.3.4 Flow cytometry 

Flow cytometry is an extremely sensitive analytical technique, which utilizes a series of 

lasers to analyse multiple particle/cell parameters simultaneously (Olszewski 1981, 

Arraud et al. 2014). The specific fluorescent conjugated flow cytometry antibodies used 

to characterise mouse and human EVs in this Chapter are listed in Tables 6.2 and 6.3, 

respectively. 

 

6.3.4.1 Reagents 

Fluorescent-activated cell sorting (FACS) wash buffer (0.5% [v/v] fetal calf serum in 

PBS).  FCS (500 µL) was diluted in 99.5 mL of ultrapure hospital grade d.H2O. This 

buffer was prepared fresh and stored at 4
o
C prior to use. 

 

Annexin V binding buffer (140 mM NaCl, 4 mM KCl, 750 µM MgCl2, 10 mM HEPES, 

pH 7.4). This solution was purchased commercially from BD Bioscience (Franklin 

Lakes, NJ) and prepared as per Manufacturer’s instructions. 

 

85 mM CaCl2 in ultrapure hospital grade d.H2O. Anhydrous CaCl2 (0.943 g) was 

dissolved completely in ultrapure hospital grade d.H2O (100 mL). Solution was filter-

sterilised through a 0.22 µm filter (BD Bioscience, Franklin Lakes, NJ) and stored at 

room temperature. 

 

6.3.4.2 Procedure 

EVs were isolated from supernatant samples of cell culture experiments and murine or 

human blood, as described in Sections 2.7.1.1 and 2.7.1.2, respectively. Following the 

last ultracentrifugation (100,000 x g, 90 min, RT), pellets were kept in 2 mL thin-walled 

Ultra-Clear™ ultracentrifuge tubes (Beckman Coulter, Indianapolis, IN) and 

resolubilised in FACS buffer (100 µL). Primary antibodies (Table 2.3, 6.2 and 6.3) were 

added, at 1:200 dilutions for all antibodies. After incubation (60 min, RT, dark), 

unbound antibody was removed by adding FACS buffer (1 mL) to ultracentrifuge tubes. 

EVs were then centrifuged (100,000 x g, 90 min, RT), supernatants discarded and 

pellets resuspended in FACS buffer (100 µL). For annexin V staining, pellets were 

resolublised in annexin V binding buffer (100 µL) with annexin V-fluorophore (10 µL), 

and 85 mM CaCl2 (1.2 µL) added approximately 20 mins prior to reading. All flow 

cytometry analyses were performed at the John Curtin School of Medical Research 
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(JCSMR) using a BD LSR Fortessa™ particle analyser (Franklin Lakes, NJ) 

equipped with five lasers (ultraviolet [UV; 350 nm], violet [405 nm], blue [488 nm], 

yellow [561 nm], and red [633 nm]). This flow cytometer is capable of detecting 18 

fluorophores simultaneously. Post-capture data were analysed using BD FACS Diva™ 

Software (Franklin Lakes, NJ).  

 

The candidate conducted the analyses presented in this Chapter with the assistance of 

Drs Brenda Chen and Sharon Pok in some experiments, and with the guidance and 

advice of Dr Harpreet Vohra (Flow cytometry specialist, John Curtin School of Medical 

Research, ANU) (see Acknowledgments). 

 

Table 6.2 Antibodies used in flow cytometry for murine EV characterisation. 

Abs Conjugated Wavelength (nm) Company Catalog # 

  Excitation Emission   

Annexin V AX350 343 442 Life Technologies 

Corporation 

A23202 

CD4 BV605 407 602 Biolegend 100548 

CD8a V500 415 500 BD Biosceince 560778 

CD36 AX647 633 670 Biolegend 102610 

CD147 PE-CF594 496 612 BD Bioscience 562836 

F4/80 PE/Cy5 480 670 Biolegend 123112 

HMGB1 PE 565 578 Biolegend 651404 

SLC10A1 FITC 495 519 Antibodies-

Online 

ABIN675915 

TLR4 PE/Cy7 743 767 Biolegend 145408 

Abbreviations: AX, Alexa; BV, brilliant violet; CD, cluster of differentiation; Cy, cyanine dye; F4/80, EGF-

like module-containing mucin-like hormone receptor-like 1; FITC, fluorescein isothiocyanate; HMGB1, high-

mobility group protein 1; PE, phycoerythrin; PE-CF594, tandem phycoerythrin cyanine and CF594 

hydroxylamine fluorophores; PE/Cy, tandem phycoerythrin cyanine fluorophore; SLC10A1, Na
+
-taurocholate 

cotransporting polypeptide; TLR, toll-like receptor; V, violet. 

Suppliers listed in Table 6.2: Antibodies-Online (Aachen, Germany); Biolegend (San Diego, CA); BD 

Bioscience (Franklin Lakes, NJ); Life Technologies Corporation (Carlsbad, CA). 
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Table 6.3 Antibodies used in flow cytometry for human EV characterisation. 

Abs Target Conjugate Wavelength (nm) Company Catalog # 

   Excitation Emission   

Annexin 

V 

EVs AX350 343 442 Life 

Technologies 

Corporation 

A23202 

ASGPR1/

2 

Hepatocyte FITC 495 519 ANOVUS 

Biologicals 

NBP1-51109 

CD4 T-cell BV650 405 645 Biolegend 317435 

CD8a T-cell PE/Cy7 743 767 Biolegend 344711 

CD36 FFA receptor APC/Cy7 650 785 Biolegend 336214 

CD147 MMP BV421 407 421 BD Bioscience 562583 

CD14 Macrophage PERCP/Cy5.

5 

482 695 Biolegend 550787 

CD11b Macrophag

e / 

neutrophil 

BV605 407 602 Biolegend 101237 

CD144 Sinusoidal 

endothelial cell 

PE 565 578 Biolegend 348505 

CD41 Resting platelet FITC 495 519 Biolegend 303703 

CD62P Activated platelet APC 594 633 Biolegend 304910 

CD16 Neutrophil BV711 405 711 BD Bioscience 563127 

HMGB1 DAMP PE 565 578 NOVUS 

Biological 

NB-2322PE 

SLC10A1 Hepatocyte PE/Cy7 743 767 Antibodies 

Online 

ABIN675921 

TLR4 TLR receptor BV 421 407 421 Biolegend 312811 

Abbreviations: AX, Alexa; BV, brilliant violet; CD, cluster of differentiation; Cy, cyanine dye; DAMP, 

danger-associated molecular pattern; F4/80, EGF-like module-containing mucin-like hormone receptor-like 1; 

FITC, fluorescein isothiocyanate; HMGB1, high-mobility group protein 1; PE, phycoerythrin; PE-CF594, 

tandem phycoerythrin cyanine and CF594 hydroxylamine fluorophores; PE/Cy, tandem phycoerythrin cyanine 

fluorophore; SLC10A1, Na
+
-taurocholate cotransporting polypeptide; TLR, toll-like receptor; V, violet. 

Suppliers listed in Table 6.3: Antibodies-Online (Aachen, Germany); Biolegend (San Diego, CA); BD 

Bioscience (Franklin Lakes, NJ). 

 

6.3.5 Statistical analyses 

Statistical analyses were carried out as described in Section 2.16. All data presenting in 

this Chapter represent mean ± SEM. Statistical significance is defined as P<0.05. 
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6.4 Results 

6.4.1 Primary hepatocytes undergoing FC lipotoxicity release extracellular 

vesicles that contain TLR-4, HMGB1 and asialoglycoproteins-1/2.  

Here, several experiments were conducted with the aim of further characterising the 

EVs isolated from the FC-lipotoxic hepatocytes described in the previous Chapters (3, 4 

and 5). First, supernatant fractions from hepatocytes exposed to 0-40 µM LDL were 

analysed for EV content, using a commercially available kit to quantify annexin V. The 

aim of this experiment was to determine whether EV release is proportional to the 

extent of FC-related hepatocyte injury. As previously mentioned (Section 6.1), PS 

detected by annexin V binding is a surrogate marker for EVs (Schneider et al. 2012). 

Not surprisingly, FC-loading of primary hepatocytes resulted in a significant dose-

responsive release of EVs into culture media (P<0.05, Figure 6.1A). Interestingly, this 

pattern of EV release correlated with hepatocellular FC content (Figure 3.2D) and 

necrosis (Figure 3.4D), as well as with JNK1 activation demonstrated in Chapter 4 

(Figure 4.6C). Due to paucity of material and the necessity to pool multiple EV 

samples, subsequent characterisations focused on the 0 and 40 µM LDL experiments.  

 

In Chapter 5, it was shown that EVs shed from 40 µM LDL-exposed hepatocytes 

contained significantly higher amounts of HMGB1 than did those from control 

hepatocytes (0 µM LDL) (P<0.05, Figure 5.13A). Here, both TLR4 and ASGPR-1/2 

were also identified in EVs from FC-loaded hepatocytes (P<0.05, Figure 6.1B, C). 

These analyses were by WB as it was not possible to conduct flow cytometric analysis 

on EVs derived from hepatocytes in vitro due to persistent background particulate 

interference. 
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Figure 6.1 FC lipotoxicity to primary hepatocytes releases annexin V-positive extracellular 

vesicles, which contain TLR4 and asialoglycoprotein receptors 1/2.  

(A) FC loading of hepatocytes by exposure to 20-40 µM LDL induces dose-responsive release of 

EVs at 30 or 40 µM LDL.  EVs isolated from hepatocytes incubated with 40 µM LDL contain 

more (B) TLR4 and (C) ASGPR1/2 protein, as assessed by western blotting (Section 2.13) than 

vesicles harvested from control hepatocytes (0 µM LDL). *P<0.05, vs 0 µM LDL.  †P<0.05, vs 

20 µM LDL. Data are mean ± SEM from 4–6 pooled animals/gp with n≥8 replicates/gp for data 

in Panel A, and n=3 replicates/gp for data in Panel B. Experiments were performed in duplicate 

(n≥6). 

 

6.4.2 Serum EVs increase in HF-fed foz/foz mice with NASH 

Having shown that FC-loaded hepatocytes release EVs, the next question was whether 

similar vesicles circulate in NASH, thereby reflecting the process of lipotoxicity in vivo. 

To test this, we examined EV fractions from blood of foz/foz mice with NASH and 

compared the results with atherogenic diet-fed WT and chow-fed foz/foz mice, which 

develop simple steatosis, as well as with lean controls (chow-fed WT). Female foz/foz 

and WT mice were fed chow or atherogenic diet for 12 weeks, with the sole intention of 

harvesting sufficient EV populations from blood in relation to liver histology. 
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In accord with previously published anthropomorphic and histological data (Larter 

et al. 2009), foz/foz mice were heavier than their WT counterparts at 12 wks, 

irrespective of dietary intake (P<0.05, Figure 6.2A). Atherogenic dietary feeding 

however, resulted in substantial hepatomegaly in foz/foz mice, with an average of 6% 

body weight attributed to liver mass (P<0.05, Figure 6.2B) versus ~2% for WT groups. 

At this time, significant intralobular ballooning and inflammation as well as severe 

steatosis were conspicuous in livers from atherogenic-fed foz/foz mice (Figure 6.2C), 

whereas livers from chow-fed foz/foz and atherogenic diet-fed WT mice exhibited SS 

without inflammatory foci (Figure 6.2C). Blinded histological scoring performed by 

MMY, (see Acknowledgements) confirmed marked increases in hepatic steatosis, 

ballooning, and lobular inflammation (P<0.05, Figures 6.2D-F) in atherogenic diet-fed 

foz/foz mice compared with dietary and genotype controls. Summation of these separate 

histological indices provides an overall NAFLD activity score (NAS), which is roughly 

proportional to the degree of liver injury. The NAS score was significantly higher in 

HF-fed foz/foz mice than dietary and genotype controls (P<0.05, Figure 6.2G), thereby 

confirming the development of NASH in this experimental group. 

 

Having confirmed the development of NASH in this cohort of atherogenic diet-fed 

foz/foz mice, EVs were isolated and analysed by flow cytometry (as detailed in Sections 

2.7.1 and 6.3.4) in order to characterise their protein tags, reflecting the cell types of 

origin (Headland et al. 2014).    
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Figure 6.2 Liver phenotype in foz/foz and WT mice, according to dietary intake after 12 

weeks of feeding.  
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Legend for Figure 6.2. Foz/foz (▲ chow; ▼ ATH) and WT (● chow; ◼ ATH) mice (n=6-

8/grp) were fed either chow or atherogenic diet for 12 wks. (A) Atherogenic diet-fed foz/foz mice 

weighed significantly more, and (B) their relative liver weight was increased compared with 

dietary and genotype-matched mice with steatosis and lean controls. (C) Histology showed 

macrosteatosis and lobular inflammatory foci and ballooning in atherogenic diet-fed foz/foz mice, 

with (D) steatosis, (E) ballooning (arrows indicate hepatocyte ballooning), (F) lobular 

inflammation. (G) The overall NAS was significantly higher in atherogenic diet-fed foz/foz mice. 

Data are mean ± SEM. *P<0.05, vs. diet-matched WT control. 
#
P<0.05, vs. genotype-matched, 

chow group. 

 

6.4.3 In atherogenic diet-fed foz/foz mice with NASH, PS-positive EVs can be 

isolated from the circulation. These contain HMGB1, TLR4 and hepatocyte 

markers. 

We saw that serum from artherogenic-fed foz/foz mice with NASH contained higher 

serum PS-positive EVs (by ELISA) compared with that of control (chow-fed WT) and 

SS (ATH-fed WT and chow-fed foz/foz) groups; [PS] averaged 14 nM in NASH vs 

control or SS group at 6-10 nM (P<0.05, data not presented).  

 

Here, we employed flow cytometry (Section 6.3.4) to characterise the circulating EVs 

after standardising particle density between groups to approximately 35 particles per 

reaction (Figure 6.3A). In light of the implication of HMGB1 and TLR4 in the 

mechanism of FC-mediated lipotoxicity to primary murine hepatocytes (see Chapters 4 

and 5 and Figure 6.1), we first evaluated HMGB1 and TLR4 fluorescent staining on 

EVs. This demonstrated increases in both HMGB1 and TLR4 proteins on EVs isolated 

from atherogenic diet-fed foz/foz mice with NASH compared with SS and lean control 

mice (P<0.05, Figure 6.3B,C).  

 

We then examined whether EVs that circulate in foz/foz mice with NASH contained 

another hepatocyte marker, SCL10A1, a solute transporter confined to hepatocytes. 

Interestingly, EVs isolated from foz/foz mice with NASH exhibited similar or lower 

SCL10A1 staining than those from dietary and genotype controls (Figure 6.3E). CD36 

is another surface protein expressed on hepatocytes as well as other cell types. It is a 

scavenger receptor responsible for transporting FFAs, FC, oxidised LDL, and fibrillar 

and soluble amyloid-β. Here, EVs isolated from atherogenic diet-fed foz/foz mice with 
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NASH appeared to contain higher amounts of CD36-positive EVs (P<0.05, Figure 

6.3D).  

 

CD147, a regulator of membrane metalloproteinase activity, is involved in the 

activation of hepatic stellate cells, and thereby plays a role in liver fibrosis (Calabro et 

al. 2014). CD147 EVs was higher in foz/foz mice with NASH than with SS or with lean 

control mice, but this expression in circulatory EVs failed to reach statistical 

significance (NS, Figure 6.3F). 

 

6.4.4 Circulating EVs in foz/foz mice with NASH contain T cell markers. 

In human NAFLD, circulating EVs contain markers of CD4-positive (helper T-cells, 

which include Th1, Th2, Th17 and T-reg subsets) and CD8-positive (cytotoxic T-cells) 

lymphocytes (Kornek et al. 2012). To establish whether similar changes occur in our 

murine model, EVs isolated from circulation of chow- and atherogenic-fed WT and 

foz/foz mice were scrutinised for CD4 and CD8 expression. Chow-fed foz/foz mice 

showed increased CD4-positive expression compared to chow-fed WT. Otherwise, there 

were no significant differences in CD4- and CD8-positive EV expression were evident 

between groups (Figure 6.3G, H).  

 

Overall, these findings are consistent with the proposal that at least a proportion of the 

EVs isolated from the circulation of mice with NASH are released from hepatocytes, 

and contain both HMGB1 and TLR4. 



 196 

 

Figure 6.3 Characterisation of EVs isolated from mice with NASH (Foz HF).  

EVs were isolated from plasma of foz/foz (▲ chow; ▼ ATH) and WT (● chow; ◼ ATH) mice 

as described in Section 2.6.1, labelled using antibodies against specific protein tags and annexin 

V conjugation of PS (as per Table 6.2). (A) Equivalent numbers of annexin-V-positive EVs were 

analysed in each group by flow cytometry and then probed for (B) HMGB1, (C) TLR4, (D) 

CD36, (E) SCL10A1, and (F) CD147, (G) CD4, and (H) CD8 proteins. Data are mean ± SEM. 

*P<0.05, vs. diet-matched WT control. 
#
P<0.05, vs. genotype-matched, chow group. 
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6.4.5 Characterisation of circulating EVs harvested from patients with 

NAFLD  

To establish whether the findings in foz/foz mice are relevant to the human NASH, we 

analysed annexin V-positive EVs isolated from venous blood and assessed whether they 

bore markers of hepatocyte, inflammatory and lymphocyte markers, as described earlier 

(Section 6.3.4.2). We assessed circulating annexin V-positive EVs from patients with 

NAFLD phenotypes of increasing disease severity, as well as controls with normal 

livers. The focus was on hepatocyte-specific markers and cell signalling molecules 

involved in innate immunity. In order to compare the composition of EVs between 

groups by flow cytometry, an equivalent number of annexin V-positive particles was 

studied for each patient populations (Figure 6.4A).  

 

Consistent with the findings from murine models, higher EV expression of both 

HMGB1 and TLR4 was observed in NASH and F3/F4 patients compared with SS or 

healthy controls (P<0.05, Figure 6.4B,C). Among patients with NASH with or without 

advanced fibrosis (F3/F4), EVs were more likely to bear ASGPR1/2 than those with SS 

(P<0.05, Figure 6.4E).  

 

The relative proportion of CD36 and CD147-bearing EVs was also significantly higher 

in NASH than simple steatosis, with a further increase in F3/F4 cases (P<0.05, Figure 

6.4D,F). While these findings in a large cohort of human NAFLD and control cases 

supports the operation of CD36, CD147 and molecules of innate immunity (HMGB1 

and TLR4) in NASH, the data do not allow their cell-type of origin of these molecules 

to be identified.  

 

The lymphocytic markers CD4 and CD8 were also then assessed. There were stepwise 

increases in proportion of both these markers, being highest in F3/F4, then NASH 

without severe fibrosis, and simple steatosis versus control. There were also significant 

differences between NASH and simple steatosis (P<0.05, Figure 6.4G,H).  
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Figure 6.4 Characterisation of circulating EVs isolated from patients with NAFLD of 

increasing severity versus controls with normal liver histology (controls).  

EVs were isolated from plasma of patients with NASH, F3/F4 cirrhosis, SS and healthy controls, 

as described in Section 6.3.1.3. They were labelled (Section 6.3.4) prior to quantification using 

annexin V conjugation. (A) Plasma EVs were quantified and probed for (B) HMGB1, (C) TLR4, 

(D) CD36, (E) ASGPR1, and (F) CD147, (G) CD4, and (H) CD8. EV parametric data were 

captured using a BD LSRFortessa™ particle analyser (Franklin Lakes, NJ) and post-capture 

analysis performed with BD FACS Diva™ Software (Franklin Lakes, NJ). Data are mean ± 

SEM. *P<0.05, vs. patients with SS. 
#
P<0.05, vs. normal liver controls. 

†
P<0.05, vs. patients with 

NASH. 
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6.5 Discussion 

Increasing experimental and clinical evidence supports the operation of innate immunity 

in NASH, thereby accounting for sterile inflammation as a central feature of this 

disorder. However, the links between lipotoxic liver injury and innate immunity require 

clarification. In the previous Chapters, it was shown that exposure of primary murine 

hepatocytes to LDL causes FC loading of hepatocytes with FC deposition occurs in the 

mitochondria and the plasma membrane (Figure 3.3B, D). The later decreases plasma 

membrane fluidity, while FC activates JNK1-dependent mitochondrial injury, with 

cytochrome c release, apoptosome formation and caspase 3 activation (Chapter 4). 

Active caspase 3 cleaves the cell cytoskeleton to cause budding at the surface of cells 

(Figure 3.5) while the stiff PM predisposes to rupture (exocytosis) of these buds as 

membrane-bound EVs. EVs also circulate in obesity, diabetes, atherosclerosis, each of 

which is strongly associated with NASH. They have also been reported in NAFLD and 

cirrhosis. However the particular emphasis of earlier studies have been on lymphocyte, 

macrophage and platelet-derived EVs in cirrhosis from viral hepatitis and alcoholic liver 

diseases, as well as NAFLD (Fusegawa et al. 2002, Ogasawara et al. 2005, Sayed et al. 

2010).   

 

HMGB1 and TLR4 

In order to account for species difference, studies included both experimental (murine) 

and human samples. The first important finding of the present research is a greater 

release of hepatocyte-derived EVs in NASH and NAFLD with advanced fibrosis both in 

murine and human samples, compared to those with SS or lean controls. Further, the 

markers borne by these circulating EVs in NASH also reflect involvement of cell-cell 

signalling molecules known to be operative in innate immunity, namely HMGB1 and 

TLR4. The significance of both these molecules, in particular their function in 

recruitment of inflammatory cells like KCs, has been extensively explored in Chapter 5. 

It should be noted, however, that while the in vitro studies described here demonstrate 

that hepatocytes can be the source of HMGB1-bearing EVs, the cellular origins of 

plasma EVs population containing HMGB1 cannot be fully characterised using current 

techniques. In future work, this could be addressed by using fluorescent particulate 

sorting or co-labelling annexin V-positive EVs with HMGB1 and surface cell marker of 

interest (e.g. hepatocytes, KCs, infiltrating monocytes and macrophages, endothelial 

cells, lymphocytes, stellate cells).  
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If lipotoxicity is a central mechanism for NASH pathogenesis, there should be clear 

links between this type of hepatocellular injury and inflammatory recruitment. The 

present observations provide strong support for such links. Earlier, we established that 

there is stepwise increase expression of HMGB1 protein in the livers of both WT and 

foz/foz mice fed atherogenic diet containing 2% cholesterol (Figure 5.4). In addition to 

the presence of HMGB1 (discussed earlier), EVs that circulate in both murine and 

human NASH also bear TLR4 (Figures 6.3D and 6.4D) but no increase in TLR2 signals 

(data not presented). These data are consistent with a recent study in human NASH by 

Cengiz et al. (2015): serum samples from consecutive biopsy proven NASH (n=57) and 

healthy controls (n=57) were assayed for soluble TLR2 and TLR4 using ELISA – only 

serum TLR4 correlated both with NASH and liver fibrosis evaluated using Brunt’s 

Criteria (Cengiz, Ozenirler et al. 2015). Among the TLRs, the evidence for involvement 

in NAFLD is strongest for TLR4 (Li et al. 2011, Miura et al. 2013, Roh and Seki 2013, 

Miura and Ohnishi 2014, Cengiz et al. 2015, Li et al. 2015). There is some evidence for 

TLR9, but this is an endosomal rather than cell surface receptor so it will not be present 

on EVs (Roh and Seki 2013, Csak et al. 2014, Miura and Ohnishi 2014). On the other 

hand, involvement of TLR2 has been implicated in some but not all experimental 

systems for NAFLD (Li et al. 2011, Miura et al. 2013, Roh and Seki 2013, Miura and 

Ohnishi 2014, Cengiz et al. 2015, Li et al. 2015).  

 

Hepatic TLR4 expression increases in NASH and its deletion prevents development of 

steatohepatitis in response to the methionine choline deficient or a high-fat 2% 

cholesterol diet (Li 2012). In the latter model, activation of TLR4 was dependent on 

ligand HMGB1. We showed similar findings in primary hepatocytes undergoing FC 

lipotoxicity (Chapter 5, Sections 5.4.4 and 5.4.6) (Gan et al. 2014). Thus HMGB1 is 

released from cells undergoing oxidative stress and necrosis, and we demonstrated that 

it is released from primary hepatocytes in response to FC lipotoxicity (Chapter 5, 

Section 5.4.3). Further, such released HMGB1 was shown to interact with neighbouring 

hepatocytes to accentuate injury in an autocrine or paracrine “feed-forward” process 

mediated via TLR4 (Figures 5.6-8). The present finding that HMGB1 also circulates in 

EVs in NASH reiterates further the concept of how this archetypical DAMP, released 

during hepatocyte lipotoxicity, can interact with other hepatocytes to perpetuate injury. 

Whether TLR4 is expressed on EVs because it represents a site of plasma membrane 

budding, or whether there is increased synthesis of TLR4 in NASH requires further 
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study. Dr Derrick Van Rooyen (ANU thesis 2012) (see Acknowledgements) from 

the host laboratory found no increase in TLR4 mRNA in the livers of foz/foz mice with 

NASH, a finding that supports the first explanation. The clear implications of HMGB1 

and TLR4 in experimental NASH also provides potential targets for the design of 

therapeutic agents to treat NASH.  

 

As endorsement of their likely relevance, our findings that HMGB1 and TLR4 

expression in EVs is increased in foz/foz mice with NASH, were recapitulated and 

extended by studies in patients with NAFLD. In fact, human data showed a more 

striking relationship to disease severity than did in the results of mouse models. The 

most likely reason for this “attenuated” difference in mice is that the models used 

(exposing foz/foz and WT mice to an atherogenic dietary regimens for 12 weeks) 

reflects the milder end of the NASH spectrum. The host lab has previously characterised 

the time course for development of NASH in this model – at 12 weeks of dietary 

feeding, the distinction between “established”, “borderline” and “not-NASH” (or SS) 

was less clear cut and animals had not yet developed fibrosis; this is typically 

established by 24 weeks of atherogenic dietary feeding in foz/foz mice and 9-12 months 

in WT (Larter et al. 2009). Here, we deliberately “shaded” the model towards the milder 

end of the spectrum in the present studies as we were interested in pro-inflammatory 

and injury pathways that operate early in NASH pathogenesis. One unwanted 

consequence might have been failure to observe in mice, the same findings as in human 

NASH with advanced fibrosis.  

 

CD36 

Another important new finding in these studies is that circulating EVs in both 

experimental NASH (in mice) and human NASH are enriched with CD36. Involvement 

of CD36 has been demonstrated in T2D and in the development of atherosclerosis and 

Alzheimer’s disease (Sheedy et al. 2013). In the pathogenesis of atherosclerosis, CD36 

functions as an oxidised LDL receptor essential for JNK-1/2 activation in macrophages, 

with subsequent foam cell formation (Rahaman et al. 2006). Sheedy and colleagues 

(2013) recently demonstrated that CD36 plays a role in intracellular cholesterol crystal 

formation in macrophages. Further, hepatic CD36 expression is strongly increased in 

human NAFLD patients (Miquilena-Colina et al. 2011). Here, implication of CD36 

accords with the increasing body of evidence that lipid uptake is involved with NASH 
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pathogenesis, as is already accepted in T2D and metabolic syndrome. CD36 is 

abundantly expressed on hepatocytes, but also on macrophages, adipocytes, and other 

cell types.  

 

Earlier work from the host laboratory demonstrated up-regulation of CD36 in the foz/foz 

murine model of NASH, and correlated its expression level with dietary factors that 

determined the inflammatory activity of fatty liver disease (Larter et al. 2013). In other 

work, we have also shown that the LDL receptor (LDLR) is up-regulated in livers of 

foz/foz mice with NASH, and showed using primary hepatocytes, that such up-

regulation is in response to insulin via SREBP2 (Van Rooyen et al. 2011); SREBP2 also 

up-regulates CD36 (Bernal-Lopez et al. 2010). Three groups have shown an association 

between SREBP2 up-regulation and hepatic FC accumulation in human NASH (versus 

simple steatosis) (Puri et al. 2007, Caballero et al. 2009, Min et al. 2012). In subsequent 

studies one of these groups did not find increased LDLR expression (Min et al. 2012). 

Instead, they attributed cholesterol accumulation (on the basis of indirect evidence) to 

enhanced hepatic cholesterol biosynthesis (Min et al. 2012); however HMG-CoA 

reductase activity is profoundly suppressed in foz/foz mice with NASH (Van Rooyen et 

al. 2011). Although species differences in cholesterol disposition remain a plausible 

explanation for the difference between these studies, lipid tracer studies have shown that 

over 80% of hepatic lipid in NASH arises from the periphery; thus, hepatic uptake of 

lipid molecules must be involved. CD36 was not assayed in earlier human samples (Min 

et al. 2012). The present data showing abundant CD36 expression on circulating EVs in 

both human and murine NASH could explain the previously discrepant conclusions. 

Specifically, uptake of FC, as well as free fatty acid uptake in NASH may be mediated 

by CD36, a plasma membrane protein known to transport both types of lipid molecule 

into hepatocytes. Further studies should resolve this issue by assay of CD36 in human 

NASH livers.  

 

Although this is not the first study to identify circulating EVs in NAFLD (Kornek et al. 

2012), the current work expands earlier studies by showing correlations with disease 

phenotype, and by characterising cells of origin of EVs and their relationship to 

lipotoxicity. In earlier work from the host laboratory, similar vesicles (termed 

microparticles) were identified in hepatic ischemia-reperfusion injury, an acute form of 

liver injury that, like NASH is mediated by oxidative stress and innate immunity (Teoh 
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et al. 2014). In that work, it was demonstrated for the first time that EVs could 

themselves cause hepatocyte injury by promoting oxidative stress and mitochondrial 

injury, in addition to the known effects on platelet activation and chemotaxis for 

polymorphonuclear neutrophils (Teoh et al. 2014).  

 

CD4 and CD8 

One of the limitations of the in vitro data presented in this Chapter is the over-

simplification of the cellular interaction. The reductionist approach used was essential to 

characterise separate cellular participants but cannot address the nuances of cellular 

subtype interactions that occur in vivo in NASH (Rosso et al. 2014). Further, the 

contribution of adipose and endothelial cell dysfunction (as found in atherosclerosis) to 

liver injury and overall hepatic inflammation (Pasarin et al. 2012) have not been 

studied. In an attempt to address this issue, we performed flow cytometry analysis of 

EV particles from patients with NAFLD. Circulating EVs isolated from patients with 

NASH (± early fibrosis) and NAFLD with advanced fibrosis were shown to originate 

from CD4
+
 and CD8

+ 
T cells (Figure 6.4E, G, H). Implications of CD4 and CD8 cells in 

human NASH and NAFLD with advanced fibrosis is consistent with the findings by 

Kornek et. al (2012), although in their study, disease severity was neither described nor 

categorised. 
 

 

ASGPR1 vs SCL10A1 

In earlier in vitro experiments, we showed a significant increase in hepatocyte-derived 

EV in FC-injured primary hepatocytes (determined using ASGPR1 WB, Figure 6.1C). 

In contrast, EVs isolated from atherogenic-fed foz/foz mice showed no relative increase 

in EV-derived from hepatocytes, determined using SCL10A1, the hepatocyte-specific 

sodium taurocholate cotransporting polypeptide (NTCP) (Anwer and Stieger 2014) 

(Figure 6.3B). There may be several explanations for the apparent disparity between 

murine in vitro and in vivo data. First, foz/foz mice may have less severe NAFLD 

phenotype due to relative short duration of atherogenic diet. Second, hepatocyte-derived 

EVs may be rapidly removed from circulation from circulation within liver by adjacent 

KCs, which are able to swiftly endocytose EVs in a PS-dependent manner (Willekens et 

al. 2005), especially beneath the hepatic sinusoid sieve plate, thereby preventing their 

re-entry into the circulation. Thirdly, these hepatocyte-derived EVs may be under-

represented in plasma EV samples as a consequence of the contribution from other 
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organs and tissues early in metabolic disease. In this respect, adipose inflammation 

and adipocyte death, and atherosclerotic plaque formation may occur early, whereas 

hepatic damage and associated EV-release may occur later in what is a multifaceted 

disease process, as for example with T2D and NASH. Previous time-course experiments 

conducted in the host laboratory using the foz/foz model, have shown adipose 

inflammation is evident at 12 weeks, while fibrotic NASH does not occur until 16-24 

weeks (Larter et al. 2009, Larter et al. 2013). Accordingly, further research to study EV 

compositional changes over time would be of interest.  

 

Finally, the difference we observe in murine in vivo and in vitro experiments could be 

attributable to the different functions and locations of ASGPR and SCL10A1 on 

hepatocytes at rest and during inflammation. ASGPR, expressed mainly on sinusoidal 

surface of hepatocytes (Morell et al. 1968, Ashwell and Morell 1974, Ashwell and 

Harford 1982) has many roles which includes: 1) binding, internalisation and clearance 

of glycoproteins containing terminal galactose or N-acetylgalactosamine residues 

(asialoglycoproteins) (Pricer et al. 1974, Spiess 1990, Stockert 1995), 2) clearance of 

IgA from circulation (Baenziger and Kornfeld 1974, Stockert et al. 1982, Daniels et al. 

1989, Inamoto and Brown 1991), 3) removal of apoptotic cells, LDL and chylomicron 

remnants (Windler et al. 1991), 4) disposing cellular fibronectin (Rotundo et al. 1999), 

5) being utilised by hepatotrophic virus to gain entry into hepatocyte (namely hepatitis 

B virus) (Yang et al. 2006) and 6) eliminate activated lymphocytes from circulation 

(Huang et al. 1994, Marth and Grewal 2008, Guy et al. 2011). During liver 

inflammation (irrespective of the cause), ASGPR expression increases and its binding 

site changes – at rest and in normal liver, expression of ASGPR is on the sinusoidal or 

basolateral membrane (Spiess 1990, Burgess et al. 1992, Becker et al. 1995, Stockert 

1995). During liver inflammation, ASGPR shifts towards the canalicular membrane 

(Burgess et al. 1992). Similarly, in liver cirrhosis, ASGPR is over expressed and serum 

level of asialoglycoprotein increases and the localisation of the receptor also shifts to 

canalicular surface with corresponding decrease in sinusoidal and lateral surfaces 

(Burgess et al. 1992).  

  

In contrast to ASGPR, SCL10A1, a Na
+
- dependent bile acid (BA) transporter is 

expressed only on basolateral membrane of hepatocytes (Esteller 2008). At resting basal 

state, SCL10A1 together with organic anion transporting polypeptides (OATPs), are 
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responsible for BA uptake from sinusoidal blood. This process, carried out against 

an electrochemical gradient is a saturable process (Esteller 2008). Given the different 

functions and localisation of ASGPR (including its participation in apoptosis and 

inflammation), it is not surprising perhaps, we noticed increase in hepatocyte-specific 

EVs released in both FC-injured murine primary hepatocytes and NAFLD patients with 

NASH and advanced fibrosis when ASGPR was used as the hepatocyte marker, but no 

change to the mice NASH model when SCL10A1 was used. In future, it would be 

prudent to repeat this experiment using one standardised hepatocyte marker, ASGPR1/2 

to tag the released EVs. Prof A Feldstein’s group (2014) found a significant difference 

in levels of EVs in liver and blood between 2 control groups vs NAFLD animals. In their 

work, male C57Bl/6 WT mice were placed on 7 weeks of choline deficient L-amino 

acid (CDAA) diet or one of two control diets (choline supplemented L-amino acid 

[CSAA] and normal chow [NC]) for 4,8, and 20 weeks. They also placed mice on high 

fat diet containing 45% kcal fat or NC diet for 12 weeks to investigate a different 

experimental model for NAFLD. They found: 1) EV levels were increased in both liver 

and blood detected by EM in NAFLD mice on CDAA diet, which correlates with more 

severe liver damage, determined using NAS; 2) circulating EVs isolated from PFP of 

NAFLD animals with established NASH were positive for annexin V, vanin-1 (a 

surface ectoenzyme present in EVs released from stressed hepatocytes) and ASGPR1 

detected by WB; and 3) hepatocytes were important source of circulating EVs in 

NAFLD animals, shown by presence of abundance hepatocyte microRNA, miR-122 

and miR-192 in circulating EVs from blood of mice with NASH from 20 week of 

CDAA diet and from mice on 12 week of HF diet (Povero et al. 2014).  

 

6.6 Summary of findings 

The research presented in this Chapter focused on further characterisation of the EVs 

released from hepatocytes in vitro following FC-mediated hepatocellular injury. We 

found that EVs released from FC-injured hepatocytes are enriched in HMGB1, 

ASGPR1/2 and TLR4 and sought to establish if similar EVs circulated in experimental 

and clinical NASH. We saw a strong correlation between presence of EVs bearing 

HMGB1 and TLR4 in NAFLD phenotype, with animals developing NASH having 

more of these EVs than those with SS or controls. We were able to replicate these data 

in human clinical samples. These exciting findings could provide a novel mechanistic-
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based biomarker to identify patients with NASH pathology and for liver fibrosis and 

cirrhosis. This will be addressed in future directions.  

 

The major findings are summarised below.  

1. FC-injured hepatocytes release EVs that bear HMGB1, TLR4 and ASGPR1/2. 

2. EVs circulate in both experimental and human NAFLD; compared to controls or 

those with SS, those with clinical NASH and advanced fibrosis have 

significantly more EVs enriched with HMGB1, TLR4, as well as CD4- and 

CD8-positive markers  

3. Circulating EVs isolated from mice and human patients with NASH are enriched 

with hepatocyte markers, indicating their origin from damaged hepatocytes.  

4. In both mice and human with NASH and advanced fibrosis, circulating EVs 

with CD36 and CD147 are higher when compared with SS and controls with 

apparently healthy livers.  

 

 

 

 

  



 207 

 

  CHAPTER 7

 

Final Discussion 

 

7.1 Research findings 

In the broader context of NAFLD, the presence of NASH is a strong risk factor for 

development of liver fibrosis with progressive chronic liver disease that can lead to 

cirrhosis (Farrell et al. 2012). The pathogenic mechanisms for progression from SS to 

NASH are thought to involve hepatocyte injury with inflammatory recruitment by an 

innate immune response to such injury. One or more reactive lipid species are likely 

central to these processes, collectively termed lipotoxicity (Alkhouri et al., 2009, Farrell 

et al., 2012). Increasing evidence has implicated cholesterol, in particular FC, as a 

lipotoxic mediator of hepatocellular injury in NASH (Mari et al. 2006, Puri et al. 2007, 

Caballero et al. 2009, Van Rooyen and Farrell 2011, Van Rooyen et al. 2011, Min et al. 

2012, Van Rooyen 2012, Van Rooyen et al. 2013). However, the exact mechanisms 

whereby FC injures hepatocytes and how this leads to liver inflammation have not been 

elucidated. Accordingly, the aims of the thesis were: (1) to establish a reproducible 

model of loading primary hepatocytes with FC, (2) use this in vitro model to explore the 

molecular and cellular mechanisms by which FC causes cell death in hepatocytes, (3) to 

establish how FC-induced lipotoxicity incites an inflammatory response, with particular 

attention to innate immunity mediated by HMGB1/TLR4 interactions; (4) to test 

whether hepatocyte lipotoxicity releases pro-inflammatory EVs; and (5) to determine 

whether EVs circulate in human NAFLD, and whether there are differences in their titre 

and composition (particularly cell types of origin) for NASH versus SS. The research 

findings presented in this thesis have been extensively discussed in the respective 

results Chapters. The aim of this final Chapter is to briefly summarise the important 

findings, and to propose some future directions for this research. 

 

Chapter 1 is an introduction to the clinical relevance of NAFLD as the most common 

liver disease, its place among metabolic complications of over nutrition and insulin 

resistance, and a discussion about the pathogenic phenotype of NASH and its 
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significance for development of cirrhosis and liver cancer. Several elements of cell 

biology relevant to the studies of lipotoxicity were also addressed, including 

physiological pathways of mitochondrial function and adaptation to oxidative stress. 

This Chapter also summarised current evidence for FFA, TG, and cholesterol as 

hepatocyte lipotoxins in NAFLD. Given the focus in this thesis and within the host 

laboratory on cholesterol lipotoxicity, pathways of cholesterol homeostasis and 

intracellular FC trafficking were reviewed.  

 

Unfortunately, research into hepatocellular FC lipotoxicity has been hinder by a lack of 

suitable in vitro model, largely because cholesterol homeostasis is complex, involving 

cellular uptake, transport, biosynthesis, biotransformation, storage and export; see 

Chapter 1 (Sections 1.5.2 and 1.5.3). In Chapter 3, the first experimental aim was 

addressed. Commercially available (purified) unmodified human LDL was used to load 

primary murine hepatocytes with FC, thereby successfully establishing a robust 

experimental model for mechanistic studies. This technique allowed hepatocytes to be 

FC-loaded in a dose-dependent manner so that the downstream effects could be studied. 

 

The validity of this novel in vitro model was tested by comparing the subcellular 

localisation of FC between LDL-exposed hepatocytes and an in vivo murine model of 

NASH. The intracellular distribution of FC in primary murine hepatocytes loaded in this 

way recapitulated the organelle localisation observed in livers of atherogenic diet-fed 

foz/foz mice with NASH (Figures 3.1 and 3.2). At higher LDL concentrations, 

hepatocellular FC distributed to the mitochondrial compartment and to a lesser extent to 

the ER, and this was associated with increasing mitochondrial dysfunction and 

downstream activation of apoptosis and necrosis cell death pathways. FC also localised 

to the PM in FC-loaded hepatocytes, with a corresponding reduction in PM fluidity. 

These results were consistent with the research from Mari et al. (2006) who identified 

similar FC distribution to ER, PM and mitochondria in rats fed a high-cholesterol diet. 

They are also consistent with clinical evidence of hepatocyte mitochondrial injury in 

NASH, and with the presence of plasma membrane derived EVs in the circulation, as 

explored later. The subcellular pathways of hepatocyte injury in FC lipotoxicity were 

further defined in Chapter 4.  
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Interestingly, electron microscopy found EVs bleb off the surface of FC-laden 

damaged hepatocytes. These EVs could be harvested, and were available for subsequent 

analyses.  

 

In Chapter 4, the second experimental aim was addressed. Here pathways of FC-

mediated hepatocyte injury were explored first by revisiting previous experiments 

conducted on atherogenic diet-fed foz/foz mice with NASH. In these livers, a strong 

correlation was found between the extent of hepatic FC-loading and JNK1/2 and c-Jun 

activation.  These pathways were then delineated in FC-loaded hepatocytes. Our in vitro 

model recapitulated the in vivo data, with FC-loading responsible for both significant 

JNK1 and c-Jun phosphorylation that could be inhibited by a potent JNK1 inhibitor 

(CC-003). Correspondingly, hepatocytes from Jnk1
-/-

,  but not Jnk2
-/-

 mice, were 

refractory to FC-mediated mitochondrial injury and cell death. Collectively, these 

experiments showed that c-Jun activation occurred as a result of JNK1 activation in FC-

loaded hepatocytes, and inhibition of JNK1 or its deletion abrogated both apoptosis and 

necrosis (Figures 4.9 and 4.11). This finding is particularly interesting in NASH 

because JNK1 (but not JNK2) is pivotal for the development of insulin resistance, 

hepatocellular cell death pathways and HCC (Kodama and Brenner 2009). 

 

This Chapter also explored the role of mitochondrial cell injury in FC-induced cell 

death in some detail. Loading hepatocytes with FC increased StAR mRNA expression 

and, in a JNK1-dependent fashion, caused dysregulation of mitochondrial ΔΨm and 

MPT. In turn, this led to oxidative stress, ATP depletion and hepatocellular cell death. 

Blocking MPT with CyA rescued hepatocytes from short-term FC-induced cell death. 

Similarly, pan-caspase inhibition or inhibition of caspase 3 reduced FC-induced 

apoptosis and necrosis. Collectively, these findings not only reinforce other NAFLD 

studies, which have implicated JNK1 activation in NASH pathogenesis (Schattenberg et 

al. 2006, Kodama and Brenner 2009, Kodama et al. 2009, Singh et al. 2009), but also 

provide the first conclusive mechanistic link between FC loading and the hepatocellular 

injury that is central to the definition of NASH. Electron microscopy was also used to 

study the architecture of FC-loaded hepatocyte mitochondria, and swelling and 

deranged cristae array were observed (Figure 4.15). Others have identified 

mitochondrial dysfunction in NASH, noting similar ultrastructural changes as those 
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observed here in FC-loaded hepatocytes (Caldwell et al. 1999, Sobaniec-Lotowska 

and Lebensztejn 2003, Le et al. 2004). 

 

Importantly, Chapter 4 also explored the potential role of ER stress in FC-induced 

hepatocyte cell injury. ER stress was found to have no role in FC lipotoxicity, which is 

consistent with observations in foz/foz mice with NASH that GRP78, Atf4 and CHOP 

are not involved in NASH pathogenesis (Van Rooyen et al [unpublished], PhD ANU, 

2012) (Legry et al.). They also accord with the weight of evidence from three clinical 

trials, that the anti-ER stress compound, ursodeoxycholic acid, has no therapeutic 

efficacy against NASH (Lindor et al. 2004, Adams et al. 2010, Xiang et al. 2013). 

 

Chapter 5 explored a number of sterile proinflammatory signalling pathways that could 

be relevant to NASH pathogenesis, including the role of EVs isolated from FC-loaded 

hepatocytes as activators of KCs. NF-B p65 activation has been reported in human 

NASH, and in the host laboratory foz/foz mouse model of NASH (Figure 5.1) (Li et al. 

2011, Wei et al. 2011, Van Rooyen et al. 2013, Tian et al. 2014). This master 

inflammatory regulator was activated by FC-loading of hepatocytes (Figure 5.3), with 

downstream release of IL-6 and TNF-. Both these cytokines circulate at higher levels 

in NASH patients than in controls (Poniachik et al. 2006, Das and Balakrishnan 2011, 

Braunersreuther et al. 2012, Farrell et al. 2012), and they have been implicated in 

experimental models of NASH (Jiang et al. 2015, Santos et al. 2015). It should be noted 

that IL-1 was also detected within the supernatant of these FC-loaded hepatocytes, 

suggesting NRLP3 involvement. Unfortunately, this observation came towards the end 

of the candidate’s experimental work, so that the potentially exciting role of 

inflammasome activation, which it suggests, was not studied further. 

 

Pathways towards NF-B p65 activation were investigated, in particular the signalling 

molecule HMGB1, and the pattern recognition receptor, TLR4. A growing body of 

evidence implicates this pathway in NASH pathogenesis (Alisi et al. 2011, Li et al. 

2011, Roh and Seki 2013, Gan et al. 2014). In our FC-loaded hepatocytes, 

marginalisation of HMGB1 from the nucleus (as seen in control cells) to the PM (Figure 

5.4) compartment was evident, and the PM budded off and released EVs containing this 

protein into the culture supernatant. Again, JNK1 was proven to be essential for this 

process; there was no extracellular HMGB1 release in Jnk1
-/- primary hepatocytes, 
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irrespective of the extent of FC-loading (Figure 5.5). To the author’s knowledge, 

this is first demonstration of a dynamic relationship between JNK1 and HMGB1 release 

in injured hepatocytes, and it may be a pivotal process in lipotoxicity. 

 

Another critically important experiment was described in this Chapter. Incubating FC-

loaded hepatocytes with anti-HMGB1 neutralising antibody significantly mitigated the 

extent of hepatocellular cell death, reducing both apoptosis and necrosis. Anti-HMGB1 

also inhibited KC activation by isolated EVs. These results have far-reaching 

implications for potential novel therapy in NASH and warrant further investigation (see 

future directions below). It should be noted that there is a precedent for using anti-

HMGB1 neutralising antibodies therapeutically in animal models, anti-HMGB1 

reversed radiation-induced pneumonitis (Wang et al. 2015), cystic fibrosis airway 

disease (Rowe et al. 2008), and improved survival after hemorrhagic shock (Yang et al. 

2006). 

 

The pathogenesis of NASH must involved connections between injured hepatocytes and 

activated inflammatory cells, particularly those of macrophage lineage. Towards 

explaining such links, the EVs isolated from lipotoxic hepatocytes were shown to 

function as delivery vectors for HMGB1 and possibly TLR4/HMGB1 complexes. They 

potently activated KCs by mechanism, which could be inhibited by anti-HMGB1 

neutralising antibodies and which failed to occur in TLR4 null cells. Further, Myd88
-/-

 

primary KCs were refractory to activation by EVs, implicating Myd88, as a node in the 

pathway to NF-B activation, in this process. Myd88, is an essential signalling 

intermediated in TLR activation. Collectively, these results demonstrate for the first 

time a complex paracrine relationship between hepatocyte-derived EVs and the innate 

immune system. The influence of these particles on other cells of the innate immune 

response, were not explored in this thesis and constitute an important future direction 

(see below). In essence, the new concept developed by these findings that EVs provide a 

link between FC lipotoxicity to hepatocytes and accumulation of sterile inflammatory 

danger signals activates inflammatory cells in NASH, has been hinted by other 

investigators and authors (Farrell et al. 2012, Ganz et al. 2015, Zeng et al. 2015). Figure 

5.14 summarises the principle findings from FC lipotoxicity studies in a schematic 

format. 
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Chapter 6 examined the fifth and final research objective, namely characterisation of 

EVs isolated from humans with NASH, and a comparison with experimental NASH in 

atherogenic diet-fed foz/foz mice. Patients with NASH and advanced liver fibrosis had 

significantly higher titres of circulating EVs enriched with HMGB1 and TLR4, as well 

as CD4- and CD8-positive markers compared with to those with SS or apparently health 

controls.  Further, a significant percentage of isolated EVs were enriched with 

hepatocyte markers, indicating their origin from damaged hepatocytes. EVs could 

therefore provide a potential biomarker for non-invasive diagnosis or staging of 

NAFLD (Ban et al. 2016). 

 

Collectively, the findings presented in this thesis support the hypothesis articulated in 

Chapter 1 (Section 1.8), that intracellular FC accumulation causes hepatocellular injury, 

resulting in cell death and activation of downstream proinflammatory pathways such as 

KC activation in NASH. 

 

7.2 Future directions 

Several important questions have emerged from the research conducted towards this 

thesis, and constitute logical directions for future study. These potential avenues of 

research will now be discussed and sub-stratified according to areas of pathogenesis, 

diagnosis and treatment of NASH. 

 

7.2.1 Future research directions for NASH pathogenesis 

7.2.1.1 Characterisation of intracellular FC trafficking in human NASH 

The tight regulation of intracellular FC levels is reflected by the complex pathways 

responsible for intra- and extra-cellular cholesterol homeostasis (Figures 1.7 and 1.8). 

Perturbed intracellular cholesterol trafficking is now known to play a significant role in 

other disease processes, such as neurodegeneration (Arenas et al. 2017) and 

development of atherosclerosis (Zhang et al. 2008, Yu et al. 2014). Pathways of 

intracellular cholesterol trafficking were not examined in this thesis as they were 

beyond the scope of the proposed studies, and would require detailed cell biological 

techniques. Nevertheless, the data presented in Chapters 3 and 4 highlights the 

importance of subcellular FC distribution and the role of FC pools in mitochondrial and 

PM pathways of injury and cell death. To the author’s knowledge, few if any studies to 

date have characterised intracellular pathways of cholesterol trafficking in human 
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NASH, nor the role of lipid droplet regulation and biotransformation. Accordingly, 

further research is needed to establish which proteins are involved, such as MLN64, 

NPC1 and NPC2, and whether their function is physiologically appropriate or 

dysregulated in NASH. StAR, which is responsible for influx of FC into the 

mitochondrial compartment (Section 1.5.2), is significantly upregulated in human 

NASH livers (Caballero et al. 2009). The murine gene equivalent was also upregulated 

in FC-loaded primary murine hepatocytes  (Figure 4.14). It is therefore plausible that 

the expression of other genes and/or subcellular localisation of encoded proteins 

responsible for intracellular FC trafficking are also perturbed during NASH 

pathogenesis. If found to play in hepatic FC lipotoxicity, manipulation of FC trafficking 

and subcellular distribution could provide a therapeutic approach for treating NASH and 

preventing its complications.  

 

7.2.1.2 Innate immunity in NASH 

The innate immune system plays an integral role in NASH pathogenesis. It involves a 

complex interaction between hepatic (lipotoxic hepatocytes and KCs) and extrahepatic 

factors, various innate cell types, as well as environmental factors, host genetics and gut 

microbiota (see Figure 7.1 for schematic overview). For a succinct overview of the 

current innate system model in NASH see the review by Arrese et al. (2016).  

 

As discussed in Chapter 1 (Sections 1.6 and 1.7), and from the data presented in 

Chapters 4, 5 and 6, TLR receptor activation and KCs are central to inflammatory 

pathway activation by lipotoxic hepatocytes. It is acknowledged that this thesis only 

studied a small part of the innate immune system using a reductionist (mono-culture) 

approach, in which culture of one cell type at a time was conducted. In order to fully 

characterise the role of this complex system in NAFLD progression a substantial 

amount of research is need. Ideally it would use the combination of knockout mice and 

co-culture, and it would involve correlation with findings in human NASH. The focus 

of this research would be to further define the roles of other innate immune system 

pattern recognition receptors, associated signalling pathways and the various innate 

cellular components. These are briefly discussed below. 
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Pattern recognition receptors 

Although this thesis focused on the HMGB1/TLR4 axis and touched on NLRP3 

signalling, several other PRRs were not explored in the FC-loaded hepatocyte model. 

These include other TLRs, especially TLRs -2 and -9. Studies from the host laboratory, 

using a combination of knockout mice, bone marrow chimeras and dietary models of 

NASH, have implicated TLR9 in the activation of M1-macrophages, as well as 

neutrophil chemotaxis during NASH pathogenesis in atherogenic diet-fed foz/foz mice 

(Mridha et al. 2017). In regards to TLR2 involvement, Miura and colleagues (2013) 

found less liver inflammation, fibrosis and NLRP3 inflammasome activation in Tlr2
-/-

 

mice. These researchers also demonstrated that PA can act as a TLR2 ligand, inducing 

downstream KC activation via NLRP3 activation (Miura et al. 2013). The role of PA 

and other saturated Fas (as opposed to cholesterol and other crystals) in NLRP3 

activation remains controversial. 

 

Additionally, TLR2, -4, and -9 are hypothesised to link gut dysbiosis to NASH 

pathogenesis. Gut dysbiosis is the collective term for intestinal bacterial overgrowth and 

increased intestinal permeability in NAFLD first noted by Wigg et al from Adelaide in 

2001 (Wigg et al. 2001). This leads to endotoxinaemia (absorption of bacterial DNA, 

LPS and peptidoglycans) (Miura et al. 2010, Houghton et al. 2016). This pathway could 

further amplify damage to hepatocytes already subject to liptoxic injury. It is noted that 

the NLRP3 inflammasomes require a PAMP priming signal prior to activation and this 

could link gut dysbiosis to activation of inflammatory cells in NASH. Further work is 

needed to test this relationship and further elucidate the role and interactions of other 

TLRs and NOD-like receptors. 

 

Cellular components of innate immunity 

In order to fully delineate the complex interactions between the different cellular 

constituents of the innate immune system occurring in NASH, co-culture experiments 

are needed. Here, hepatocytes could be cultured along with KCs, and/or 

polymorphonuclear leukocytes, dendritic cells, or natural killer (NK) cells/natural killer 

T-cells. Although a significant undertaking, these would be important experiments since 

most cells of the innate system have dual pro-inflammatory and anti-inflammatory 

subtypes. For example, dendritic cells can switch from an anti-inflammatory state, 

where they are responsible for antigen-detection and clearance of apoptotic cells, to a 
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pro-inflammatory state where they express CX3C chemokine receptor 1 (CX3CR1) 

and activate KCs and other innate immune cells. Similarly, NK T-cell populations 

activated by lipids can be sub-divided into: type 1, which has a proinflammatory 

phenotype, and type 2, with anti-inflammatory functions that limit tissue damage and 

protect against development of autoimmunity (Dasgupta and Kumar 2016). The M1 and 

M2 macrophage subpopulations, which have already been discussed (see Section 1.3.2), 

are another example of this “on/off” dichotomy. 

 

7.2.2 Future research directions for NASH diagnosis 

7.2.2.1 Improved non-invasive methods for detecting human NASH  

As discussed in Chapter 1, NAFLD is highly prevalent worldwide. While ~75% of 

patients with NAFLD have steatosis without significant liver disease, identifying those 

with NASH and/or significant liver fibrosis remains extremely challenging and is one of 

the most important issues in contemporary hepatology. It therefore constitutes an 

important area of future research. Current approaches include clinicopathological 

scoring (such as the NAFLD fibrosis score), biomarkers, including procollagen III N-

terminal peptide (P3NP) (Tanwar et al. 2013) and liver stiffness measurement (LSM) by 

transient elastography (or other elastographic modalities, for example shear wave; 

MRE). Each of these approaches has only 80-85% negative predictive values for 

significant liver fibrosis (F3/4), and similar or slightly higher positive predictive values. 

Altogether, none of these non-invasive methods approach 90-100% diagnostic accuracy. 

Furthermore, applicability for all NAFLD cases, across age groups and diverse ethnic 

populations, logistics and cost are substantive issues that limit their more widespread 

use.  
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Figure 7.1 Role of innate immunity in the pathogenesis of NASH. 

The innate immune system is instrumental in the development of NASH. This is likely to involve 

a complex interaction between multiple cell types, including B-cells, dendritic (DC), Kupffer 

(KC), monocytes, neutrophils, natural killer (NK), and natural killer T-cells (NKT). In addition 

to the liver, other organs and tissues could be involved in a whole body mechanism, such as the 

intestine, the gut microbiome and adipose tissue. As demonstrated in this thesis, lipotoxicity 

results in hepatocyte damage and cell death via reactive oxygen species (ROS), leading to release 

of danger activated molecular patterns (DAMP) that in turn, activate various pathways of innate 

immunity. Separately, increased intestinal permeability, bacterial over-growth (dysbiosis) and 

adipocyte inflammation are currently favoured to also contribute to innate immune system 

activation in NASH pathogenesis. Image adapted from Arrese et al. (2016).  
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Abbreviations for Figure 7.1: CCL-2, chemokine C-C motif ligand 2; CD, cluster of 

differentiation; EV, extracellular vesicle; FASL, FAS ligand; HSC, hepatic stellate cell; IFN-, 

interferon-gamma; IL, interleukin; LPS, lipopolysaccharide; MCP-1, monocyte chemoattractant 

protein 1; MPO, myeloperoxidase; PAMPs, pathogen-associated molecular pattern; PDGF, 

platelet-derived growth factor. 

 

To provide higher diagnostic accuracy with readily available tests, the candidate 

explored conventional clinicopathological variables and extended their application with 

LSM and biomarkers. The data from these combined modalities was used to compile a 

clinical model that could stratify as many as possible NAFLD cases into advanced or no 

fibrosis, and also to identify those cases with NASH from others with simple steatosis. 

The preliminary data of these studies were presented at Australian Gastroenterology 

Week (2015), and are discussed here briefly as a direction for further research. These 

preliminary data should be interpreted with caution.  

 

A clinical database of 200 biopsied NAFLD patients (defined by ≥5% hepatocytes 

showing steatosis), 169 with LSM data was analysed (Leon Adams). The database 

consisted of 135 patients from Hong Kong, 18 patients from Perth, and 16 patients from 

Canberra. A further 18 cases were excluded due to missing data, so that the final n was 

151. According to NAFLD activity score (0–3=simple steatosis, 4=excluded, 5–

8=NASH) and Brunt’s fibrosis score (0, 1 or 2, 3 or 4), cases were grouped into 3 

categories, simple steatosis, NASH with no to moderate fibrosis (F0-2) or F3/4. To 

allow clear separation of cases with or without NASH those with NAS=4 were excluded 

(n=3 cases) as this is an overlap/ambiguous category. The third category (F3/4) could 

include NASH or “not NASH” NAFLD because severe fibrosis occasionally presented 

without NASH pathology in NAFLD. Biomarkers included a set of anthropometric and 

clinical indices, serum ferritin, M30 (apoptosis marker), M65ed (overall cell death 

marker), hyaluronic acid (HA), P3NP, annexin V-positive microparticles (MP), and 

genetic predisposition (PNPLA3). Using generalised linear models in SPSS v22.0, a 

parsimonious decision tree was created to predict the three NAFLD categories. 

 

The following correlated with NAFLD category: age, waist circumference (not BMI), 

hypertension, diabetes or fasting blood glucose, ALT, platelet count, INR, LSM, and all 

biomarkers except ferritin, and NAFLD fibrosis score significantly. In the multivariate 

analysis of the candidate indices, LSM was the dominant predictor (OR 1.22, 95% CI 
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1.09-1.34, P<0.0001). Consequently, LSM was stratified into 3 bands (<5.8; 5.8–

30.3; >30.3 kPa) to maximize NAFLD category discrimination (Table 7.1). Within each 

LSM stratum, the candidate variables were used to further predict NAFLD categories. 

The significant factors entering the decision tree were P3NP (cut-off 8.7 ng/mL), ALT 

(cut-off of 55 U/L within the lower band, and 60 U/L within the middle LSM stratum), 

hypertension and LSM < or >10 kPa. Overall, 72% (109/151) agreement between 

predicted and histologically-observed NAFLD categories was found across the tree. The 

sensitivities and specificities varied by LSM band. For LSM <5.8 kPa (27 cases of SS, 

22 of NASH, 1 of F3/F4), the sensitivity achieved for simple steatosis was 89% (24/27), 

and of NASH was 55% (12/22), with positive predictive values of 71% and 80%, 

respectively. In contrast, the middle LSM band (LSM 5.8–30.3 kPa, [25 cases of SS, 48 

of NASH, 23 of F3/F4]) achieved 81% (39/48) sensitivity for NASH and 40% (10/25) 

for simple steatosis, with predictive values of 67% and 100%, respectively. The highest 

LSM band contained few cases; all 6 were F3/4 cases (positive predictive value of 

100%).  

 

These preliminary data show that use of transient elastography, P3NP, ALT and 

presence or absence of hypertension provide adequate information to discriminate 

NAFLD categories, particularly at the highest and lowest ends of the spectrum, thereby 

significantly reducing the number of cases requiring further liver investigations. This 

simple approach is relatively inexpensive (a P3NP assay is commercially available and 

currently costs ~$AUD 20, not including labor). It is independent of socio-demographic 

indicators, allowing it to be potentially transportable across populations. Further, it 

provides probabilities of diagnosis based on the number of diagnostic parameters 

available at the time, giving it practical value. Based on these findings, further 

validation of the decision model is worth pursuing and constitutes an important future 

direction.  
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Table 7.1 Preliminary data: Transient elastography (LSM) stratified into 3 bands 

allows significant discrimination between NAFLD categorised by NAS or Brunt fibrosis 

score. 

LSM 

(kPa) 

N 

(169) 

Brunt fibrosis score ≤ 2 

n (%) 

Brunt’s fibrosis 

score > 2  

n (%) 

P 

value  

<5.8 

(Band 1) 

54 53 (98%) 

   Actual           

Predicted 

SS NASH % 

SS 24 10 71 

NASH 3 12 80 

% 89 55 74 
 

1 (2%)  

< 0.0001 

5.8–30 

(Band 2) 

109 85 (78%) 

              Actual           

Predicted 

SS NASH 

SS 10 0 

NASH 14 39 

F3/F4 1 9 

% 40 81 
 

24 (22%) 

F3/F4 % 

0 100 

5 67 

18 64 

78 70 
 

>30.3 

(Band 3) 

6 0 (0%) 6 (100%) 

Numbers in sub tables do not add to grand totals due to missing data associated with predictor variables in 

the generalized linear models.  

Abbreviations: SS, simple steatosis. 

 

7.2.3 Future directions of NASH treatment 

7.2.4 Reversing insulin resistance using pharmacological approaches – effect on 

FC homeostasis  

Insulin resistance and lipid/cholesterol metabolism are inseparably linked to the 

pathogenesis of NASH. As a result, interventions which reverse insulin resistance are 

the subject of intense research and development, and hold potential to reverse metabolic 
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syndrome and its associated liver and cardiovascular diseases (Kaur 2014). It is 

already known that exercise has this effect (Haczeyni et al. 2015, Axley et al. 2017, de 

Lira et al. 2017, Hashida et al. 2017, Winn et al. 2018). Harnessing this potential 

pharmacologically constitutes an important future research direction. One possible 

pathway of improved using insulin resistance will now be discussed, namely farnesoid 

X receptor (FXR).  

 

Farnesoid X receptor  

FXR is a nuclear receptor expressed in liver, kidney, intestine and adrenal tissues. 

Within the liver its activation has pleiotropic effects on cholesterol homeostasis and 

lipid metabolism. FXR activation governs cholesterol turnover by regulating CYP7A1 

and other enzymes involved in the biotransformation of FC into bile acids (BA)s, as 

well as cellular efflux of BAs and lipoproteins. It also regulates suppression of TG 

synthesis through inhibition of SREBP-1c (Figure 7.2B). An FXR agonist in current 

clinical trials is obeticholic acid (OCA), a 6-ethoxy-chenodeoxycholic acid, also known 

as 6-alpha-ethyl-chenodeoxycholic acid (6-ECDCA) (Pellicciari et al. 2002). OCA is a 

potent synthetic derivative of chenodeoxycholic acid, a major secondary BA in humans. 

As an FXR ligand, it is 100 times more potent than chenodeoxycholic acid (Figure 7.A) 

(Pellicciari et al. 2002). OCA is currently in phase 3 REGENERATE clinical trials 

(Wong et al. , U.S. National Library of Medicine 2018). Thus far, OCA has shown 

promise, with improvements in insulin sensitivity and amelioration of liver 

inflammation and fibrosis in NASH patients and some (but not all) experimental NASH 

models (Maneschi et al. 2013, Mudaliar et al. 2013, Ali et al. 2015, Makri et al. 2016, 

Cernea et al. 2017, Haczeyni et al. 2017, Briand et al. 2018). It is generally well 

tolerated with few adverse effects. Interestingly, however, in the FLINT study, where 

110 patients received OCA versus 142 placebo, NAFLD activity score improvements of 

≥2 points in the OCA group was accompanied by increased total and LDL cholesterol, 

with reciprocal decreases in HDL (Neuschwander-Tetri et al.). Not only do these 

findings raise concern for cardiovascular risk, but they also contradict the underlying 

hypothesis presented in this thesis, whereby increased LDL was shown to cause 

hepatocyte injury. It is plausible the OCA alters intracellular FC distribution and 

prevents mitochondrial damage despite elevations in circulating LDL levels. 

Nevertheless, further research is needed to fully assess the effect of OCA on 
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hepatocellular cholesterol metabolism as well as to establish whether the changes in 

circulating lipoproteins accelerate atherogenesis. 

 

 

Figure 7.2 Chemical structures of FXR agonists and pathways of glucose homeostasis, 

lipid metabolism and insulin resistance modulated by FXR.  

(A) Chemical structures of naturally occurring chenodeoxycholic acid and the synthetic FXR 

agonist obeticholic acid, which is approximately 100x more potent. The structural difference is 

highlighted in blue. (B) Once activated, FXR signals through an intermediate signalling molecule, 

small heterodimer partner (Shp), which in turn inhibits gluconeogenesis and lipogenesis by 

inhibiting enzymes responsible for biosynthesis of glucose and TG/FFAs, including, glucose-6-

phosphatase (G6Pase), and phosphoenolpyruvate carboxykinase (PEPCK), and the transcriptional 

factor sterol regulatory element-binding protein 1c (SREBP1c). FXR induces glycogen formation 

by upregulating glycogen synthase (GS); this reduces circulating glucose and lipid levels, leading 

to improved insulin sensitivity. Panel B adapted from Zhang and Edward (Zhang and Edwards 

2008). 

Abbreviations: EC50, half maximal effective concentration; FFA, free fatty acid(s); IRS, insulin 

receptor substrate; P, phosphate; PEP, phosphoenolpyruvate; TG, triglyceride; UDP, uracil-

diphosphate. 
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7.3 Concluding remarks 

In summary, this thesis has provided the first direct evidence that hepatocellular FC 

accumulation is lipotoxic to hepatocytes, causing both apoptosis and necrosis. The 

cellular mechanism involves JNK1 activation, and lipotoxicity triggers downstream 

inflammatory processes involving activation of HMGB1, TLR4 and NF-B p65 

pathways. Further, hepatocellular EVs act as feed-forward autocrine/paracrine 

signalling vectors between hepatocytes and Kupffer cells. This research has far reaching 

implications for the development of therapeutic strategies to halt the progression of SS 

to NASH. 
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