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Abstract  

Non-alcoholic fatty liver disease (NAFLD) is characterised by impaired lipid 

metabolism, hepatic fibrosis and linked to systemic insulin resistance, which is partly 

mediated by remodelling of liver-secreted proteins or “hepatokines.” There are no 

effective screening tools or approved pharmacotherapies for NAFLD and NAFLD-

associated fibrosis. Proteomic studies estimate that ~25% of circulating proteins are 

liver-derived, suggesting that hepatokines could be biomarkers and, due to well 

described impacts on energy homeostasis, effective treatments for NAFLD and 

NAFLD-associated fibrosis.  

 

This thesis aimed to discover novel biomarkers and treatments for NAFLD, non-

alcoholic steatohepatitis (NASH), and NAFLD with significant fibrosis (NAFLD F2-3). 

For biomarker discovery, bariatric patients were prospectively recruited, plasma and a 

liver wedge biopsy were procured, livers were precision-cut to assess hepatokine 

secretion and were grouped based on histological confirmation of NAFLD, NASH, and 

NAFLD F2-3. Chapter 3 identified 3333 liver-secreted proteins, of which, 107 and 5 

hepatokines were remodelled with NASH and NAFLD F2-3, respectively. EMILIN1 

secretion was increased in NASH, NAFLD F2-3, and in the plasma of NASH patients. 

However, plasma EMILIN1 poorly stratified patients NASH. In Chapter 4, we 

speculated that hepatokine secretion may not correspond to changes in plasma levels. 

Notably, highly abundant plasma proteins corresponded to ~62% of the proteins 

detected in the human liver-secreted proteome. Plasma proteomics showed few changes 

in patients with NASH and NAFLD F2-3. Proteins APOF and FCN3 stratified patients 

with NASH and IGKV2-28 and APCS outcompeted existing non-invasive scores to 

stratify patients with NAFLD F2-3. Together, this provides a novel resource 
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characterising human liver-secreted and highly abundant plasma proteins and identified 

IGKV2-28, APCS, APOF, and FCN3 as biomarkers for NAFLD-associated fibrosis and 

NASH.  

 

In Chapters 5 and 6, we exploited hepatokine remodelling to uncover novel treatments 

for NAFLD and hepatic fibrosis. In Chapter 3, we detected EMILIN1, which was 

previously reported to reduce TGFβ signalling. Hepatocyte-specific overexpression of 

EMILIN1 with severe NASH and advanced fibrosis reduced TGFβ signalling and 

hepatic fibrosis, while overexpression of EMILIN1 mice in a mouse model of mild 

NASH did not impact fibrosis or metabolic co-morbidities, suggesting that EMILIN1 

could be a therapeutic target for advanced, but not mild, fibrosis. 

 

Physical activity can resolve NAFLD and improve its metabolic co-morbidities, 

however, the effects of exercise-training on hepatokine secretion and the metabolic 

impact of exercise-regulated hepatokines in NAFLD remain unresolved. Chapter 6 

assessed whether exercise-training could remodel hepatokine secretion to mediate 

improvements in NAFLD and associated co-morbidities. Mass spectrometry proteomics 

analysis detected 2657 intracellular and 1593 secreted proteins from isolated mouse 

hepatocytes. Exercise-training remodelled the hepatocyte proteome, with differences in 

137 intracellular and 35 secreted proteins. Hepatocyte-secreted factors from exercise-

trained mice improved insulin action in skeletal muscle and increased hepatic fatty acid 

oxidation. Hepatocyte-specific overexpression of SDC4 reduced hepatic steatosis, 

which was associated with reduced fatty acid uptake, and blunted pro-inflammatory and 

pro-fibrotic gene expression. Treating hepatocytes with recombinant SDC4 

recapitulated these effects. 
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Together, the work in this thesis addresses an unmet clinical need to discover novel 

biomarkers and therapeutics to treat NAFLD and co-morbidities. 
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1. Chapter 1: Introduction 

 1.1.  Non-alcoholic fatty liver disease 

In the absence of alcohol consumption and other factors that cause lipid storage, non-

alcoholic liver disease (NAFLD) is clinically characterised by lipid accumulation that 

exceeds 5% of the total liver weight [6; 7]. NAFLD is the most prevalent liver disease 

worldwide [8-10] and is a broad term describing two histologically distinct disease 

stages. Non-alcoholic fatty liver (NAFL) also termed steatosis has long perceived to be 

a benign manifestation where excess lipids are stored within lipid droplets inside 

hepatocytes, without the presence of inflammation or fibrosis. However, it is now 

functionally linked to many pathological conditions such as the development of insulin 

resistance (IR) [11; 12]. Over time, non-alcoholic fatty livers can become inflamed and 

progress to non-alcoholic steatohepatitis (NASH), which is histologically defined by the 

presence of NAFL along with inflammation, and hepatocyte ballooning [13], also 

termed hepatocyte apoptosis or necrosis [14], with or without fibrosis [15] (Figure 1.1). 

Subsequently, NASH can lead to liver failure or hepatocellular carcinoma (HCC) [15], 

the fourth leading cause of liver cancer related death worldwide [16].  
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Figure 1.1: Pathogenesis of non-alcoholic fatty liver disease (NAFLD).Excessive 
lipid storage in the liver can lead to non-alcoholic fatty liver (NAFL). Over time, the 
NAFL can become inflamed and lead to hepatocyte damage, the disease stage termed 
non-alcoholic steatohepatitis (NASH). NASH can progress to the onset of fibrotic scars 
graded in severity from F1 to F4 (cirrhosis). F2-F4 denoted as significant fibrosis. 
Image is authors own. 
 

1.1.1. Epidemiology  

NAFLD is a global health issue. First described in the early 1980s [17], NAFLD has 

rapidly become the most common liver disease worldwide [18] affecting approximately 

25% of the global [19] and up to 40% of the Australian population [20], respectively. Of 

these NAFLD cases, approximately 20% are diagnosed as NASH [9; 19]. The rise of 

NAFLD to pandemic proportions is concurrent with obesity [19; 21; 22], sedentary 

lifestyle [7], and the high fat, high sugar diets [23] which have made it recognised as a 

disease of the western world. Utilising cohorts of patients undergoing bariatric surgery, 

the prevalence of NAFL ranges from 70-96% [24; 25] with NASH present in up to 17% 
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[24; 25] of obese individuals, with these proportions being significantly greater 

compared to the general population. However, the increasing prevalence of NAFLD in 

developing countries [26-28] is becoming much more apparent. Furthermore, given the 

rise in childhood obesity and its associated comorbidities in the United states of 

America (USA) [29], Australia [30] and globally [31], it is not surprising that estimates 

suggest that by 2030, NAFLD and its more progressive and severe form, NASH, will 

increase in prevalence by 21% and 63%, respectively [9]. Coupled with this rising 

prevalence, paired biopsy studies demonstrate that regardless of the stage of NAFLD, 

approximately 37% of all NAFL and NASH patients will develop progressive fibrosis 

[32]. This is of great clinical concern as fibrosis is a major predictor of liver-related 

mortality [33]. Moreover, given the lack of reliable, non-invasive diagnostic capabilities 

for individuals at risk, the exact number of individuals with NAFLD or those likely to 

develop it, is undoubtedly underestimated [6; 9; 10; 28; 34; 35].  

 

1.1.2. NAFLD & insulin resistance 

NAFLD is strongly associated with other metabolic comorbidities commonly featured 

in the metabolic syndrome such as IR, type 2 diabetes (T2D), dyslipidaemia and 

hypertension. Particularly, T2D and NAFLD are strongly associated with up to 75% of 

patients with T2D having NAFLD [36-39]. Functional studies in lean and obese non-

diabetic humans have demonstrated that, regardless of excess body weight, NAFL is 

associated with insulin resistance in the liver, muscle, and adipose tissue [12; 40-42]. 

These association studies indicate that NAFL is a not a benign condition and it is 

intrinsically linked to the development of metabolic disease. Importantly, murine studies 

have highlighted that NAFL occurs before hyperglycaemia and hyperinsulinemia [43; 
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44] and subsequent IR, suggesting that the NAFL may be impacting and/or controlling 

insulin action in peripheral tissues to drive IR. 

 

1.2. The pathogenesis of NAFLD 

The exact mechanisms that detail NAFLDs stepwise progression from a healthy liver to 

steatosis and NASH are not yet fully understood. In this section we will describe the 

most recent understanding of the interplay of risk factors and/or metabolic changes that 

propel the liver to accumulate lipids. This net increase in hepatic lipids can occur 

through (1) increased lipid uptake and/or (2) reductions in lipid export, (3) decreased 

oxidation, and or (4) elevated de novo lipogenesis (DNL).  

 

1.2.1. Increased hepatic lipid uptake 

The liver is sensitive to changes in energy balance that occur because of increased 

caloric intake and reduced energy expenditure. Thus it is influenced by changes in diet 

such as an increase in dietary lipids that can drive hepatic lipid accumulation [45]. 

Given that the hepatic portal vein delivers ~75% of the liver’s blood flow which collects 

nutrients from key digestive sites such as the stomach, small and large intestines [46; 

47], it is not surprising that an increase in lipid uptake can be readily stored in the liver 

with current estimates indicating that up to 20% of fatty acids derived from the diet are 

stored intra-hepatically [48-50]. Furthermore, not only is delivery increased, but in 

obese individuals, the expression of fatty acid translocase (FAT) encoded by the gene 

(CD36), a transmembrane protein that facilitates fatty acid transport into the cell, is also 

increased in the liver [51], thus further fuelling hepatic lipid storage (Figure 1.2). 

Additionally, upon initiating a low fat, hypocaloric diet, hepatic lipid content is reduced 

by 40-80% [52], highlighting the liver’s flexibility in storing dietary lipids.  
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Adipose tissue is the first site of excess energy to be stored [53]. This process can occur 

either by adipogenesis (formation of new adipocytes) or by increased internalisation of 

lipids in existing adipocytes [54]. While these changes are intended to induce safe 

expansion of the adipose tissue, chronic dietary lipid overload can lead to metabolic 

dysfunction within adipocytes, particularly in hypertrophic adipocytes, which results in 

increased lipolytic capacity [55]. Adaptations in angiogenesis, and therefore in oxygen 

and nutrients supply, are insufficient to meet the demands of the increased size of the 

adipose depots, leading to hypoxia and subsequently inflammation [56]. This increase in 

inflammation leads to the activation of serine kinase c-Jun N-terminal kinase (JNK) that 

functions to not only mediate the pro-inflammatory signalling cascade in resident 

immune cells [57], but also functions as a downstream negative regulator of insulin 

signalling [58]. This is important as hindering insulin action in adipose tissue can lead 

to decreased phosphatidylinositol 3-kinase (PI3K) signalling and a consequential 

impairment in the suppression of hormone sensitive lipase and adipose triglyceride 

lipase [59], enzymes involved in the basal rate of adipose tissue lipolysis. Thus, this 

consequential increase in lipolysis regardless of the prandial state and insulin action 

induces higher secretion of fatty acids into the blood stream [60]. This is fundamental 

because adipose tissue lipolysis directly influences NAFLD, and human in vivo studies 

have shown that 60% of the liver triglyceride content originates from free fatty acids 

released by adipose tissue [61]. Visceral fat is considered the strongest culprit as it has 

the greatest lipolytic capacity and the free fatty acids are delivered directly into the 

hepatic portal vein [12; 62] where it can be directly internalised by the liver (Figure 

1.2). 
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Despite this wealth of evidence, increased lipolysis in individuals with obesity and 

NAFLD remains controversial. Dual isotope tracing in lean and obese individuals 

demonstrate a reduction in adipose tissue derived fatty acids [63]. However, this finding 

was normalised to adipose tissue mass, not protein content, which is largely influenced 

by the increased volume of lipids stored and not truly reflective of the enzymatic 

machinery and the capacity liberates fatty acids from triglyceride molecules.  

 

 

Figure 1.2: Alterations in lipid metabolism that aid in the development of hepatic 
steatosis. Image taken from Meex et al 2016 [59]. CD36, Cluster differentiation factor 
36; VLDL, very low density lipoprotein. 
 
 
 

1.2.2. Increased lipid secretion 
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To transport lipids to peripheral tissues, the liver packages hydrophobic lipids including 

triglycerides, cholesterol, phospholipids, as well as apolipoproteins into very low-

density lipoproteins (VLDLs) to allow for hydrophilic transport through the blood. 

While the exact mechanism of how this process occurs and is regulated remains 

incompletely described, human tracer studies have shown that in individuals with 

NAFLD the secretion of triglyceride (TG) rich [64; 65] and apolipoprotein B100 

enriched [65; 66] VLDL is much greater compared to healthy controls. This observation 

is supported by a positive linear relationship between the intra-hepatic triglyceride 

(IHTG) content and plasma VLDL, with the relationship reaching a plateau when the 

IHTG reaches 10% of total liver weight in humans [64]. This may reflect maximal 

cholesterol secretion rates and suggests that increased VLDL secretion is insufficient to 

overcome the increased fatty acid burden leading to lipid accumulation and consequent 

NAFLD. 

 

1.2.3. Fatty acid oxidation 

Once fatty acids enter hepatocytes with the help of FAT/CD36 and fatty acid transporter 

proteins (FATP) such as FATP1, 2 and 5 [67; 68], a proportion is converted to acyl-

carnitines by carnitine O-palmitoyltransferase 1 (CPT1) allowing their translocation to 

the mitochondrial matrix by carnitine translocase and carnitine O-palmitoyltransferase 2 

(CPT2). Mitochondrial fatty acid oxidation (also termed β-oxidation) occurs in a four-

step sequential process, utilising straight chain acyl-CoA dehydrogenases. These 

enzymes continually cleave an acetyl group off the carbon chain, which can fuel the 

Krebs cycle in the form of acetyl-CoA to drive oxidative phosphorylation (OXPHOS), 

which produces adenosine triphosphate (ATP). Defects in the β-oxidation pathway have 

been linked to the development of NAFL [69; 70]. Mice with defective very long and 
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medium chain acyl-CoA dehydrogenases that are involved in the shortening of the fatty 

acid chain, were found to develop NAFL [69]. Additionally, mice heterozygous for a 

mutation in mitochondrial trifunctional protein, which catalyses three out of the four 

steps in β-oxidation, also developed steatosis [70]. Isotopic tracer studies in humans 

after weight gain and increase in IHTG content have shown an overall decrease in fat 

oxidation [65]. The findings highlight the importance of β-oxidation in the maintenance 

of the healthy liver.  

 

The exact mechanism that impairs mitochondrial function and consequential β-

oxidation that gives rise to steatosis is not yet fully understood. Obese individuals 

exhibit increased fatty acid oxidation compared to their lean counterparts [71]. While 

this study did not assess for NAFLD or NASH, it is highly probable that the obese 

individuals have some form of NAFLD given that obesity is a major risk factor. The 

surplus fatty acid delivery to the liver (in settings of chronic dietary lipid oversupply) 

and subsequent increase in fatty acids shuttled towards mitochondrial oxidation, can 

result in increased levels of reactive oxygen species (ROS) production [59; 72; 73]. The 

accumulating ROS may induce lipid peroxidation (i.e. oxidative damage to lipids) [74] 

and may deplete mitochondrial DNA [74], impair mitochondrial proteins through 

protein carbonylation (i.e. oxidative damage to proteins) and ultimately reduce the 

efficiency of oxidative respiration, leading to steatosis and potentially NASH [59; 72]. 

However, isotopic tracer studies in humans show that NAFLD livers exhibit 80% 

greater TCA cycle flux and show that mitochondrial oxidative metabolism is markedly 

increased [75]. Congruently, high-resolution respirometry studies of isolated 

mitochondria from human NAFLD livers demonstrate an ~4.5 fold increase in maximal 

respiration when compared to livers from lean individuals and this is lost in patients 
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with NASH [74]. Further, NASH patients exhibited increase in ROS, lipid peroxides, 

inflammation, and reductions in the activity of antioxidant defence protein catalase [74; 

76]. These findings suggests that the liver adapts to excess lipid accumulation by 

increasing fatty acid oxidation which is subsequently blunted with NASH potentially 

due to ROS mediated impairments in oxidative phosphorylation. However, none have 

directly assessed fatty acid metabolism intact human livers using radiometric tracers. To 

address this uncertainty, Moore and colleagues radiometrically assessed human liver 

homogenates and isolated mitochondria and show a reduction in fatty acid oxidation in 

NASH and patients with significant fibrosis (stages F2-4) compared to patients without 

pathology or NAFL [76]. Contrasting previous findings, they show no difference in 

fatty acid oxidation between NAFL and livers without pathology [76]. Collectively, 

whether NAFLD and or NASH remodels fatty acid oxidation remains controversial. 

Nonetheless, fatty acid oxidation is insufficient to overcome the increase in uptake and 

de novo synthesis of fatty acids. Future studies should assess fatty acid metabolism on 

intact liver tissues to adequately reflect the liver in its resident cellular architecture. 

 

1.2.4. Hepatic de novo lipogenesis 

De novo lipogenesis (DNL) is the incorporation of carbons derived from carbohydrates 

and amino acids into fatty acids. Typically, DNL is increased in the post prandial state 

to mediate nutrient clearance. In a healthy fasted individual, DNL contributes to 

approximately 5% of the total liver fatty acid pool [77]. This contribution is drastically 

increased in patients with NAFLD, with DNL contributing 20-25% of the total hepatic 

free fatty acid (FFA) pool [61; 78]. The increase in DNL with NAFLD observed, was 

inferred from changes in plasma total triglyceride-rich particles, VLDLs, and non-

esterified fatty acid pools not direct measures of human hepatic DNL [61; 78]. 
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Nonetheless, this highlights that DNL may be a critical mediator in the development of 

steatosis.  

 

In response to a rise in blood glucose or from a meal, insulin is secreted by the beta-

cells of the pancreas. Insulin signalling in the liver induces the expression, nuclear 

translocation, and transcriptional activity of transcription factors such as sterol response 

element-binding protein 1c (SREBP-1c) and carbohydrate response element-binding 

protein (ChREBP) [79; 80]. These transcription factors can induce the expression of 

lipogenic genes such as acetyl-CoA carboxylase (ACC), fatty acid synthase (FAS), 

stearyl-CoA desaturase 1, and mitochondrial glycerol 3-phosphate acyltransferase [81] 

that facilitate the conversion of glucose into lipids and are upregulated in the livers of 

obese patients [82]. Importantly, ChREBP stimulates the expression of pyruvate kinase 

within the liver, which allows for more glucose derived pyruvate to be incorporated into 

lipids [83]. Hyperinsulinemia, which is typically present in individuals with steatosis 

and NAFLD [12; 62; 84], can induce chronic over-expression of hepatic SREBP-1c and 

ChREBP [85] and thereby increase the rate of DNL [86] even under IR conditions [61; 

87]. Additionally, fructose directly activates SREBP-1c and ChREBP in the liver 

regardless of insulin action and can promote DNL [88]. Hyperinsulinemia independent 

of NAFLD, is associated with increased risk of NAFLD development [89], and posited 

increased CD36 mediated fatty acid uptake may drive increased lipid accumulation [90], 

suggesting that either NAFLD and hyperinsulinemia can drive the development of the 

other. On the other hand, hyperinsulinemia is may be consequent of reduced insulin 

clearance which is evidence in obesity [91], and obese individuals with NAFLD 

compared to patients without NAFLD [92]. However, patients with NAFLD and obesity 

in this study were not matched for BMI compared to no NAFLD group and the changes 
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observed may not be solely attributed to NAFLD pathology [92]. Nonetheless, 

hyperinsulinemia or reduced insulin clearance may explain why in obesity [65; 86; 93], 

T2D [94; 95] and NAFLD [92] that DNL is profoundly higher and likely to accelerate 

hepatic steatosis.   
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1.3. Non-alcoholic steatohepatitis (NASH) 

NASH is characterised by hepatic inflammation and hepatocyte ballooning or cell death 

within the steatotic liver [96]. While not all patients who have steatosis develop NASH 

(approx. 5% of patients with steatosis develop NASH), NASH development is increased 

in patients with metabolic diseases such as hypertension [32; 97; 98], T2D [97], 

dyslipidaemia [99] and obesity [97]. However, the definitive pathogenesis of NASH 

remains elusive and the mechanisms that drive its progression appears to be a 

combination of multiple pathogenic conditions. In the following section, the 

pathophysiology of NASH will be reviewed.  

 

1.3.1. Lipotoxicity 

Lipotoxicity is a term that describes excessive ectopic lipid storage (i.e., outside of 

adipose tissue) that can hinder cellular homeostasis, initiate inflammatory pathways and 

induce apoptosis (Figure 1.3) [1], the distinguishing features of NASH. Ectopic lipid 

deposition typically occurs via two mechanisms (1) dietary lipid oversupply [44; 100] 

and (2) an increase in adipose tissue lipolysis and excessive FFA release into the 

circulation [101]. Lipotoxic lipids such as FFAs, lysophosphatidyl choline (LPC), 

diacylglycerol (DAG), and ceramides are mediators of cell dysfunctions and/or 

apoptosis [102]. Palmitate, a saturated free fatty acid has the capacity to bind to toll like 

receptor 4 (TLR4) on the resident immune cells (e.g., Kupffer cells), leading to 

subsequent nuclear factor kappa- B (NFkB) and Interferon regulatory factor (IRF) 

activation and expression of pro-inflammatory cytokines [103] (Figure 1.3). 

Additionally, when palmitate-loaded primary macrophages are exposed to 

lipopolysaccharide (LPS), it is sufficient to induce inflammasome activation and 

consequent apoptosis [104]. This is important because LPS is increased in individuals 
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with NAFLD and NASH [105] and thus may drive NASH progression. Furthermore, 

palmitate also has indirect lipotoxic effects. Once internalised, palmitate can be 

metabolised to lysophosphatidyl choline (LPC) and promote cytotoxicity [106; 107]. 

LPC has been shown to be lipotoxic and induce ER stress, but it can also induce the 

expression of p53 upregulated modulator of apoptosis (PUMA) [106], that can bind to 

and inhibit all members of the anti-apoptotic B-cell lymphoma 2 protein family, leading 

to apoptosis [108]. This is important because LPC and palmitate are increased in the 

serum [109] and/or liver [107] in patients with NASH. However, one must be cautious 

in concluding the cytotoxic role of LPC, as human studies have associated LPC with a 

protective role in distinguishing insulin sensitive versus insulin resistant NAFL [110]. 

Given that NASH intersects both increased lipid storage and hepatic inflammation and 

cell death, it is likely that lipotoxicity is a significant driver of NAFLD progression. 

DAGs are involved in signal transduction and can act as precursors for the formation of 

phospholipids and triglycerides, and are increased in NASH [111]. DAGs can directly 

activate various protein kinase C (PKC) isoforms, with PKCɛ being the major hepatic 

isoform [112], leading to insulin receptor substrate inhibition and subsequent hepatic 

insulin resistance [113; 114]. Other lipid species such as ceramides have also been 

implicated in lipotoxicity mediated dysfunctions [115-117] (Figure 1.3). Pre-clinical 

models have shown that inhibition of ceramide synthesis can prevent hepatic insulin 

resistance [118], and an increase of hepatic ceramides coincides with the onset of 

NASH [119]. However, few studies have examined ceramide metabolism in patients 

with NAFLD and NASH. Recent work by Ooi and colleagues examined the human liver 

lipidome and demonstrated substantial increase in ceramide and sphingolipids in the 

liver with steatosis and this corresponded to changes in plasma ceramide species [120]. 

Further, ceramide and sphingolipid content was increased in NASH livers compared to 
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patients with NAFL [120] and considering murine findings [118; 119], warrant the 

development of novel ceramide inhibiting therapies. Indeed, lipotoxicity plays a role in 

mediating hepatic inflammation allowing steatosis to progress to NASH, but such 

assertions require more mechanistic studies combined with human findings to identify 

how individual lipid species can or cumulatively drive such progression.   
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Figure 1.3: The impact lipotoxicity on intracellular pathways. Schematic of how 
free fatty acids (FFA), diacylglycerols (DAG), and ceramides can induce mitochondrial 
dysfunction, endoplasmic reticulum (ER) and oxidative stress that can in turn activate 
the inflammasome and cause apoptosis. CD36, cluster of differentiation 36/fatty acid 
translocase; FATPs, fatty acid transport proteins; IKK, IκB kinase; IRS, insulin receptor 
substrate; JNK, c-Jun NH2-terminal kinase. Figure adapted from Montgomery et al 
2019 [1]. 
 
 

1.3.2. Gut microbiome  

Gut microbiota may play a significant role in the onset of NASH. In obese individuals, a 

dysbiotic microbiome is frequently observed [121] and is postulated to be a major risk 

factor for NAFLD development [122]. A greater proportion of gram-negative bacteria in 

the intestinal microbiome are associated with both obesity and NASH [123]. This is 

important because gram-negative bacteria have the capacity to produce alcohol that can 
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increase the permeability of the gut by widened tight junctions[124]. As the gut is more 

‘leaky’ this may explain the increase in gram-negative bacteria present in the liver of 

patients with biopsy proven NAFLD and NASH compared to healthy controls [105]. As 

the portal vein delivers blood directly from the gut to the liver, it consistently exposes 

the liver to microbes, food antigens and environmental toxins. LPS is an endotoxin 

found on the outer membrane of gram-negative bacteria and can bind to TLR4 on 

leukocytes and likely Kupffer cells, leading to the activation of pro-inflammatory 

signalling cascade and subsequent release of pro-inflammatory cytokines [125]. Such 

signalling can also induce inflammasome activation [126] (Figure 1.4). Thus, it may be 

possible that gut microbiota instigates inflammation, however, more detailed studies are 

required to support this assertion.  

 

1.3.3. Immune activation 

The liver is an essential immune organ. The liver has a number of specialised leukocytes 

to aid in its defence, such as cells including Kupffer cells, bone marrow derived 

monocytes/macrophages, liver sinusoidal endothelial cells, natural killer (NK) cells, 

NKT cells and hepatic stellate cells (HSCs). Kupffer cells have been implicated in 

NASH progression. High fat diet (HFD) fed mice lacking Kupffer cells demonstrate 

decreased TG storage and interleukin-1 beta (IL-1ß) expression [127]. This was coupled 

with an increased expression of PPARα, fatty acid transport protein (FATP) 2, and 

CPT1ɑ, all of which are involved in fatty acid oxidation and are negatively regulated by 

IL-1ß [127]. Furthermore, IL-1ß, can also induce HSC activation and secretion of tissue 

inhibitor of metalloproteinase-1 [128], which is a potent promoter, but not initiator, of 

hepatic fibrosis [129]. Additionally, genetic deletion of the interleukin-1 receptor (IL-

1R) induced a marked reduction in both steatohepatitis and fibrosis severity [128]. This 
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suggests that Kupffer cells can communicate with hepatocytes to drive hepatic lipid 

accumulation while concurrently promoting the progression of fibrosis in HSCs. Once 

liver damage and consequent apoptosis occurs, endogenous DNA or mitochondrial 

DNA (mtDNA) released by the apoptotic cell can be recognised by toll like receptor 9 

(TLR9), that is expressed by HSCs and Kupffer cells, and lead to consequential 

activation of HSCs and fibrosis deposition [128]. Further, humans and mice with NASH 

secrete more microparticles containing hepatocyte-derived mtDNA that activates TLR9 

and consequently Kupffer cells [130]. Notably, when TLR9 is eliminated, the severity 

of steatohepatitis and fibrosis severity was reduced [128], highlighting the importance 

of this inflammatory pathway to drive NASH. Previous findings have demonstrated that 

activation of two distinct TLR pathways (i.e., TLR4 and TLR9) can synergise and 

amplify the immune response [131], which may accelerate liver injury and 

consequential apoptosis, further demonstrating the importance of the immune system in 

the development of NASH. 

 

1.3.4. Mitochondrial dysfunction mediated cell death 

Mitochondrial dysfunction is central in the progression of NASH. A common hallmark 

of NASH histology is megamitochondria, whereby mitochondria containing para-

cristilline inclusions lead to structural alterations [132]. An oversupply of fatty acids, 

evidenced in NAFLD, that are subsequently trafficked to the mitochondria and oxidised 

for energy in conjunction with continual Krebs cycling to drive oxidative 

phosphorylation produces large amounts of ROS. This can damage both mtDNA and 

the protein subunits of the OXPHOS chain [133-135], leading to mitochondrial 

dysfunction. This is central to the development of NASH as oxidised mtDNA is 

released by the mitochondria into the cytosol where it can activate the inflammasome 
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and subsequently lead to cell death [136]. Thus, an oversupply of lipids in the liver can 

lead to increased levels of ROS that can impair the efficacy of mitochondrial energy 

forming pathways whilst also damaging the mtDNA leading to cell death.  

 

1.4. Diagnosis of NAFLD and NASH 

NAFLD is clinically characterised by lipid accumulation that exceeds 5% of the total 

liver weight [6; 7; 137]. The presence of NAFLD rarely manifests systemic symptoms 

and thus diagnosis is frequently incidental [138; 139]. This is not surprising given the 

lack of reliable, simple and cost-effective tests to diagnose NAFLD. Diagnosis and 

screening for NAFLD is important. Simple and effective modes to diagnose and stage 

NAFLD is paramount to allow clinicians to recognise patients who have a greater risk 

of long-term adverse outcomes along with patients who need treatment (diagnosed with 

NASH and/or advanced fibrosis). Additionally, diagnosis of fibrosis at any stage is 

associated with treatment complications, liver-related and overall mortality [33; 140; 

141]. Furthermore, since inflammation is a predictor of fibrosis progression [142], 

simple measures to predict or diagnose NASH is of paramount importance to stratify at 

risk patients to identify those at most need for monitoring and treatment. Thus, the 

ability to readily diagnose individuals with NAFLD and their degree of fibrosis will not 

only facilitate large scale clinical trials for treatment modalities, but it will also allow 

accurate stratification of individuals in need of more advanced care. In this section, we 

will discuss the approaches used to diagnose NAFLD in all its pathological stages.  

 

1.4.1. Liver biopsy 

The current gold standard of NAFLD diagnosis is through a liver biopsy. This is the 

only reliable means to discriminate between steatosis from NASH with or without 
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fibrosis [143]. The most common histological grading and staging system for NAFLD 

and NASH is the NAFLD activity score (NAS) which assigns a score based on the 

severity of steatosis, inflammation and ballooning to create a NAS score (Table 1.1) 

[144]. Fibrosis is also graded in this scoring system however it does not contribute to 

the overall NAS score (Table 1.1). The NAS score provides a simple output to 

determine the severity of NAFLD. However, given that NAFLD / NASH is present in 

approximately 25% of the global population [9], the use of a liver biopsy as a screening 

tool is not feasible. Furthermore, liver biopsies are an invasive procedure with a 0.01% 

risk of mortality and an incidence of 0.1% for severe complications [145]. In addition, 

the widespread use of liver biopsies is hindered by sampling error, inter-observer 

variability (histopathological assessment) and cost [146]. This highlights the need for an 

improved non-invasive and accurate test to detect NAFLD at each of its pathogenic 

stages to allow for routine use in the clinic.  
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Table 1.1. Histological features, scoring and definition of the NAS score and fibrosis 
staging [147]. 

  

Histological feature Score Definition  

Steatosis 0 <5% of area  

1 5-33% of area 

2 34-66% of area 

3 >66% of area 

Lobular inflammation 0 None 

1 1-2 foci per 20 X field 

2 2-4 foci per 20 X field 

3 >4 foci per 20 X field 

Hepatocyte ballooning 0 None 

1 Few  

2 Many 

NAFLD activity score (NAS) 0-8 Sum of steatosis + inflammation + and 

hepatocyte ballooning score 

Fibrosis stage 0 No fibrosis 

1 Perisinusoidal or periportal  

1a Mild, zone 3, perisinusoidal  

1b Moderate, zone 3, perisinusoidal  

1c Portal or periportal 

2 Perisinusoidal and Portal or periportal 

3 Bridging fibrosis 

4 Cirrhosis 
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1.4.2. Non-invasive tests 

Fibrosis stage is strongly correlated with both liver-related [148] and all-cause mortality 

[149], and thus many simple scores have been developed (Table 1.2). These simple 

scores are comprised of routine biochemical and clinical measures to aid in the 

diagnosis of NAFLD. Some commonly used non-invasive scores include the aspartate 

aminotransferase to platelet ratio index (APRI), the BARD score, the Fibrosis-4 (FIB-4) 

score, the Forn index and the NAFLD fibrosis score (recently reviewed [150]). The liver 

enzymes alanine aminotransferase (ALT) and aspartate aminotransferase (AST) are 

clinically used to assess liver damage and are utilised in all the non-invasive simple 

score tests [150]. This is important because AST and ALT do not necessarily correlate 

with stages or progression of NAFLD. For example, normal ALT values been seen in 

individuals at any stage of the NAFLD spectrum and even low-normal values have been 

observed in the presence of NAFLD or advanced fibrosis severity [139; 151]. 

Additionally, validation studies have generally been sourced from patient cohorts with 

abnormal liver function tests, such as those with established NAFLD and many studies 

have been at least partially retrospective in nature [141; 142; 152-156], suggesting that 

their validation may not hold true as a screening tool for the general population. 

 

More complex fibrosis panels have been developed such as the enhanced liver fibrosis 

(ELF) score that utilises serum markers for fibrogenesis and fibrolysis with strong 

diagnostic accuracy (area under receiver operating curve (0.92, 0.98, 0.99 for F1, F2 and 

F3, respectively). However, the ELF score is patented and utilises serum markers that 

are not typically assessed in the clinical setting, causing its use to be rare in practice 

[145]. Furthermore, when assessed in obese only populations such as performed in Ooi 

et al 2018 [145], its accuracy for diagnosis of F1-F4 considerably decreased (Table 1.2). 
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Moreover, previous work has shown that on one hand these risk scores perform very 

poorly in obese individuals [157] and on the other hand, non-invasive tests to measure 

early stages of fibrosis and NASH lack early detection (Table 1.2). The lack of early 

detection of NAFLD is a substantial clinical problem, as even ‘mild’ fibrosis (F1) has 

been shown to be associated with long term liver-related and overall mortality [140]. 

Thus, simple measures to diagnose NAFLD/NASH in obese individuals, especially at 

the early stages of disease progression, are of significant importance to stratify patients 

at risk for those at most need for monitoring and treatment. 

 

Table 1.2. Sensitivity, specificity, and heterogeneity (I2) of non-invasive approaches to 
diagnose or stratify fibrosis in NAFLD-associated fibrosis in an obese only 
population.Sensitivity and specified represented as a proportion. Adapted from Ooi et al 
2018 [145]. 
 

NFS, NAFLD fibrosis score; FIB-4, fibrosis -4, ELF, enhanced liver fibrosis; I2, 
heterogeneity between studies; TE, transient elastography; MRE magnetic resonance 
elastography. 
 

1.4.3. Elastography techniques 

Elastography techniques assess the elastic properties of the liver to give an indication of 

liver stiffness. Magnetic resonance elastography utilises mechanical waves to determine 

liver stiffness, with decreased stiffness indicating increased fat deposition [158]. 
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Transient elastography using FibroScan® is a rapid and effective means to assess the 

magnitude of fibrosis. The technique detections elastic shear waves from the liver tissue 

sent from an ultrasound transducer probe [159]. Despite ease of use, transient 

elastography is not widely available but it also has high equipment costs [160]. It is 

usually used after a diagnosis of NASH to identify more severe forms of fibrosis. While 

elastography techniques are accurate in identifying fibrosis [161; 162] they are 

impractical as a large population screening tool due to accessibility, high equipment 

costs, time consuming and non-reimbursable service costs to the patient (through 

government rebates) rendering them unsuitable for most patients. Additionally many of 

these imaging techniques have been shown to perform poorly in obese individuals 

(Table 1.2) [163]. This is due to the obese habitus and increased density of adipose 

tissue between the liver and skin altering the mechanical waves detected by the receiver 

[163]. Given that those primarily affected by NAFLD and NASH related fibrosis are 

obese [19; 25; 157], the use of elastography techniques for diagnosis are ineffective due 

to cost or inaccuracy highlighting the need for diagnostic capabilities that are accurate in 

all body sizes.  

 

1.5. Approved NAFLD treatments 

While treatment of NAFL or NASH is of utmost priority, it is important to recognise 

that both conditions come with comorbidities such as IR and obesity and there is no 

approved pharmacological therapies specifically designed for the treatment of NAFLD 

in any of its forms [96]. Therefore, lifestyle modification such as dietary changes and/or 

exercise are encouraged to reduce IR, adiposity and hepatic lipid accumulation in the 

liver to potentially regress the NAFLD [96].  
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1.5.1. Exercise 

Exercise is an effective treatment in maintaining glucose homeostasis and body weight 

[164; 165]. In obese individuals, a 10% reduction in body weight is effective in 

regressing NASH in 90% of patients [166]. In addition, exercise can improve peripheral 

insulin sensitivity in individuals with NAFLD [167]. However, the majority of patients 

involved in exercise clinical trials with the aims of resolving NAFLD and NASH are 

unable to achieve 10% weight loss [168]. Somewhat counter-intuitively to the clinical 

trial set points [168], exercise-induced weight loss is not always required to improve 

NAFLD [169; 170]. Following 3 months of exercise training, obese men exhibited a 

9.5% reduction in liver steatosis, plasma ALT, fasting glucose, triglyceride, and non-

esterified free fatty acids [169]. Similarly, resistance exercise reduces liver lipid 

accumulation by 13% without changes in adiposity [170]. Thus, despite exercise and 

dietary interventions providing a simple mode to treat NAFLD and NASH, adherence to 

such lifestyle is a practical barrier in the resolution of the disease. While commonly 

prescribed as a treatment, the exact molecular mechanism of how exercise impacts 

NAFLD is not well established. Hallmarks of exercise training have been focused on 

adaptations within skeletal muscle, such as mitochondrial biogenesis, increased 

oxidative capacity and myocyte hypertrophy, all of which are consistent with a training 

response [171]. In mice, exercise induces secretion of exosomes from the muscle to the 

liver, however no follow up studies on the impact on the liver were determined [172]. 

To the best of our knowledge, only one study has examined how exercise altered the 

liver proteome [173], which show a marked alterations in proteins regulating redox 

homeostasis. Given that the liver has an altered secretory profile in NAFLD [59], 

whether or not exercise is sufficient to alter liver secretion and/or induce a metabolically 

‘healthy’ secretory profile is yet to be explored. 
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 Liver, the endocrine organ 

The liver is a major secretory organ. Recent quantitative proteomics have identified over 

10,000 proteins in the human [174] and mouse [175] liver, of which 40% encode 

secreted proteins [176]. The liver is composed of multiple cell types, including 

parenchymal cells such as the hepatocytes which occupy approximately 80% of the liver 

volume. The hepatocyte proteome composes the largest proportion of the total liver 

proteome suggesting that hepatocytes are most likely the potent source of secreted 

proteins from the liver [175]. Furthermore, proteomic profiling of the mouse serum and 

liver indicates that approximately 25% of the plasma proteins may originate from the 

liver [177], accentuating the notion that the liver is an abundant source of proteins and is 

important in the control of systemic energy homeostasis. 

 

1.6.1. Mechanisms of protein secretion 

To communicate with adjoining cells or distant tissues, cells can secrete proteins by two 

mechanisms (Figure 1.4). Conventional (i.e., classical) secretion occurs with proteins 

containing an NH2 terminal signal peptide being transported within the endoplasmic 

reticulum to the Golgi apparatus by vesicular transport. Subsequently, proteins are re-

packaged into vesicles that fuse with the plasma membrane for release directly into the 

extracellular environment (Figure 1.4). Proteins can also be secreted by unconventional 

means whereby proteins that do not have a NH2 terminal signal peptide can be 

transported from the endoplasmic reticulum (ER) to the Golgi by vesicular transport and 

are then shuttled to the early endosome where they fuse with the endosome (Figure 1.4) 

[1]. Once inside the endosome, the membrane folds to create multi-vesicular bodies 

(MVB) and the delivered proteins are sorted and packaged inside the MVB (Figure 1.4) 

[1]. The MVB then fuses with the plasma membrane to release endosomes into the 
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interstitum as exosomes and these can be transported into the circulation and exert a 

myriad of metabolic and pathological functions[178-180]. 

 

Figure 1.4: Distinct modes of protein secretion.  
Either conventional (blue shading) or unconventional (yellow shading) protein 
secretion. mRNA is transcribed in the nucleus and trafficked to be translated by 
ribosomes on the endoplasmic reticulum (ER). Proteins destined for conventional 
secretion are transported from the ER to the golgi via ER exit sites (ERES) (4) to the 
Golgi apparatus within COPII-coated vesicles, where post translational modifications 
can occur (5). Proteins are then trafficked through the golgi and shuttled in vesicles to 
the plasma membrane whereby they are secreted into the extracellular space. For 
unconventional secretion, exosomes develop through intracellular budding of the 
membrane within multivesicular bodies (MVB), depicted by 7. These MVBs fuse to the 
with the plasma membrane, releasing the intraluminal vesicles into the interstitium as 
exosomes. Each number represents sites where lipotoxic states can alter such process. 
Figure adapted from Montgomery et al., 2019 [1]. 
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1.6.2. Liver secreted proteins & metabolic homeostasis 

Liver secreted factors or ‘hepatokines’ are well described [59; 181; 182] with the 

current knowledge about liver secreted proteins and their impact on distal tissues 

described in Figure 1.5 and in Table 1.3. Since the liver is intrinsically involved in the 

regulation of whole-body energy homeostasis (Figure 1.5), it is not surprising that 

hepatokines are considered attractive targets for T2D therapies. A critical example of 

this is fibroblast growth factor 21 (FGF21). FGF21 is secreted by the liver with 

circulating levels being increased in individuals with NAFLD [183; 184]. FGF21 has a 

variety of endocrine metabolic functions including the reduction of adipose tissue 

lipolysis [185] and thus reduced fatty acids available for hepatic uptake. FGF21 also 

dose dependently reduces body weight, hepatic TG content and improves insulin 

sensitivity [186]. It also acts in an autocrine / paracrine manner to increase hepatic β-

oxidation [187]. Thus, it logically follows that FGF21 analogues have been developed 

and show therapeutic utility in the treatment of dyslipidaemia and hyperinsulinemia in 

randomised clinical trials [188]. Another example is the hepatokine Fetuin B. The 

secretion of Fetuin B is increased from steatotic hepatocytes and is increased in the 

plasma of mice and humans with NAFLD [11; 189; 190] and T2D [11; 191] and 

recombinant administration of fetuin B impairs glucose tolerance in mice [11]. This 

demonstrates that hepatokines exhibit crucial roles in the regulation of metabolic 

homeostasis (Figure 1.5). 

 

In addition to FGF21 and fetuin B, the serine protease dipeptidyl peptidase-4 (DPP4) 

has been described as a hepatokine that is secreted at greater levels from NAFLD livers 

(Figure 1.5). It acts by inhibiting the incretin hormones glucagon like peptide-1 and 

gastric inhibitor peptide that promote insulin secretion and supress glucagon secretion 
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[192]. Further, overexpression of DPP4 in the liver of mice fed a HFD exacerbates 

steatosis and NAFLD severity and insulin resistance [193]. Thus, it is not surprising that 

sitagliptin, a pharmacological DPP4 inhibitor, is in clinical use for the treatment of T2D 

[194] although did not improve hepatic steatosis [195].  

 

Hepatokine secretion is remodelled in NAFLD and to date, only two studies have 

investigated global changes in liver-secreted proteins. Hepatic steatosis without 

inflammation, hepatocyte ballooning or hepatic fibrosis altered the secretion rate of 20% 

of all detected hepatokines [11]. This implies that in NAFLD’s most primitive stage 

(steatosis) there are potentially identifiable markers that can be exploited for clinical 

tests. In the more severe form of NAFLD, mice fed two NASH inducing diets exhibited 

remarkable remodelling of hepatokine secretion [5]. Given that the correlation between 

NASH and other metabolic diseases such as T2D is more robust compared to steatosis 

alone [196; 197], it holds true that NASH secreted proteins are markedly different from 

both the steatosis and healthy hepatocytes and these changes may be driving features of 

metabolic syndromes such as T2D. 

 

Ultimately, hepatokines exert a myriad of effects impacting systemic insulin sensitivity, 

inflammation, as well as glucose and lipid metabolism. The ability to assess the liver 

secreted proteome in NAFL and NASH (with or without fibrosis secretome) will 

provide insight into the liver’s involvement in peripheral metabolic crosstalk, as well as 

allowing a unique opportunity to exploit changes in potential biomarkers for the 

presence and staging of NAFLD / NASH, and the degree of fibrosis.  
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Table 1.3. List of hepatokines associated with NAFLD and glycaemic control adapted 
from Watt et al 2019 [2] 
Hepatokine Expression in 

NAFLD 
Contribution in NAFLD Relationship to glycaemic 

control 
Activin E Increased Reduces steatosis [198]. Reduces glucose 

intolerance in mice [199]. 
Adropin Decreased Suppresses lipogenesis [200]. Improves insulin 

sensitivity [200]. 
Cathepsin S Increased Secretion increased with 

NAFLD [201]. 
Stimulates GLP1 secretion 
[201]. 

DPP4 Increased Exacerbates steatosis [193]. Reduces incretin levels and 
impairs insulin secretion 
[192]. 

Ectodysplasin Increased Unknown Induces insulin resistance 
in skeletal muscle [202] 

Fetuin A Increased Unknown Induces hepatic insulin 
resistance [203]. 

Fetuin B Increased Unknown Promotes insulin resistance 
in myocytes and 
hepatocytes [204]. 

FGF21 Increased Increase fatty acid oxidation 
[187]. 

Improves insulin 
sensitivity [186]. 

HFREP1 Increased Increases lipogenesis [205] 
and NAFLD [206]. 

Induces skeletal muscles 
insulin resistance [205]. 

LECT2 Increased Unknown Promotes insulin resistance 
in skeletal muscle [207]. 

PEDF Increased Increases lipolysis, ablations 
increase steatosis [208]. 

Induces skeletal muscle 
insulin resistance [209]. 

SeP Increased Unknown Causes insulin resistance 
in the liver and skeletal 
muscle [210]. 

SHBG Decreased Suppresses lipogenesis in the 
liver [211]. 

Unknown 

TSK Increased  Promotes steatosis to NASH 
[212; 213]. 
 

Associated with insulin 
resistance [213] however 
loss does not alter glucose 
tolerance [214]. 

DDP4, dipeptidyl peptidase 4; FGF21, fibroblast growth factor 21; HFREP1, 
hepatocyte-derived fibrinogen-related protein 1; LECT2, leukocyte cell-derived 
chemotaxin 2; PEDF, pigment derived epithelium factor; SeP, selenoprotein P; SHBG, 
sex hormone-binding globulin TSK, tsukushi.
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Figure 1.5: Liver-secreted proteins or hepatokines and their impact on metabolic 
processes in distal tissues.Proteins depicted in the blood are all hepatokines with 
arrows indicating the hepatokines that are altered with NAFLD. The hepatokines that 
are increased are typically associated with insulin resistance while those that are 
downregulated with NAFLD exert positive metabolic effects on such tissues such as the 
promotion of fatty acid oxidation. ANGPTL4, angiopoietin-like protein 4; DDP4, 
dipeptidyl peptidase 4; FGF21, fibroblast growth factor 21; HFREP1, hepatocyte-
derived fibrinogen-related protein 1; LECT2, leukocyte cell-derived chemotaxin 2; 
PEDF, pigment derived epithelium factor; RBP4, retinol binding protein 4;SeP, 
selenoprotein P; SHBG, sex hormone-binding globulin TSK, tsukushi. Figures adapted 
from Watt et al., 2019 [2].  
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1.6. Summary and Aims 
 

There is a paucity of non-invasive tests and pharmacological therapies to effectively 

stratify, and treat patients with NAFLD, NASH and significant fibrosis. Based on the 

current state of knowledge, hepatokines are dysregulated in NAFLD and can act in an 

autocrine, paracrine, and endocrine manner to govern energy homeostasis. Whether 

hepatokine secretion is altered in humans with NAFLD and if these changes can be 

exploited for a blood test remains to be determined. Further, how hepatokine secretion is 

altered with the front-line therapy, exercise training, and if these changes can reduce 

NAFLD severity are yet to be described.  

 

Specifically, the overarching aims of this thesis are: 

1. To characterise hepatokine secretion in obese patients with and without NASH, 

NAFLD and significant fibrosis for biomarker discovery. 

2. To exploit changes in hepatokine secretion with NAFLD and or exercise training 

to identify potential hepatokines that regulate for hepatic steatosis, 

inflammation, and liver fibrosis.  
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2. Chapter 2: General Methods 

2.1.  Introduction 

This chapter describes the methods and materials used throughout the thesis.  

 

2.2.  Human Studies 

2.2.1. Ethics & patient recruitment 

Ethics for the prospective cohort study was obtained from the University of Melbourne 

Human Ethics Committee (ethics ID 1851533) and approved by The Avenue Hospital 

Human Research Ethics Committee (Ramsay Health; ethics ID WD00006, HREC 

reference number 249). Additional patients were recruited with the Alfred Hospital 

Human Research Ethics Committee (ethics ID GO00005) and by the Cabrini Hospital 

Human Research Ethics Committees (ethics ID 09-31-08-15), and the study was 

registered with the Australian Clinical Trials Register (ACTRN12615000875505). 

Eligible patients with obesity scheduled for primary or secondary sleeve gastrectomy, 

gastric bypass or the insertion of a laparoscopic-adjustable band were screened to 

participate and subjects provided informed written consent, and a detailed medical 

history was taken. All patients were fasted for ~12 h overnight. Exclusion criteria 

included: Age <18 years, previous gender reassignment, other causes of chronic liver 

disease and/or hepatic steatosis including Wilson’s disease, alpha-1-antitrypsin 

deficiency, viral hepatitis, human immunodeficiency virus, primary biliary cirrhosis, 

autoimmune hepatitis, genetic iron overload, hypo- or hyperthyroidism, coeliac disease, 

as well as recent (within three months of screening visit) or concomitant use of agents 

known to cause hepatic steatosis including corticosteroids, amiodarone, methotrexate, 

tamoxifen, valproic acid and/or high dose oestrogens. Further exclusion criteria 

included potential for alcohol induced liver disease, which was assessed through a 
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modified version of the alcohol use disorders identification test (AUDIT) [215] where, 

patients were asked (1) how much alcohol they would drink per day and on average per 

week, and (2) if they had alcohol free days, (3) if they consumed more than 20 or 30g 

per day without alcohol free days for females and males, respectively. 

 

2.2.2. Blood and liver biopsy collection 

During the bariatric procedure, an anaesthetist collected approximately 25 mL of blood 

before anaesthesia was induced. The blood was then transferred to 2 x K2E 

Ethylenediaminetetraacetic acid (EDTA), 2 x SST™ II Advance and 1 x FX 5 mg bio-

containers for subsequent storage or clinical/biochemical assessment. All blood samples 

except for one bio-container of EDTA were sent to Melbourne PathologyTM (Victoria, 

Australia) for standardised measurement of biochemical and metabolic variables (Table 

2.1). During surgery, a 1cm3 wedge liver biopsy was collected from the left lobe of the 

liver. The liver was cut into two portions. A portion of the liver biopsy was placed in 

formalin and transported to TissuPathTM (Mount Waverley, Victoria), paraffin 

embedded and processed for histological analysis. All human histology samples were 

graded by a single pathologist according to the Clinical Research Network (CRN) 

NAFLD activity score (NAS) [147] and Kleiner classification of liver fibrosis [216]. 

The remainder of the liver wedge was placed in oxygenated M199 media (Gibco, USA) 

with 10% fetal bovine serum (FBS; Gibco, USA) and 1% penicillin-streptomycin (P/S; 

Gibco, USA), and along with the blood sample, were transported to the University of 

Melbourne for further processing. The blood was centrifuged at 8000 x g for 10 min at 4 

ºC, and the serum was collected and snap-frozen in liquid nitrogen. Patients were 

grouped based on histopathology. Patients that were grouped as NASH had a steatosis, 

inflammation, and ballooning score of ≥1 for each parameter; those in the NAFL group 
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had a steatosis of ≥1 and either an inflammation or ballooning score ≥1. Patients 

diagnosed as No pathology were grouped as those with a steatosis, inflammation, and 

ballooning score of 0. When grouped to assess NAFLD associated fibrosis, patients 

were grouped based on the presence of steatosis and the degree of fibrosis. 

Requirements to be grouped with NAFLD F2-3, required a steatosis ≥1 and fibrosis ≥2. 

For NAFLD F1, steatosis ≥1 and fibrosis =1; and NAFLD F0, steatosis ≥1 and fibrosis 

=0 was required; and those with No pathology, had a steatosis =0 and fibrosis =0.   
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Table 2.1. List of biochemical parameters assessed on blood samples by Melbourne 

PathologyTM (Victoria, Australia). 

Blood Tests performed 

Liver & kidney function tests ALT, AST, total bilirubin, albumin, eGFR, 

ALP, GGT, urea, serum creatine, 

Glucose homeostasis Fasting glucose and insulin, HbA1c, C-

peptide,  

Full blood examination Hb, WCC, platelets, MCV, MCH, MCHC 

Lipid profile Total cholesterol, HDL, LDL, Non-HDL, and 

TG 

Iron Studies Serum iron, ferritin 

Other liver pathology Screen Viral hepatitis (Hepatitis B & C) and HIV 

serology 

Vitamins Vitamin D and B12 

Thyroid Function test TSH 

ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate 
aminotransferase; BMI, body mass index; eGFR, estimated glomerular filtration rate; 
GORD, gastro-oesophageal reflux disease; GGT, gamma-glutamyl transferase; Hb, 
haemoglobin; HbA1c, glycosylated haemoglobin; HDL, High-density lipoprotein; HIV, 
human immunodeficiency virus; LDL, low-density lipoprotein; MCV, mean corpuscular 
volume; MCH, mean corpuscular haemoglobin; MCHC, mean corpuscular haemoglobin 
concentration; TG, Triglycerides; TSH, Thyroid-stimulating hormone; WCC, white cell 
count.  
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2.2.3. Non-invasive algorithms to stratify NAFLD and NAFLD-associated fibrosis.  

Current non-invasive tests to diagnose NAFLD-associated fibrosis perform poorly in 

obese populations and have not been extensively validated [145; 157]. Therefore, to 

reinforce the need for novel biomarkers, we assessed the efficacy of current non-

invasive scores to effectively stratify patients with NAFLD and significant fibrosis 

(NAFLD F2-3) and those with NAFLD. The patients’ blood test results (Table 2.1 and 

section 2.1.1.) were used for calculation of non-invasive algorithms to stratify patients 

in respect to absence/presence of NAFLD and NAFLD-related fibrosis, as listed in 

Table 2.2.   
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Table 2.2. List of non-invasive algorithms that stratify NAFLD and NAFLD related 
fibrosis. 

Score Indices Calculation Interpretation 
fibrosis or 
NAFLD 

APRI 
score 
[217] 

AST, platelets (AST [U/L]/upper limit normal)/platelet 
count [109/L] × 100 

≥ 0.7 = high 
risk of fibrosis 

BARD 
[97] 

BMI; AST/ALT 
ratio; T2D 

Weighted sum:  
1.BMI ≥ 28 =1 point. 

 2 AST/ALT ratio ≥0.8 = 2 point  
3. T2D =1 point. 

Sum of ≥ 2 = 
High risk of 

fibrosis 

FIB-4 
Score 
[218] 

Age 
AST 
ALT 

Age × AST (IU/L)/platelet count (×109/L) 
×√ALT (IU/L) 

≥ 3.25= High 
risk 

≤1.3 = Low 
risk 

of fibrosis 
Forn 
index 

[157; 219] 

Platelets, GGT, 
age, cholesterol 

7.811–3.131 × loge (platelet 
[109/L]) + 0.781 × loge (GGT 

[U/L]) + 3.467 × loge (age 
[years]) − 0.014 × cholesterol [mg/dl] 

≥ 6.9 = High 
risk 

≤4.2= Low 
risk  

of fibrosis 
Hepatic 
steatosis 

index 
[220] 

ALT, AST, BMI, 
T2D, sex 

8 x ALT/AST ratio + BMI (+2, if T2D; 
+2, if female) 

≥36 = High 
risk 

≤30 Low risk 
of steatosis 

NAFLD 
fibrosis 
score 

[221] 

Age, 
hyperglycaemia, 

BMI, Platelet 
count, Albumin, 
AST/ALT ratio 

−1.675+0.037×age (years)+0.094×BMI 
(kg/m2) +1.13×IFG or diabetes (yes=1, 

no=0) +0.99×AST/ALT ratio—
0.013×platelet (×109/L)—0.66× albumin 

(g/dL) 

≥ 0.676 = high 
risk 

≤ -1.455 = low 
risk  

of fibrosis 
NAFLD 
liver fat 

score 
[222] 

Metabolic 
syndrome, Type 2 
diabetes, insulin, 
ALT and AST 

-2.89 + 1.18 x metabolic syndrome (yes = 
1 / no =0) + 0.45 x type 2 diabetes 

(yes=2/no=0) + 0.15x (serum insulin) 
(mU/L) + 0.04 x ALT (U/L) – 0.94 x 

AST/ALT 

Score ≥-0.640 
= high risk of 

steatosis 

ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate 
aminotransferase; BMI, body mass index; Fib-4, Fibrosis-4; GGT, gamma-glutamyl 
transferase; T2D, type 2 diabetes; WCC, white cell count. a denotes the prediction of 
fibrosis. b indicates the prediction of NAFLD. Upper limit normal for AST = 35.   
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2.2.4. Liver slicing and culture 

The liver wedge was dissected into 3 x 15 mg pieces which were snap-frozen in liquid 

nitrogen for subsequent analysis. The remainder of the liver was embedded in 3% 

SeaPlaque agarose (Lonza BioScience, USA) using a Tissue Embedding Unit (Alabama 

Research and Development, USA) and sliced on the Alabama R&D Tissue Slicer 

(Alabama Research and Development, USA) in 500 mL of oxygenated phenol red-free 

Dulbecco's Modified Eagle Medium (DMEM; Gibco, USA) with 1% P/S at 300 µm 

thickness. The liver slices were washed in Phosphate Buffered Saline (PBS; Gibco 

USA) and cultured in oxygenated Medium 199 (M199) containing 1% P/S for 1 h. 

Subsequently, the liver slices were washed with PBS and cultured in 1 mL EX-CELL 

325 protein free medium (Sigma-Aldrich, Australia) for 16 h. The following day, the 

liver slices were weighed and snap-frozen in liquid nitrogen, while the conditioned 

media was collected and centrifuged at 300 x g at 4 ºC for 10 min. Finally, the 

supernatant was transferred to a new tube, snap-frozen and stored at -80 ºC for 

subsequent proteomics analysis. 

 

2.2.5. Processing of human conditioned media for proteomic analysis  

For the assessment of liver-secreted proteins contained within the conditioned media, 

the media was concentrated using Amicon Ultra-4 Centrifugal Filters (Merck, USA) at 

4000 x g for 45 min, the concentrated sample washed in 2 mL 50 mM Tris-HCl, pH 8.0 

+ 150 mM NaCl at 4000 x g for 45 min, transferred to Eppendorf tubes and the protein 

content determined as per 2.5.14. Protein disulphide bonds were reduced through the 

addition of 10 mM TCEP (Tris(2-carboxyethyl) phosphine) at 65 ⁰C for 20 min. The 

sample was mixed with 6.6x (v:v) of 5 M Urea, added to Microcon-30kDa Centrifugal 

Filter (Sigma Aldrich, Australia), and centrifuged at 14,000 x g and 10 ⁰C for 15 min. 
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This was followed by the addition of 200 µl of 5 M urea, centrifugation at 14,000 x g at 

room temperature for 15 min, and the flow-through was discarded. Chloroacetamide 

was added to a final concentration of 10 mM for the centrifugal filters to alkylate 

proteins, and samples incubated for 20 min in the dark, and centrifuged at 14,000 x g. 

Proteins were washed 3 x with 100 µL of 5M urea and 3x with 100 µL 50 mM 

ammonium bicarbonate (pH 8.5), each wash step followed by centrifugation at 14,000 x 

g and 10 ⁰C for 15 min and discarding of flow-through. After the last wash step, a 

digestion solution was added to the centrifugal filter (1 µg Lys-C/100 µg protein in 75 

µL of 50 mM ammonium bicarbonate for 2 h in a wet chamber (sealed plastic box with 

water rising 0.5cm from the bottom of the box) at 37 ⁰C. Subsequently, 2 µg trypsin/100 

µg protein was added, and the samples were incubated in a wet chamber at 37 ⁰C for 16 

h to allow for trypsin-mediated protein digestion. The following day, peptides were 

eluted from the centrifugal filters through the addition of 2 x 40 µL of 50 mM ammonia 

bicarbonate (pH 8.5) and 1 x 50 µL of 0.5 M NaCl; with each step being followed by 

centrifugation at 14,000 x g at room temperature for 15 min. The eluted peptides were 

acidified with 10% trifluoracetic acid (TFA) to a pH of 3, dried in a SpeedVac 

concentrator (Eppendorf Concentrator Plus, Germany) and stored at -80 °C. SDB-RPS 

(polystyrene-divinylbenzene, reversed-phase sulfonate discs) (Sigma-Aldrich, Australia, 

Cat#66886- U) were doubled stacked and punctured with an 18-gauge needle and 

mounted in 200 µL tips (Eppendorf, Germany) to make SDB-RPS Stage tips. The filter 

tips were washed followed by the addition of 1 x 50 µL of acetonitrile (ACN), 1x 50 µL 

of 30% methanol, 1 x 50 µL 0.2% TFA and 1 x 1% TFA to the top of the tip and 

centrifugation at 1000 x g for 2 min, with the flow through discarded at each step. The 

dried-down peptides were resuspended in 50 µL of ACN, added to the top of the 

equilibrated filter tip and centrifuged at 1000 x g for 2 min. The peptides were washed 
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once with 100 µL of 1% TFA and 99% ethyl acetate, and once with 100 µL of 5% ACN 

and 0.2% TFA in MilliQ-water. To elute the peptides 60 µL of 80% ACN / 5% 

ammonium hydroxide (w:v) in water was added to each tip, the tips centrifuged at 1000 

x g for 2 min and the eluted samples dried in a SpeedVac concentrator (Eppendorf 

Concentrator Plus, Germany). Dried peptides were resuspended in 30 µL of 2% ACN 

and 0.1% TFA and sent to the Charles Perkins Centre (The University of Sydney, 

Australia) for liquid chromatography tandem mass spectrometry (LC-MS/MS). 

 

2.2.6. Liquid chromatography tandem mass spectrometry of liver conditioned medium 

Three microliters of peptides were injected and separated by Dionex 3500 ultra-high 

performance liquid chromatography (UHPLC, (Thermo fisher, USA)) coupled to a Q-

Exactive HF-X mass spectrometer (ThermoFisher, USA) in the positive polarity mode 

as previously described [223]. Peptides were resolved on a gradient set at 2 – 35% ACN 

containing 0.1% formic acid over 60 min at 800 nL/min, and separated on an in-house 

100 µm x 20 cm column with an integrated emitter using a Sutter laser puller (1.9 µm 

particle size, C18AQ; Dr Maisch). Peptides were ionised by electrospray ionisation at 

2.3 kV. Data was acquired in positive ionization mode and the instrument was operated 

in data-independent acquisition mode (DIA). The DIA-MS method consisted of an MS1 

scan that is acquired between 350 – 1650 m/z at a resolution of 30,000 and 3 x 106 

automatic gain control (AGC), with a 50 ms injection time. Subsequently, using 

automatic injection and step normalized collision energies of 22.5, 25 and 27.5 at 

15,000 resolution and 1 x 105 AGC, 3 x 106 AGC with higher-energy C-trap 

dissociation (HCD), 20 variable window sized DIA isolation and fragmentation 

occurred [224]. 
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2.2.7. Human proteomic data analysis 

All DIA data was processed using Spectronaut v14 (Biognosys, Schlieren, Switzerland) 

with default settings employing retention time and mass recalibration. The default 

settings included retention time prediction type set to dynamic indexed retention time. 

Mass calibration was set to local mass calibration. Methionine oxidation and cysteine 

carbamidomethylation were set as variable modifications and fixed modifications, 

respectively. As previously described, interference correction on the MS1 and MS2 

scans were enabled to remove fragments from quantification based on interfering 

signals, keeping at least three fragments per scan for quantification [224]. The data was 

searched against the human uniprot database (canonical and isoform – downloaded 

16/03/2021) and the quantification was assessed on the MS2 extracted ion 

chromatograms. This was set at 3-6 fragment ions with >450 m/s. Labelling was set to 

label-free quantification with a minimum detection rate of 2. All other search 

parameters were default settings. The false discovery rate of the spectral peptide match 

to Uniprot proteins was set at 1%. The result output was further processed with Perseus 

(Version 1.6.6.0) [225], a module from the MaxQuant suite. 

 

Statistical analysis of proteomic data and differential expression analysis of NAFLD-

associated fibrosis or NASH, stratifications were Log2 transformed and median 

normalised. Differential expression analyses of proteins by NAFLD-associated fibrosis 

or NASH severity (e.g. NAFLD F2-3 vs No pathology or NASH vs no pathology) was 

conducted using NormalyserDETM software [226] and assessed with a multi-group 

comparison by using median normalisation and robust linear regression and linear 

models for microarray with a one-way analysis of variance (ANOVA) and 2-way 

comparisons against each group using the program. This allowed the estimation of 
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variance of each protein and reporting of the differential expression (or amounts) in 

secreted proteins between all groups. Subsequently, students 2-way t-tests with 

Benjamini-Hochberg false discovery rate was performed and significant proteins were 

assigned based on q<0.05. Data visualisation was performed in Prism 9.0 (GraphPad, 

USA). 

 

2.2.8. Plasma proteomic studies 

Protein extraction, digestion, and clean-up of human plasma were performed as 

previously described [227]. Briefly, one microliter of plasma was added to 24 µL of 1% 

sodium deoxycholate, 10 mM TCEP, 40 mM chloroacetamide, and 100 mM Tris-HCl 

pH 8.5) in a 96-well plate (Eppendorf, Germany). Plates were sealed with a silicone mat 

(Eppendorf, Germany), and proteins were denatured, reduced, and alkylated by mixing 

on a Thermomixer-C (Eppendorf, Germany) with a ThermoTop (Eppendorf, Germany) 

at 95 ⁰C for 10 min at 1,000 rpm. Samples were cooled to room temperature and diluted 

to 10-fold with water. Proteins were digested into peptides with the addition of 

endoproteinase Lys-C and trypsin (both 1:100 ratio, µg/ µg protein) and incubated at 37 

°C for 16 h at 1,000 rpm in an Eppendorf Thermomixer-C with a ThermoTop (heated 

lid). Peptides were diluted 2-fold with 99% ethyl acetate/ 1% TFA to form a 49.5% 

ethyl acetate/ 0.5% TFA solution. 

 

SDB-RPS tips were generated as described in 2.2.5. Tips were washed with 1 x 100 µL 

of 100% ACN and centrifuged at 1000 x g for 1 min, and the flow-through was 

discarded. This was followed by addition of 1x 100 µL of 0.1% TFA in water and 1x 

30% methanol/1% TFA in water, each wash step followed by centrifugation at 1000 x g 

for 3 min and discarding of flow through. Next, tips were loaded with ~10µg of peptides 
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and washed 2x with 100 µL of 99% ethyl acetate/ 1% TFA and 1x with 100 µL of 0.2% 

TFA in water. Peptides were eluted by addition of 100 μL of 5% ammonium 

hydroxide/80% ACN followed by centrifugation at 1000 x g for 5 min. Samples were 

dried using a GeneVac EZ-2 (Genevac, UK) at 40 °C for 1 h. Dried peptides were 

resuspended in 30 µL of 5% (v:v) formic acid and stored at 4 °C until analysed by LC-

MS. 

 

LC-MS was performed as previously described [227; 228]. An Exion LC system (Sciex, 

USA) was used to analyse peptide samples and was set up with a 5 cm × 2.1 mm, 1.9 

μm particle, C18 column (Agilent, Australia), which was coupled to a Turbo-V ESI 

source on a Sciex 6600 mass spectrometer. The digested peptides (10ug) in 5% (v:v) 

formic acid were directly injected onto the column and resolved over a gradient of 5-

40% ACN at a flow rate of 1mL min–1 for 5 min at 40°C. Peptides were ionised by 

electrospray ionisation at 5.6 kV. The scanning SWATH acquisition was for 8 min per 

injection and scanned from 400-900 m/z with a 10 ms accumulation time.  

 

2.2.9. Plasma proteomic data analysis 

Raw data were processed using DIA-NN 1.8 [229] with a search performed against the 

whole human proteome (Uniprot – canonical and isoform, downloaded 16/03/2021). A 

library-free strategy was employed with match between runs enabled. Cysteine 

carbamidomethylation was set as a fixed modification. N-terminal acetylation and 

methionine excision were set as variable modifications. Trypsin cleavage was allowed 

to have 1 missed cleavage event. Statistical analysis was performed on MaxLFQ 

normalised protein abundances [230] grouped by NASH and NAFLD-associated 

fibrosis. The data was uploaded into Perseus version 1.6.10.50 [225], a module from the 
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MaxQuant suite and the data was normalised using Log2 transformation and median 

normalisation. 

 

2.2.10. EMILIN1 ELISA 

The concentration of EMILIN1 in human plasma was determined by an enzyme-linked 

immunosorbent assay from Aviva Systems Biology (Cat No: OKCD00659, CA, USA).  

 

2.3.  In vivo mouse procedures 

 

2.3.1. Animal housing 

All procedures conducted complied with the National Health and Medical Research 

Council guidelines concerning the use and care of experimental animals and were 

approved by the University of Melbourne Anatomy & Neuroscience, Pathology, 

Pharmacology, and Physiology Animal Ethics Committee (ID 20063 and 2015165). 

Mice used throughout were 8-10 weeks old male C57BL/6J (obtained from Animal 

Resources Centre, Canning Vale, Australia). All mice had ad libidum access to food and 

water and were maintained in a temperature-controlled room (22°C ± 1°C) with a 12-h 

light/dark cycle. Body weight was measured weekly. 

 

2.3.2. Dietary induced models of NAFLD, NASH and fibrosis 

To induce NAFLD and NAFLD-associated fibrosis, mice were fed one of three diets: 

(1) a high-fat (40% calories from lard) high-fructose (30% calories from fructose) high-

cholesterol (20g/kg) diet (SF16-033; Specialty Feeds, Australia) fed for 32-40 weeks, 

hereafter denoted as CHOL; or (2) a methionine and choline deficient (MCD) diet 

(SF16-035; Specialty Feeds, Australia) fed for 8 or 12 weeks. This diet contains 44% of 
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calories from fat (lard) and is low in methionine (1g/kg) and choline (70mg/kg). The 

MCD respective control diet termed methionine choline supplemented (MCS) diet in 

this study group received the same dietary composition, however with higher levels of 

methionine (6.1g/kg) and choline (2.6g/kg) (SF16-034; Specialty Feeds, Australia). (3) 

Lastly, to induce obesity, glucose intolerance and hepatic steatosis, mice were fed a 

HFD, (High Fat Rodent Diet SF04-001, 43% energy from fat, Specialty Feeds, 

Australia) for a maximum of 14 weeks. Control mice in this study, received standard 

rodent chow (5% of energy from fat, Specialty Feeds, Australia). For validation of 

presence of NAFLD, NASH and fibrosis, a piece of liver was fixed in formalin and 

histologically processed as described in 2.5.12.  

 

2.3.3. Exercise training studies 

Mice fed a HFD for 5 weeks were acclimatized to the treadmill for 3 days prior to 

experimental testing. This protocol consisted of increasing the intensity and duration of 

the running on the enclosed treadmill without mice reaching fatigue as previously 

described [231].  

 

To assess whole body adaptations to exercise, mice were placed on the treadmill and ran 

at a speed of 10 m/min. Following 2 min of running, the speed was increased to 12 

m/min for 2 min. This process was repeated until mice reached volitional exhaustion 

defined as more than 10 seconds spent at the treadmills base despite manual 

encouragement. The running time until exhaustion was recorded. 
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2.3.3.1. Endurance exercise training 

Mice were grouped based on body weight, glucose tolerance and running time until 

exhaustion, prior to exercise intervention. Mice in the exercise group underwent an 

endurance exercise running protocol previously described [232] and shown in Table 2.3 

for 6 weeks at 5% grade (incline). Mice in the Sedentary group were placed on a 

stationary treadmill for the same duration as the exercise trained mice. 

Following 6 weeks of exercise training, all mice undertook another maximal velocity 

test to assess improvements in endurance capacity. Two days later, mice were 

anesthetised using 4% isoflurane (SomnoSuite, Kent Scientific, USA), the mixed 

quadriceps muscle was dissected for later analysis (see 2.5.7 and 2.5.8.) and hepatocytes 

were isolated (see 2.4.1.) and cultured for the proteomic evaluation of the intracellular 

proteome and hepatokine secretion (see sections 2.5.1.-2.5.3.). 
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Table 2.3. Schedule, speed and time of the endurance exercise intervention as 
previously described in Borg et al., 2012. Table taken from Borg et al., 2012 [232].  
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2.3.4. Adeno-associated virus – mediated overexpression  

Adeno-associated virus (AAV) was generated at Vector Biolabs (Malvern, PA, USA). 

For overexpression purposes, an AAV serotype 8 (AAV8) driven by a thyroxine 

binding globulin (TBG) promoter, containing a cDNA sequence specific for murine 

Emilin1 or Syndecan-4 (AAV8-TBG-m-EMILIN1; AAV8-TBG-m-SDC4), was injected 

via the tail vein at 0.5 x 1012 or 1 x 1012 genome copies/mouse, respectively. Control 

mice were injected with the same vector and dosage (AAV8-TBG-Control). Subsequent 

whole body metabolic assessment was carried out as outlined in sections 2.3.4. - 2.3.7.  

Eight or 12 weeks following AAV administration for Sdc4-AAV or Emilin1-AAV, 

respectively, precision-cut liver slices were generated using the Alabama tissue slicer 

(Alabama research and development, USA) as described in section 2.2.4, hepatic 

metabolism was assessed (see section 2.4.2-2.4.7), and immunoblotting (see section 

2.5.5, 2.5.6) and gene expression analysis (section 2.5.9.) carried out.  

 

2.3.5. Body composition and energy expenditure 

Body composition (fat and lean mass) in awake, constrained mice was assessed by 

nuclear magnetic resonance (MiniSpec LF50, Bruker, USA), following manufacturer’s 

instructions. 

.  

Whole body energy metabolism was assessed using a 16-chamber Promethion 

Metabolic Cage System (Sable Systems International, USA), including locomotor 

activity, energy expenditure, food intake and respiratory exchange ratio (RER). The 

RER was determined as the ratio of carbon dioxide production (VCO2) to oxygen 

consumption (VO2). Mice were housed individually for 48 h and the above outcome 

measures collected following 12 h of acclimatisation to the metabolic chamber. Flow 
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rates into all chambers were set at 2000 mL/min and room air (~21% O2 and 5% CO2) 

was passed through into the chambers. Gas sensor calibration was conducted before 

experiments. Food intake was calculated as the mass of food at the end of the 48-h 

period subtracted from food mass following the 12 acclimatisation. Chambers had 

photobeams to assess physical activity and physical movement at speeds ≥1cm/s was 

considered directed locomotion. 

 

2.3.6. Glucose tolerance test 

Mice were fasted for four h (0700-1100 h). Mice received an oral glucose load (2 g/kg 

body weight), and blood was obtained from a tail nick before and at 15, 30-, 45-, 60- 

and 90-mins following glucose administration for glucose assessment (Accu-Check, 

Roche, USA). An additional 20 µL blood was collected at 0, 15 and 30 min, centrifuged 

at 4000 x g at 4°C for 10 minutes to separate plasma for later assessment of plasma 

insulin (2.5.10). 

 

2.3.7. Insulin tolerance test 

Mice were fasted for four h (0700-1100 h), then injected i.p. with insulin (Actrapid, 1 

U/kg body weight). Blood was obtained from a tail nick before and at 10, 20, 30, 45 and 

60 mins for glucose assessment (Accu-Check, Roche, USA). 

 

2.4.  Mouse surgical procedures and ex vivo assessments 
 

2.4.1. Hepatocyte isolations 

Mice were anaesthetised with an intraperitoneal injection of ketamine/xylazine (v:v) 

that was diluted four fold in saline. A lateral incision, followed by a midline incision 
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across the lower abdomen was made to expose the liver and other organs. A small liver 

biopsy (~5mg of tissue) was taken from mice that underwent exercise training or their 

Sedentary controls to assess liver triglyceride levels (see 2.5.6), all other mice were not 

biopsied. A 23-gauge catheter (BD vacutainer Safety-Lok) was inserted into the inferior 

vena cava and the hepatic portal vein was cut. The catheter was connected to peristatic 

tubing (Gilson F117946) and a circulating pump which circulated pre-warmed Hank’s 

Buffered Salt Solution (HBSS) (138 mM NaCl, 5.6 mM Glucose, 5.4 mM KCl, 0.4 mM 

KH2PO4, 50 mM C8H18N2O4S, 0.3 mM Na2HPO4, 0.44 mM Na2HPO4, 0.44 mM 

NaHCO3 and 0.5M C14H24N2O10) at a pH of 7.4 and at 37 °C into the liver was infused 

at a rate of 5 mL/min for 15 min to isolate hepatocytes at the desmosomes. Following 

this, the tubing pumping the fluid was transferred to another falcon tube containing 50 

mL of HBSS as described above, with 1 mg/mL of Collagenase H (Roche, cat: 11 074 

032 001) and 2 mM of CaCl2, and circulated through the liver for approximately 10 min 

to facilitate the isolation of hepatocytes from the liver parenchyma. Livers were 

removed and minced with scissors, passed through a cell strainer (100 μM Nylon) into a 

falcon tube and washed in cold HBSS buffer containing 2mM CaCl2. Hepatocytes were 

pelleted by centrifugation at 50 g for 3 min and the supernatant was removed with a 

pasteur pipette. This step was repeated to remove dead cells, debris and to separate 

hepatocytes from other non-parenchymal cells residing in the liver. Subsequently, 

hepatocytes were resuspended in 3 mL of cold M199 media containing insulin (100 

nmol/L), 100 nmol/L dexamethasone, 10% bovine serum albumin (BSA; Merck, USA) 

(10% fetal bovine serum (FBS, Gibco, USA) and 1% penicillin and streptomycin 

(PenStrep, Gibco, USA). 
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2.4.1.1. Cell viability and plating 

To assess the viability of the isolated hepatocytes, a 10 μL aliquot was taken and diluted 

1 in 10 with 0.1% trypan blue (Gibco, USA) and the number of live and dead cells were 

counted on each corner of the hemocytometer (Boeco, Germany). The number of viable 

cells was assessed as per equation 1 considering dilution and the haemocytometer 

conversion factor, 2.5 x 106 cells were plated per well in a collagen pre-coated with rat 

tail collagen in a 6 well plate and allowed to adhere to the plate for 4 h. Following this, 

the hepatocytes were either utilized to assess protein secretion (see 2.4.1.2) or used for 

recombinant syndecan-4 studies as per 2.4.1.3 and 2.4.1.4. 

 

Viable cell count = (average total cell count− average dead cell count) × 10 × 104 

Equation 1: Assessment of cell viability.  
 

2.4.1.2. Hepatocyte secretion 

Hepatocytes isolated from exercise or sedentary mice were washed 3 x with PBS and 

cultured in 2 mL of EX-CELL 325 PF CHO Serum-Free medium (Merck, USA) for 24 

h, maintained at 37 °C and 5% CO2. The conditioned media containing all secreted 

factors was collected, centrifuged at 300 x g for 10 min and stored at -80 °C until 

proteomic assessment (2.5.1).. Hepatocytes were lysed in 100 mmol/L Tris-HCl + 1% 

sodium deoxycholate (w:v) (pH 8.1) and snap frozen in liquid nitrogen until proteomic 

assessment (2.5.2) 

 

2.4.1.3. Acute recombinant SDC4 studies 

Hepatocytes isolated from control mice were plated in a 6 well plate and cultured 

overnight in basal media (Gibco M199 media +100 U Penicillin/Streptomycin, 100 

nmol/l Dexamethasone, 1 nmol/l insulin) overnight. Hepatocytes were washed 3x with 
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PBS and incubated. For 2 h in 1 g/L glucose DMEM media (Gibco, USA) containing 1 

µg/mL of recombinant FC-SDC4 (referred to subsequently as rSDC4) (Cat: 50726-

M02H, JOMAR Life Research, Australia) and assessed for lipid metabolism (see 

2.4.2.). 

 

2.4.1.4. Assessment of lipid droplet remodelling 

Hepatocytes isolated from high fat fed mice (section 2.4.1) were maintained as detailed 

in section 2.4.1.2, with the following amendments. Hepatocytes were plated and 

cultured on chambered coverslips (Sarstedt, Germany) and treated with or without 

rSDC4 (1 µg/mL) for 48 hours. Culture medium was then incubated with 100 nM 

MitoTracker Deep Red (Molecular Probes, USA) and 2μM BODIPY FL C 16 

(ThermoFisher Scientific, USA) for 20 min or 15 min, respectively. Cells were fixed in 

4% paraformaldehyde for 15 min at room temperature, washed with PBS and stained 

with 4′,6-diamidino-2-phenylindole (DAPI) (ThermoFisher Scientific, USA) (1μg/mL) 

to visualise nuclei. Confocal microscopy was performed as described in section 2.5.11. 

 

2.4.2. Assessment of fatty acid metabolism  

Radiometric assays were performed to track the fate of carbons in the metabolic 

pathways. For all murine experiments, precision-cut liver slices were generated as 

described in section 2.2.4. Following 1 h of settling in M199 media (Gibco, USA), 

approximately 20 mg of slices were washed in PBS (Gibco, USA) and moved to a glass 

vial containing “tracer medium” comprised of oxygenated low-glucose DMEM (1g/L 

glucose, Gibco, USA), 0.5 mM palmitic acid (Sigma-Aldrich, #110K0301) and 1 

μCi/ml [1–14C] palmitic acid (GE Healthcare, CFA23) conjugated to 2% (w:v) BSA for 

a total of 2 h at 37 °C in a shaking water bath. A 3 x 50 µL aliquot of this radioactive 
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medium was placed in a polyethylene scintillation vial with 2 mL of Ultima Gold 

scintillation fluid and counted on the TriCarb® 2810 TR liquid scintillation analyser 

(PerkinElmer, USA) to determine the specific activity as described in equation 2. To 

trap 14CO2, the glass vial further contained a 1.7 mL Eppendorf tube filled with 300 µL 

of 1 M NaOH. After 2 h, liver slices were removed from the glass scintillation vials and 

washed in ice-cold PBS (Gibco, USA) and stored at -80 °C. Subsequently, 1 mL of 1 M 

perchloric acid was added to the glass vial, leading to the release of 14CO2 from the 

acidified assay buffer and subsequent capture in the basic NaOH solution. The vial was 

immediately capped and left for 12 h at 4 °C. Following this, the radioactivity in the 

NaOH phase, representing complete oxidation of fatty acids, was counted on the 

TriCarb® 2810 TR liquid scintillation analyser (PerkinElmer, USA).  

 

Specific Activity (CPM/nmol) =  
Average total radioactivity substrate (CPM) 

total nmol of substrate (nmol)
 

Equation 2: Determination of specific activity. Total reactivity of the assay buffer 
divided by the total nanomole of the substrate (non-radioactive palmitate) present in the 
medium. CPM, counts per minute. 
 

To assess the intracellular fate of the radiolabelled palmitic acid, frozen liver slices were 

homogenised using the Biogen Pro 200 homogeniser (Pro Scientific, USA) in a glass 

vial containing 1.8 mL of 2:1 (v:v) chloroform: methanol.To induce phase separation, 

600 µL of 0.9% NaCl was added, the samples were vortexed and incubated for 30 min 

at room temperature. The samples were then centrifuged for 10 min at 4 °C and 2000 x 

g (5810R, Eppendorf, USA), leading to phase separation, with the top phase containing 

acid-soluble metabolites (ASM; intermediates of ß-oxidation representing incomplete 

fatty acid oxidation) and the bottom organic phase containing lipids. Radioactivity 

within the ASM fraction was assessed by adding 900 µL of the aqueous phase to 2 mL 
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of Ultima Gold scintillation cocktail in a polypropylene vial. Radioactivity was 

measured using the TriCarb® 2810 TR liquid scintillation analyser (PerkinElmer, USA) 

and total oxidation was calculated as described in Equation 3. Following this, 1 mL of 

the organic phase was transferred to another glass tube, the solvent containing lipids 

was dried under N2 stream at 37 °C and the dried lipid stored at -20 °C until further 

analysis.  

 

Oxidation rate (nmol/mg /h) =
�_14CO2  (CPM) + ASM (CPM)

Specific activity� CPMnmol�
�

Tissue mass (mg)/ time (h)
  

Equation 3: Calculation of fatty acid oxidation in tissues. The complete oxidation to 
CO2 plus the incomplete oxidation represented as acid soluble metabolites (ASM). This 
value is normalised to tissue mass and time. CPM, counts per minute. Oxidative rate 
was calculated the same with hepatocytes except for using total protein instead of tissue 
mass. 
 

2.4.3. Lipid extraction for incorporation into total lipids 

The dried down organic phase was further assessed for incorporation of palmitic into 

various lipid species. Lipids were resuspended in 200 µL of 95 % ethanol, and 100 µL 

was transferred to a 2 mL of Ultima Gold scintillation cocktail in a polypropylene vial. 

Vials were assessed for radioactivity using the TriCarb® 2810 TR liquid scintillation 

analyser (PerkinElmer, USA) as described in equation 3. Fatty acid uptake was 

calculated by summing fatty acid oxidation and total lipid storage. The remaining lipid 

suspension was dried under N2 stream at 37 °C and the dried lipid stored at -20 °C until 

further analysis. 
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2.4.4. Thin-layer chromatography & determination of fatty acid incorporation into 

complex lipids 

 

The incorporation of fatty acids into triglycerides and other lipid classes was assessed 

by thin-layer chromatography (TLC). A mixture of lipids (used as an internal standard) 

consisting of 2.5 mg/mL of cholesterol linoleate (Sigma-Aldrich, USA), 1.75 mg/mL of 

glycerol tripalmitate (Sigma-Aldrich, USA), 875 µg/mL of dipalmitin (Sigma-Aldrich, 

USA), 1 mg/ml of C-16 ceramide and 2.5 mg/mL of L-α-phosphatidylcholine (Sigma-

Aldrich, USA) was dissolved in 2:1 (v:v) chloroform: methanol to permit lipid 

identification following TLC. Lanes were formed with a width of 1.5 cm on a glass-

backed silica gel 60-plate (AnalTech, USA). Dried down lipid samples (from section 

2.1.4.1) were resuspended in 30 µL of the lipid mixture, vortexed and spotted with a 

syringe in their respective lane 2 cm from the base of the plate. The blanks consisted of 

60 µL of the standard mixture and were spotted 2cm from the base of the plate. The 

samples were then subjected to a three-step solvent separation to resolve the lipids, as 

previously described [233]. Briefly, the TLC plate was placed in chloroform-methanol-

water (65:25:4, v/v) until the solvent migrated 10 cm and was thereafter air-dried for 10 

min. The plate was then placed in hexane-diethyl ether-acetic acid (75:35:1, v/v) until 

the solvent migrated 18 cm from the base of the plate and again air-dried for 10 min. 

The plate was then run again to 18 cm in the hexane-diethyl ether-acetic acid solution 

and air-dried. The TLC plate was sprayed with 0.02% (w:v) dichlorofluorescein dye 

(Sigma-Aldrich, USA), and air dried for 10 min to allow visualisation of lipids under 

UV light on the UV Light Transilluminator (Analytik Jena, USA). Lipid bands 

corresponding to cholesterol, triglycerides, diglycerides, ceramides, and phospholipids 
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were then scraped into polyethylene scintillation vials containing 2 mL of Ultima Gold 

scintillation cocktail. Samples were vortexed, and their radioactivity was measured on 

the TriCarb® 2810 TR liquid scintillation analyser (PerkinElmer, USA). Substrate 

incorporation into lipids was calculated using equation 4. Total lipid storage was 

defined as the sum of lipid species assessed in TLC. 

 

For ‘conditioned medium’ experiments, medium containing the secreted products from 

the hepatocytes of exercise or sedentary mice was applied 1:1 (v:v) with tracer medium. 

Fatty acid metabolism was assessed as described above. All values were normalised to 

tissue mass. 

 

For assessment of lipid metabolism in isolated hepatocytes, the method was performed 

the same with few exceptions. Firstly, lipid metabolism was assessed in a 6 well plate 

maintained at 37 °C and 5% CO2. Following the 2 h incubation with oxygenated low-

glucose DMEM (1g/L glucose, Gibco, USA), 0.5 mM palmitic acid (Sigma-Aldrich, 

#110K0301, Australia) and 1 μCi/ml [1–14C] palmitic acid (GE Healthcare, CFA23, 

USA) conjugated to 2% (w:v) BSA, the incubation medium was added into the glass 

vial with 1 mL of 1M perchloric acid and 300 µL of 1M NaOH in an Eppendorf tube to 

capture 14CO2. Hepatocytes were lysed in 250 µL of PBS with 0.01% Triton X100 

(Sigma Aldrich, Australia), 50 µL was used to assess protein content (described in 

2.5.14). Two hundred microliters of lysed hepatocytes were added to glass vial in 12 x 

75 mm glass tubes containing 1.8 mL of 2:1 (v:v) chloroform: methanol to extract 

lipids. Hepatocytes and precision-cut liver slices were processed the same from 
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following 2:1 (v:v) chloroform: methanol suspension. Fatty acid metabolism in isolated 

hepatocytes was normalised to intracellular protein content (determined in 2.5.10). 
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Lipid (nmol/mg /h) =

�Lipid (CPM) − Blank (CPM)

Specific Activity �CPM
nmol�

�

(Tissue mass (mg)/ time (h))  

Equation 4: Calculation of substrate incorporation into various lipids after incubation 
with 14C palmitic acid. CPM, counts per minute. Blank represents the background 
radioactivity of the Ultima Gold scintillation cocktail. 
 

2.4.5. Assessment of glucose metabolism in precision-cut liver slices 

Liver slices were prepared as per sections 2.2.4 and 2.4.2. Glucose metabolism was 

assessed like fatty acid metabolism 2.4.2-2.4.3. Following 1 h of settling in M199 media 

(Gibco, USA), approximately 20 mg of slices were washed in PBS (Gibco, USA) and 

moved to a glass vial containing a 0.5 mL Eppendorf tube filled with 300 µL of 1 M 

NaOH, oxygenated low-glucose DMEM (1g/L glucose, Gibco, USA), 0.5 mM palmitic 

acid (Sigma-Aldrich, #110K0301) and 1 μCi/ml of (D-[¹⁴C(U)])-Glucose (GE 

Healthcare, CFA23) with 2% (w:v) BSA. Total activity and specific activity were 

determined as 2.4.2 and equation 1. Liver slices were cultured in glass vial was cultured 

for 2 h at 37 °C in a shaking water bath. After 2 h, liver slices were removed from the 

glass scintillation vials and washed in ice-cold PBS (Gibco, USA) and stored at -80 °C. 

Complete oxidation was determined as 2.4.2 by trapping 14CO2 in NaOH by the addition 

of 1 mL of 1 M perchloric acid in a glass vial. Glucose oxidation calculated as per 

equation 5. 

Glucose oxidation rate (nmol/mg/h) =
� _ 14CO2  (CPM)

Specific Activity� CPMnmol�
�

Tissue mass (mg)/ time (h)
  

Equation 5: Calculation of glucose oxidation rate. CPM, counts per minute. 
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To assess de novo lipogenesis, frozen liver slices were homogenised in glass tubes 

containing 1.8 mL of 2:1 (v:v) chloroform: methanol using the Biogen Pro 200 

homogeniser (Pro Scientific, USA). Lipids were extracted as described in 2.4.2. Total 

lipid storage was assessed as described in 2.4.3 and calculated by equation 3. 

 

2.4.6. 2-Deoxyglucose uptake 

On the day of culling, epididymal adipose tissue (eWAT) explants and intact tendon-to-

tendon soleus muscles were placed into glass vials containing 1 mL (v:v) of oxygenated 

Krebs Daily Buffer (120 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 25 mM 

Na2HCO3 and 5.5 mM glucose) and 0.1% BSA, 8 mM mannitol and 2 mM pyruvate, 

and with medium containing secreted factors from hepatocytes of exercise or sedentary 

mice, at pH 7.2 for 30 min at 30 °C in a shaking water bath. Following this, the medium 

was removed and replaced with oxygenated Krebs buffer containing 0.1% BSA, 8 mM 

mannitol and 10 µM 2-deoxy-D-glucose, with or without 10 nM insulin for 20 min. The 

media was removed and replaced with 1 mL of oxygenated Krebs buffer containing 

0.1% BSA, 8 mM mannitol, 10 µM 2-Deoxy-D-glucose (Sigma-Aldrich, Australia), 0.5 

µCi/mL 3H-2-deoxy-D-glucose (Perkin Elmer, USA Cat# NET328A250UC) and 0.2 

µCi/mL of 14C mannitol (Perkin Elmer, USA Cat #NEC314250UC), with or without 10 

nM insulin. Following the last incubation step, tissues were rapidly dipped in ice-cold 

PBS, blotted on a Kim-wipe tissue, and snap-frozen in liquid nitrogen.  

 

Samples were homogenised in radioimmunoprecipitation assay (RIPA) buffer [65 mM 

Tris-HCl, 150 mM NaCl, 1% NP-40 (v:v), 0.5% sodium deoxycholate (v:v), 0.1% 

sodium dodecyl sulfate (SDS) (v:v), and 10% glycerol (v:v)] with 1 mM dithiothreitol 
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(DTT), 1x protease inhibitor (Complete Protease Inhibitor Cocktail; Roche Diagnostics, 

Switzerland), and 1 x phosphatase inhibitor (PhosSTOP Phosphatase Inhibitor Cocktail, 

Roche Diagnostics, Switzerland) using Precellys Evolution homogenizer (Bertin 

technologies, France) and transferred to a scintillation vial containing a 2 mL of Ultima 

Gold scintillation cocktail in a polypropylene vial. Vials were assessed for radioactivity 

using the TriCarb® 2810 TR liquid scintillation analyser (PerkinElmer, USA) and 

counted on a dual-channel to assess 3H and 14C. 

 

2.4.7. Hepatic glucose output 

Liver slices were prepared as described in section 2.2.4., and then incubated at 37 °C in 

high-glucose DMEM containing 1 mmol/L sodium pyruvate for 1 h. Liver slices were 

washed 3 x in PBS and incubated with medium containing liver secreted factors 

(Exercise or Sedentary) diluted 1:4 with glucose-free DMEM (Gibco, USA; Cat: 11966-

025) (v:v) and supplemented with 10 mmol/L sodium pyruvate and 10 mmol/L sodium 

lactate for 10 min. Slices were washed in PBS then incubated for 1 h in the same 

pyruvate/lactate-supplemented media containing hepatocyte secreted factors. Glucose 

content in the medium was assessed using InfinityTM glucose hexokinase reagent 

(Thermo Fisher, USA), as per the manufacturer’s instructions. 

 

2.4.8. Lipolysis  

Epididymal adipose tissue explants from a healthy control mouse were cultured in 

medium containing secreted factors from livers of Exercise or Sedentary mice diluted 

1:4 (v:v) with oxygenated phenol red-free low-glucose DMEM (Gibco, USA) and 2% 

BSA and incubated in a shaking water bath at 37 °C for 4 h. Glycerol content in the 



  

79 
 

media was assessed by colorimetric assay as per manufacturer’s instructions (Free 

glycerol reagent, Sigma-Aldrich, USA). 

 

2.5.  Biochemical analyses 

 

2.5.1. Murine hepatocyte conditioned medium processing for proteomic analysis 

For the assessment of exercise-regulated hepatocyte-secreted factors in mice, proteins 

were extracted, reduced and alkylated and digested with trypsin (1 µg trypsin/100 µg 

protein) from the conditioned medium as described above (section 2.2.5). No Lys-C was 

added in this digestion. The following day, 40 µL of 50 mM of ammonia bicarbonate 

was added and centrifuged at 14000 x g for 15 min. This step was repeated twice. 

Additionally, 50 µL of 0.5 M NaCl was added to the centrifugal filter and the samples 

centrifuged at 14000 x g for 15 min. After the final centrifugation step, the flow-through 

containing all digested peptides was acidified to a pH3 through the addition of 1 µL of 

formic acid. The peptides were purified with Millipore® C18 Ziptips (Sigma Aldrich, 

USA). This involved activation of the Millipore® C18 Ziptips (Sigma Aldrich, USA) 

with methanol, washing with 0.1% formic acid, binding of peptides to Ziptips, a second 

wash step in 0.1% formic acid, and final elution into 200µL 50% ACN and 0.1% formic 

acid solution. The solvent was evaporated by centrifugation on a Speedvac concentrator 

(Eppendorf, Germany) and the purified peptides were reconstituted in 0.1% Formic acid 

at a concentration of 2 µg / µL. Samples were then stored at 4 °C until liquid 

chromatography and mass spectrometry was performed. 
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2.5.2. Murine hepatocyte processing for proteomic analysis  

Hepatocytes were heated to 95 °C for 5 min followed by three rounds of sonication for 

10 seconds. The protein concentration of the lysate was determined using a using 

PierceTM (bicinchoninic acid assay) BCA protein assay kit (Thermo Scientific, #23225, 

USA) as described in section 2.5.14, and 100 µg of protein was reduced with 10 mM 

TCEP for 20 min at 65 °C and alkylated with 40 mM chloroacetamide and incubated in 

the dark at room temperature for 20 min. Proteins were digested with 1 µg trypsin at 37 

°C in a shaking water bath overnight, the peptides acidified with 100% formic acid to a 

pH of 3, diluted 1:1 (v:v) with water saturated ethyl acetate, vortexed, centrifuged at 

15,000 x g for 5 mins, and repeated twice to remove the sodium deoxycholate. The 

peptides were purified with a C18 cartridge (Oasis HLB, SKU: WAT094225). This 

involved activation of the C18 cartridge with the addition of 1 mL of ACN, 

centrifugation for 1 min at 500 x g at 20 °C. The cartridge was washed 3 x with 1 mL of 

0.1% formic acid and centrifuged for 1 min at 500 x g for 20 °C and the flow through 

was discarded. The peptide sample was loaded into the cartridge, centrifuged for 3 min 

at 500 x g at 20 °C, and the column washed three times with 0.1 % formic acid, 

centrifuged at for 5 min 500 g and 20 °C. The column was transferred to a fresh 15 mL 

falcon tube and the peptides were eluted in 60% ACN in 0.1% formic acid by 

centrifugation at 100 g for 5 min. The eluted peptides were transferred to an Eppendorf 

tube, dried by vacuum centrifugation and reconstituted in 0.1% formic acid and 2% 

ACN to a final peptide concentration of 1 µg /µL. Samples were subsequently sonicated 

in a water bath for 10 min, centrifuged at 14,000 g for 5 min, the supernatant transferred 

to a fresh tube and centrifuged again. The supernatant was then collected and transferred 

into a mass spectrometry vial, and samples were stored at 4 °C until liquid 

chromatography and mass spectrometry was performed. 
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2.5.3. Liquid chromatography and mass spectrometry for murine studies 

Nano-Electrospray Ionisation (ESI)-LC-MS/MS was used to analyse the peptide 

samples. The Nano-LC system, Ultimate 3000 RSLC (Thermofisher Scientific, USA) 

was set up with an Acclaim Pepmap RSLC analytical column (C18, 100 Å, 75 μm × 50 

cm, Thermo Fisher Scientific, USA) and Acclaim Pepmap nano-trap column (75 μm × 2 

cm, C18, 100 Å) at 50°C. Solvent A was 0.1% v/v formic acid and 5% v/v dimethyl 

sulfoxide (DMSO) in water and solvent B was 0.1% v/v formic acid and 5% DMSO in 

ACN. The trap column was loaded with the tryptic peptides on an isocratic flow of 3% 

ACN containing 0.05% TFA at 6 µl/min for 6 mins, followed by the switch of the trap 

column as parallel to the analytical column. The gradient setting for the LC runs at a 

flow rate 300 nL/min, were as follows: solvent B 3% to 23% in 89 mins, 23% to 40% in 

10 mins, 40% to 80% in 5 mins, maintained at 80% for 5 mins before dropping to 3% in 

2 mins and equilibration at 3 % solvent B for 8 mins. A positive mode, Nano-ESI and 

Orbitrap Elite mass spectrometer (Thermo Fisher Scientific, USA) was employed to 

execute the MS experiments with settings of spray voltages, S-lens RF, and capillary 

temperature level of 1.9 kV, 60 %, 275 °C, respectively. Data-dependent acquisition of 

mass spectrometry data was performed by acquiring each full scan MS spectra followed 

by rapid collision induced dissociation (CID)-MS/MS spectra of top 20 most abundant 

precursor ions. Full scan MS spectra features ions at m/z of 300-1650, a maximum ion 

trapping time of 200 milliseconds, an auto gain control target value of 1e6, and a 

resolution of 120,000 at m/z 200. An m/z isolation window of 2, an auto gain control 

target value of 5e3, a 30 % normalized collision energy, an activation q value of 0.25, 

an activation time of 10 milliseconds, a maximum ion trapping time of 25 milliseconds 
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were used to perform data-dependent rapid CID-MS/MS of precursor ions having 

charge states more than 1. A dynamic exclusion of 30 seconds was applied. 

 

2.5.4. Analysis of murine mass spectrometry data 

All generated files were processed with MaxQuant (v1.6.2.10) [234] to identify (at least 

2 razor + unique peptide) as well as to report their label free quantitation intensities. 

Database searching was performed with settings followed here, methionine oxidation 

and protein N-terminal acetylation as variable modification, cysteine 

carbamidomethylation as fixed modification, trypsin as enzyme, maximum missed 

cleavage as 2, UniProt mouse database with 17,082 entries. LFQ was enabled and a 

minimum of 2 peptides for pair-wise comparison in each protein, false discovery rate at 

1% at peptide and protein level, match between run enabled. The MaxQuant output was 

processed further through Perseus (v1.6.6.0) [235]. The values were Log2 normalised 

and underwent two sample t-test (correcting for multiple hypothesis testing using 

Benjamini-Hochberg set at FDR < 5%) to obtain a list of significantly regulated proteins 

based on q < 0.05. Bioinformatic assessment of the hepatocyte intracellular and secreted 

proteome data sets was performed using Ingenuity Pathway Analysis (IPA, QIAGEN) 

[236], and functions assessed included canonical pathways, upstream regulators and 

disease and biological functions.  

 

2.5.5. Targeted liquid chromatography and mass spectrometry  

Liver slices from Sdc4-AAV mice were collected, settled for one h in oxygenated M199 

media, then cultured in EX-CELL 325 medium (Sigma-Aldrich, Australia) for 16 h. The 

conditioned medium was collected and frozen at -80 °C until further analysis. Proteins 

were processed as per the S-TrapTM method (Protifi, USA). This method comprised of 
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an aliquot of 23 µL of conditioned medium mixed with 23 µL of 5% sodium dodecyl 

sulfate in 50 mM Tris-HCl buffer (pH8.5). Samples were vortexed and debris was 

removed by centrifugation at 13,000 x g for 10 min and 5 mM TCEP was added for 15 

min at 55 °C to denature disulphide bonds. Disulphide bonds were alkylated by the 

addition of 20 mM chloroacetamide in the dark for 10 min at room temperature. The 

proteins were acidified with 1% TFA to yield a pH of 1 and vortexed. Subsequently, 

1522 µL of 100 mM Tris-HCl in 90% methanol was added and samples were 

transferred to an S-trap mini column (Protifi, USA) and centrifuged at 4000 x g for 30 

seconds and the flow through was discarded. Samples were washed 3 x 400 µL of 100 

mM Tris-HCl in 90% methanol and centrifuged at 4000 x g for 30 seconds, each time 

discarding the flow through. The S-trap was centrifuged again for 1 minute at 4000 x g 

and the column was transferred to a fresh tube. Next, 125 µL of 50 mM ammonia 

bicarbonate with 1 µg trypsin / 50 µg protein was added and samples were wrapped in 

parafilm and incubated in a wet chamber at 37 °C overnight. The next day, peptides 

were eluted by centrifugation at 4000g for 1 min following the addition of 1 x 80 µL of 

50 mM Tris-HCl buffer (pH = 8.5), 1 x 0.2% formic acid, and 1x 50% acetonitrile. 

Samples were dried on a Speedvac concentrator and resuspended in 2% acetonitrile and 

0.05% TFA. Samples were then centrifuged at 14,000 g for 5 min, the supernatant 

transferred to a mass spectrometry vial, and stored at 4 °C until liquid chromatography 

and mass spectrometry was performed. 

 

A positive mode, Nano-ESI and Eclipse Orbitrap mass spectrometer (Thermo Fisher 

Scientific, San Jose, CA, USA) was employed to execute the MS experiments with 

settings of spray voltages, S-lens RF, and capillary temperature level of 1.9 kV, 30 %, 

275 °C, respectively. The mass spectrometry data was acquired with a 3-second cycle 
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time for one full scan MS spectra and as many data-dependent HCD-MS/MS spectra as 

possible. Full scan MS spectra features ions at m/z of 300-1500, a maximum ion 

trapping time of 50 msec, an auto gain control target value of 4e5, and a resolution of 

120,000 at m/z 200. An m/z isolation window of 1.6, an auto gain control target value of 

5e4, a 30 % normalized collision energy, a maximum ion trapping time of 22 ms, and a 

resolution of 15,000 at m/z 200 were used to perform data-dependent HCD-MS/MS of 

precursor ions having charge states from 2 to 7. A dynamic exclusion of 30 sec was 

applied. After each data-dependent acquisition cycle, targeted HCD-MS/MS using 

identical parameters as that for data-dependent HCD-MS/MS described above was 

performed for selected SDC4 peptides based on experimentally observed peptide of 

mouse SDC4 from Peptide Atlas (Table 2.4 for peptide sequence, m/z and charge state). 

The intensity of the detected SDC4 peptides from the secreted medium was extracted 

from MaxQuant (Table 2.5). Skyline (20.2.0.343) [237] was used to extract the peak 

area of fragment ions on the liquid chromatography run for each peptide detected on the 

MS2 scan (Table 2.5). The peptide sequence that was detected in all samples and is 

unique to SDC4 (ETEVIDPQDLLEGR) and corresponds to the ectodomain was used to 

determine liver SDC4 secretion.   
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Table 2.4. List of SDC4 peptides previously experimentally identified from Peptide 
Atlas [238] and targeted for in the liver conditioned medium from Sdc4-AAV or 
Control-AAV mice. 

  
Compound m/z z 
ETEVIDPQDLLEGR 807.4045 2 
ETEVIDPQDLLEGR 538.6054 3 
ELEENEVIPK 600.3113 2 
ELEENEVIPK 400.5433 3 
KDEGSYDLGK 556.2669 2 
KDEGSYDLGK 371.1804 3 
RAPSDVGDDMSNK 696.3146 2 
RAPSDVGDDMSNK 464.5455 3 
RAPSDVGDDMSNK 348.6609 4 
APSDVGDDMSNK 618.2641 2 
APSDVGDDMSNK 412.5118 3 
APSDVGDDMSNK 309.6357 4 
ESIRETEVIDPQDLLEGR 1050.034 2 
ESIRETEVIDPQDLLEGR 700.3587 3 
ESIRETEVIDPQDLLEGR 525.5208 4 
VPSEPKELEENEVIPK 918.9831 2 
VPSEPKELEENEVIPK 612.9912 3 
VPSEPKELEENEVIPK 459.9952 4 
PFPEVIEPLVPLDNHIPENAQPGIR 1396.243 2 
PFPEVIEPLVPLDNHIPENAQPGIR 931.1641 3 
PFPEVIEPLVPLDNHIPENAQPGIR 698.6249 4 
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Table 2.5. Liver secreted SDC4 peptides from Sdc4-AAV or Control-AAV mice and 
their intensity output from MaxQuant. 

 Intensity 
Sequence: ELEENEVIPK ETEVIDPQDLLEGR RAPSDVGDDMSNK 

Control-AAV 2588800 1929900 0 
Control-AAV 7193500 14704000 0 
Control-AAV 8264600 13176000 0 
Control-AAV 8019400 8473800 0 
Control-AAV 4794600 7383000 0 
Control-AAV 4510800 7512600 2334700 
Control-AAV 0 7100200 0 
Control-AAV 0 623020 0 
Control-AAV 10521000 18456000 0 

Sdc4-AAV 13772000 19657000 6233600 
Sdc4-AAV 11905000 16013000 0 
Sdc4-AAV 7533700 16397000 0 
Sdc4-AAV 8171300 15111000 0 
Sdc4-AAV 9778700 20734000 0 
Sdc4-AAV 7731700 11149000 0 
Sdc4-AAV 7322400 11402000 2274700 
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2.5.6. Liver triglyceride content by lipidomics 

A liver wedge ~5 mg was resected prior to hepatocyte isolation to assess hepatic 

triglyceride levels. Lipids were extracted as previously described [239]. Briefly the liver 

was homogenized in 200 μL of 60% methanol:water (v:v), containing 10 μL of 

SPLASH® II LIPIDOMIX® Mass Spec Standard (330709W, Avanti Polar Lipids Inc, 

USA) and 10 μL of Ceramide LIPIDOMIX® Mass Spec Standard (330712X, Avanti 

Polar Lipids Inc, USA) using a Precellys Evolution Tissue Homogenizer (Bertin 

Instruments, USA). This was followed by the addition of 120 μL of water, 420 μL of 

100% methanol, and 260 μL of 100% chloroform with a vortex after each step. Samples 

were mixed at 1400 rpm for 30 min at room temperature in an Eppendorf thermomixer 

C (Eppendorf, Germany), centrifuged at 14,000 rpm for 15 min and the supernatant was 

collected and dried using a Speedvac concentrator (Eppendorf Concentrator Plus, 

Germany). Lipids were resuspended in 100 μL of 1:9 (v:v) chloroform:methanol, mixed 

on an Eppendorf thermomixer C (Eppendorf, Germany) for 3 min at room temperature 

and centrifuged at 14000 rpm for 15 min. The supernatant was transferred to glass vials 

for analysis by ultrahigh performance liquid chromatography (UHPLC) coupled to 

tandem mass spectrometry (MS/MS) employing a Vanquish UHPLC linked to an 

Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific), with separate 

runs in positive and negative ion polarities. Solvent A was 6/4 (v:v) acetonitrile/water 

with 10 mM ammonium acetate and 5 µM medronic acid and solvent B was 9/1 (v:v) 

isopropanol/acetonitrile with 10 mM ammonium acetate. Each sample was injected into 

an RRHD Eclipse Plus C18 column (2.1 × 100 mm, 1.8 µm, Agilent Technologies) at 

60 °C at a flow rate of 350 μl/min for 3 min using 30% solvent B. During separation, 

the percentage of solvent B was increased from 30% to 70% in 5 min, from 70% to 93% 

in 9 min and, from 93% to 99% in 7 min, and from 91% to 97% in 31 min. 
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Subsequently, the percentage of solvent B was increased to 99.5% in 0.1 min and then 

maintained at 99.5% for 3 min. Finally, the percentage of solvent B was decreased to 

30% in 0.1 min and maintained for 3.9 min. 

 

All MS experiments were performed using a heated ESI source. The spray voltages 

were 3.5 kV in positive ionisation-mode and 3.0 kV in negative ionisation-mode. In 

both polarities, the flow rates of sheath, auxiliary and sweep gases were 20 and 6 and 1 

‘arbitrary’ unit(s), respectively. The ion transfer tube and vaporizer temperatures were 

maintained at 350 °C and 400 °C, respectively, and the S-Lens RF level was set at 50%. 

In the positive ionisation-mode from 3 to 24 min, top speed data-dependent scan with a 

cycle time of 1 s was used. Within each cycle, a full-scan MS spectra were acquired 

firstly in the Orbitrap at a mass resolving power of 120,000 (at m/z 200) across an m/z 

range of 300–2000 using quadrupole isolation, an automatic gain control (AGC) target 

of 4e5 and a maximum injection time of 50 milliseconds, followed by higher-energy 

collisional dissociation HCD-MS/MS at a mass resolving power of 15,000 (at m/z 200), 

a normalised collision energy (NCE) of 27% at positive mode and 30% at negative 

mode, an m/z isolation window of 1, a maximum injection time of 22 milliseconds and 

an AGC target of 5e4. For the improved structural characterisation of TG lipid cations, 

the fatty acid + NH3 neutral loss product ions observed by HCD-MS/MS were used to 

trigger the acquisition of the top-3 data-dependent CID-MS3 scans in the cycle using a 

q-value of 0.25 and a NCE of 30%, with other settings being the same as that for HCD-

MS/MS.  
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2.5.6.1 Identification and quantification of lipids and statistical analysis 

MS data were processed using LipidSearch software v.4.2.23 (Thermo Fisher Scientific, 

USA). Key processing parameters were: target database, general; precursor tolerance, 5 

ppm; product tolerance, 10 ppm; product ion threshold, 1%; m-score threshold, 2; 

quantification m/z tolerance, ± 5 ppm; quantification retention time range, ± 1 min; use 

of main isomer filter and ID quality filters A, B and C; adduct ions, +H and +NH4, +Na 

and +H-H2O for positive ionisation mode, and −H, +CH3COO, -2H and -CH3 for 

negative ionisation mode. The lipid class of TG was selected for the search. The same 

lipid annotations (within 0.1 min of retention time and 5 ppm of mass error) were 

merged into the aligned results. Unassigned peak areas were calculated for relative 

quantification and alignment. The shorthand notation used for lipid classification and 

structural representation follows the nomenclature proposed previously [240]. A grade 

A- or B-identification was required in at least one sample. For all lipids, a ratio of 

MS/MS spectrum peaks assigned to the lipid among all fragmentation product ions (i.e., 

MainOccupy value) > 40 was required in at least one sample. All lipid LC-MS features 

were manually inspected and re-integrated when needed. 

 

2.5.7. Immunoblotting 

Tissues were homogenised in RIPA buffer [65 mM Tris-HCl, 150 mM NaCl, 1% NP-40 

(v:v), 0.5% sodium deoxycholate (v:v), 0.1% SDS (v:v), and 10% glycerol (v:v)] with 1 

mM DTT, 1x protease inhibitor (Complete Protease Inhibitor Cocktail; Roche 

Diagnostics, Switzerland), and 1 x phosphatase inhibitor (PhosSTOP Phosphatase 

Inhibitor Cocktail, Roche Diagnostics, Switzerland) using Precellys Evolution 

homogenizer (Bertin technologies, France). Tissue homogenates were centrifuged at 

10,000 x g for 10 min at 4 °C, protein content was assessed as described later (section 
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2.5.14), samples diluted to a final concentration of 1 µg/µL in 2 x Laemlli (Biorad 

Laboratories, USA), and equal amounts of protein were loaded on to a 10% or 12% 

gradient stain free gel (Biorad Laboratories, USA). Thereafter, protein was transferred 

to polyvinylidene difluoride membranes using a Trans-Blot Turbo Transfer System 

(Bio-Rad Laboratories), membranes were blocked for 60 min in Tris buffered saline 

containing 1% tween 20 (TBST, Sigma-Aldrich, Australia) and 5% BSA, and incubated 

with the respective primary antibodies overnight, including mouse monoclonal antibody 

cocktail against EMILIN1 (1:250, catalogue no. 103-M80, Relia Tech, Germany), the 

five subunits of oxidative phosphorylation complexes one each against CI subunit 

NDUFB8, CII-30kDa, CIII-Core protein 2, CIV subunit I, and CV alpha subunit, 

present in the cocktail (cat: ab110413, Abcam, UK) (1:250, catalogue no. MS604-300, 

Abcam, UK) or proliferator-activated receptor-γ coactivator-1α (PGC1α) monoclonal 

antibody (1:250 catalogue number Ab54481, Abcam, UK). Membranes were 

subsequently washed 3 x 10 min with TBST and then incubated in 1:10,000 dilution of 

anti-rat (Merck, USA) or anti-rabbit (Abcam, UK) secondary antibodies, in 5% BSA in 

TBST for 2 h. Again, membranes were subsequently washed 3 x 10 min with TBST and 

were visualised following exposure to Clarity Western ECL substrate (Bio-Rad) using 

Image Lab software version 4.1 (Biorad Laboratories, USA), and density was quantified 

using ImageJ version 1.8.0_112 (National Institutes of Health, USA).  

 

2.5.8. Citrate synthase activity assay  

Approximately 20 mg of tissue was homogenised in 400 µL of 50 mM Tris-HCl, 1 mM 

EDTA and 0.1% Triton X-100 (pH7.4) using a Precellys Evolution homogenizer (Bertin 

technologies, France) and centrifuged at 7000 rpm for 10 min at 4 °C. The supernatant 

was added to 2.4 mL of the same homogenising buffer. An aliquot of 10 µL of this 
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diluted homogenate was added to a 96 well plate and topped with 25 µL of 3.6 mM 

acetyl-CoA and 215 µL of 100 mM Tris-HCl, 1 mM EDTA, 1 mM of MgCl2 and 0.25 

mM of C14H8N2O8S2. Citrate synthase activity was initiated by the addition of 50 µL of 

3 mM oxaloacetate and the change in absorbance measured at 412 nm was assessed for 

2-3 min on the SpectroStar Nano. Citrate synthase activity was assessed as per equation 

7. 

 

CS activity (µmol/min/g) = Δ absorbance x 120 (dilution) x C14H8N2O8S2 

extinction co-efficient  

Equation 6: Assessment of citrate synthase (CS) activity, where C14H8N2O8S2 
extinction co-efficient is 13.6 µmol/ml/cm. 
 

2.5.9. RNA extraction 

30 mg of tissues were homogenised in 1 mL of TriReagent Reagent (Sigma-Aldrich, 

Australia) using a Precellys Evolution homogenizer (Bertin Technologies, France) and 

200 µL of 100% chloroform was added. Samples were subsequently centrifuged at 

12,000 x g for 15 min at 4 °C. The clear aqueous phase was taken and added to 500 µL 

of 100% isopropanol and incubated for 10 min at room temperature. The RNA was then 

pelleted by centrifugation at 12,000 x g and the supernatant was removed. The pellet 

was resuspended in 1 mL of 100% ethanol, vortexed and the RNA was pelleted by 

centrifugation at 10000 g for 15 min at 4 °C. The ethanol supernatant was removed, and 

the RNA pellet was dried under a nitrogen stream and resuspended in 30 µL of RNAse 

free water. RNA concentration and purity were determined by absorbance at 260 and 

280 minus using a LVis plate on the SpectroStar Nano. To remove any DNA 

contaminant, 10 µg of RNA was mixed with 5 µL of DNAse buffer (Invitrogen) and 1 

µL of DNAse I (Invitrogen) and then incubated at 37 °C for 30 min. The reaction was 
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stopped by the addition of 5 µL of the inactivation reagent (Invitrogen), the samples 

centrifuged for 2 min at 10,000 g, and the supernatant was collected and re-assessed for 

RNA concentration as described above. To reverse transcribe the RNA into cDNA, 1 µg 

of RNA was mixed with 4 µL of 5x ISCRIPT reaction mix (Biorad Laboratories, USA), 

1 µL of ISCRIPT reverse transcriptase (Biorad Laboratories, USA), filled to a volume 

of 20 µL with RNAse free water and incubated at 25 °C for 5 min, then 42 °C for 30 

min and lastly at 85 °C for 5 min. 

 

2.5.9.1. Real Time Polymerase Chain Reaction 

To analyse gene expression, 10 ng of cDNA was added to each well of a 384 well hard-

shell PCR plate and mixed with 8 µL of a master mix containing 5 µL of SYBR Green 

(QIAGEN), 1 µL of the respective forward and reverse 20 µM primers and 2 µL of 

water. The PCR was completed on the Biorad CFX384TM Real-Time system driven by a 

C100 TouchTM Thermal cycler using an initial 10-minute cycle at 95 °C for 10 min then 

40 cycles of 5 seconds of 95 °C then 20 seconds at 60 °C and 20 seconds at 72 °C. To 

assess the melting curve, the plate was heated for 5 seconds at 60 °C then 31 seconds at 

65 °C and then followed by 65 °C for 5 seconds, this last step was repeated for 60 

cycles with each cycle increasing the temperature by 0.5 °C.  

To analyse the results, we used the inverse proportional relationship between the 

threshold cycle (Ct) and the expression level for the gene of interest denoted as =2-Ct. 

To normalise to the expression of the gene to the human or mouse housekeeping gene 

Hypoxanthine Guanine Phosphoribosyltransferase (HPRT), the level of expression 

relative to the expression of HPRT was assessed as per equation 7. 
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2-Ct (gene of interest) / 2 –Ct (HPRT) = 2 – [Ct (gene of interest – Ct (HPRT)] = 2-Δ Ct 

Equation 7: Relative expression of the gene of interest to housekeeping gene HPRT. 
HPRT, hypoxanthine guanine phosphoribosyltransferase. 
 

To determine the expression of the gene of interest relative to the control group, the 

experimental sample is divided by the normalised expression of the same gene of 

interest in the control sample determined from equation 8. Primer sequences used 

described in Table 2.6. 

 

2-Δ Ct experimental sample / 2-Δ Ct control sample = 2-Δ Δ Ct 

Equation 8: Relative expression of gene of interest in intervention group compared to 
control group.  
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Table 2.6. Primer sequences 

Genes Forward Sequence Reverse Sequence 
Acta2 CATCTTTCATTGGGATGGAG TTAGCATAGAGATCCTTCCTG 
Cav1 CTCAGTTCTCTTAAATCACAGC CATACACTTGCTTCTCAGTC 
Ccl2 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGATTTACGGGT 

Cd36 CATTTGCAGGTCTATCTACG CAATGTCTAGCACACCATAAG 
Col1a1 GATCTGTATCTGCCACAATG TGGTGATACGTATTCTTCCG 
Col1a2 AGGCAGGTCTGGGCTTTATT CGTATCCACAAAGCTGAGCA 
Col3a1 ACTCAAGAGTGGAGAATACTG AACATGTTTCTTCTCTGCAC 
Dgat2 GTGGCAATGCTATCATCATC CTGCTTGTATACCTCATTCTC 
EMILIN1 GCATCATGTACCGCCGCTTCC CTGACGGGCTGCCTGCACTG 

Emilin1 TGTGCCTACGTGGTGACTC CGGTACATGATACTTCGGGAAC 

F4/80 CCTGGACGAATCCTGTGAAG GGTGGGACCACAGAGAGTTG 
Fatp1 ATGTGCTCTATGACTGCC TATGTACTGCACTACCGTG 
Fatp2 GAGGATACAAGATACCATTGAG GGAATATTCAGAGCTTCAGAG 
Fatp5 CAAACAGGGTTTTTGCATTC TTGAAGTACAGGTCTCCTAC 
HPRT ATAAGCCAGACTTTGTTGG ATAGGACTCCAGATGTTTCC 
Hprt AGGGATTTGAATCACGTTTG TTTACTGGCAACATCAACAG 
Il1b GGATGATGATGATGATAACCTGC CATGGAGAATATCACTTGTTGG 

Il6 CCAGTTTGCCTTCTTCCCACT GGTCTGTTGGGAGTGGTATCC 
Mmp2 GTCGCCCCTAAAACAGACAA GGTCTCGATGGTGTTCTGGT 
Mmp13 AGCAGTTCCAAAGGCTACAACT GGATGCTTAGGGTTGGGGTC 

Mmp14 AGCACTGGGTGTTTGACGAA CCGGTAGTACTTATTGCCCCG 
Sdc1 CAAAGGTGAAGTCTTGTTCTC CTTCTGTCATCAAAGAGGTTG 
Sdc2 CAACTGATTCCAAGAATCCC CTCAGAAATGTCAACTTCCTC 
Sdc3 CAGGAGACAAAAACATACCC GGACCAATGTGTGTAAAGAG 
Sdc4 CAACAAAGTATCCATGTCCAG TTTGTAAGATGGGTTTCTTGC 
Tgfb1 GGATACCAACTATTGCTTCAG TGTCCAGGCTCCAAATATAG 
Tnfa CTGTGAAGGGAATGGGTGTT GGTCACTGTCCCAGCATCT 
Timp1 CATCCTCTTGTTGCTATCAC CATGAATTTAGCCCTTATGACC 

Timp3 GCTAGAAGTCAACAAATACCAG TAGTAGCAGGACTTGATCTTG 

Tgfb1 GGATACCAACTATTGCTTCAG TGTCCAGGCTCCAAATATAG 
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2.5.10. Blood metabolites 

Whole blood was collected into Eppendorf tubes and plasma was isolated by 

centrifugation at 8,000 x g at 4 ºC for 10 min. Plasma insulin levels were determined 

using an ultrasensitive mouse Insulin ELISA kit (Catalog #90080; Crystal Chem, 

Downers Grove, IL), as per manufacturer’s instructions. Plasma non-esterified fatty 

acids and total cholesterol levels were assessed by colorimetric assay as per 

manufacturer’s instructions (Wako Diagnostics, Osaka, Japan). Plasma triglyceride 

levels was evaluated by colorimetric assay as per manufacturer’s instructions 

(Triglycerides GPOPAP; Roche Diagnostics, Indianapolis, IN). Absorbance was 

measured using a spectrophotometer (SPECTROstar Nano -BMG LABTECH, 

Germany). The standards were used to form a scatterplot and a line of best fit was 

inputted to determine by the linear relationship of protein concentration with 

absorbance. The equation from the line of best fit was used to determine the blood 

metabolite concentration. 

 

2.5.11. ALT & AST Assay 

To determine the relative levels of plasma ALT, we assessed the enzymatic capacity of 

ALT to catalyse the transfer of the amino group from alanine to α-ketoglutarate forming 

pyruvate and glutamate, respectively. Ten microliters of plasma was plated in a 96 well 

plate and mixed with 200 µL of 134 mM of alanine, 6.64 mM of α-ketoglutarate, 0.24 

mM of the reduced form of nicotinamide adenine (NADH) with 5 U/mL of lactate 

dehydrogenase (Roche, Switzerland) in 50 mM of sodium phosphate buffer (pH 7.4). 

Absorbance was read at a wavelength of 340 nm for 5-10 min at 37 °C. ALT activity 

was calculated as the time-dependent decrease in NADH at 340 nm using the extinction 

coefficient of NADH (ε 340 = 6.220 mmol/L/cm). 
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To determine the relative levels of plasma AST, we assessed the enzymatic capacity of 

AST to catalyse the transfer of the amino group from aspartate to α-ketoglutarate 

forming oxaloacetate and glutamate, respectively. The activity of plasma AST was 

performed the same as above with minor exceptions. Instead of alanine and lactate 

dehydrogenase, 134 mM of aspartate and 1.25U/mL of malate dehydrogenase (Roche, 

Switzerland), respectively.  

 

2.5.12. Liver histology and hepatocyte microscopy assessment 

A piece of liver from Emilin1-AAV, Sdc4-AAV, or respective Control-AAV mice was 

fixed in 10% neutral buffered formalin, paraffin embedded, and sectioned at 5 µm and 

stained with hematoxylin and eosin (H&E) or Masson trichrome (MT) (University of 

Melbourne Histology Platform, Melbourne, Australia). To determine fibrosis 

accumulation, five images per mouse were captured at 20 x magnification and were 

quantified using Orbit machine learning analysis to determine fibrosis area [241; 242]. 

 

To determine lipid droplet distribution, lipid droplets were identified by ilastikTM 

machine learning image analysis [243], converted to an 8-bit image and quantitation of 

lipid droplet number and area was assessed with ImageJ version 1.8.0_112 (National 

Institutes of Health, USA).  

 

Hepatocytes stained as described in 2.4.1.4 were viewed using confocal microscopy 

(ZEISS LSM 900 with Airyscan 2, Germany) using 63X objective (oil-immersion). 

Lipid droplet number and area quantitation was measured using Fiji (ImageJ) software 

version 1.8.0_112 (National Institutes of Health, USA). Edges are detected and local 

https://www.zeiss.com/microscopy/int/products/confocal-microscopes/lsm-900.html
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intensity maxima are determined in the pre-processed image. Edge-defined particles 

were obtained using thresholding followed by hole-filling and watershedding. An edge-

defined particle sharing coordinates with a local maximum is then counted as a “true” 

lipid droplet. The areas of the segmented particles are measured, and the radius and 

corresponding volume are calculated assuming that the area describes a circle.  

 

2.5.13. Adenosine triphosphate (ATP) assay 

To determine if the liver slices were viable following the 16-h incubation period, a 

subset of the liver slices were lysed in 400 µL of EX-CELL 325 protein free medium 

(Sigma-Aldrich, Australia). Adenosine triphosphate (ATP) content was measured using 

the CellTiter-Glo 2.0 cell viability assay (Promega, Australia). ATP is present in viable 

cells, and when combined with luciferin, oxygen and luciferase will luminesce which 

can be quantified to determined ATP content. Thus, 2 µL of the liver slice lysate was 

mixed with 10 µL of CellTiter-Glo solution (Promega, Australia) in an opaque walled 

384 well plate. ATP standards were created at 1 µM, 0.5 µM, 0.25 µM, 0.125 µM and 

0.0625 µM in EX CELL media and were also added to the plate. Samples were then 

placed on a shaker for ten min and then luminescence intensity was measured using the 

SpectroStar Omega (BMG LABTECH, Australia). The ATP standards were used to 

construct a scatterplot and line of best fit allowing the prediction of the liver lysate ATP 

content. 

 

2.5.14. Protein assay 

The PierceTM BCA protein assay kit (Thermo Scientific, #23225, USA) was employed 

to determine the total protein content of the liver slices. Samples were diluted 1:25 in 

MiliQ water and added to a 96 well microtiter plate with BSA standard sample 
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concentrations of 0, 25, 50, 100, 200, 300, 500, 1000 and 2000 µg/mL. Two hundred 

microliters of the BCA buffer (98:2 Reagents A: B) was added to each well and the 

plate was incubated at 37 °C for 30 min. The absorbance was determined at 560nm on 

the SpectroStar Omega (BMG LABTECH, Australia). The protein standards were used 

to form a scatterplot and a line of best fit was inputted to determine by the linear 

relationship of protein concentration with absorbance. The equation from the line of best 

fit was used to determine liver lysate protein content. 

 

2.5.15. Statistical Analysis 

Data was assessed for normal distribution using D’Agostino-Person test. Statistical 

analysis was performed using unpaired Student’s t-test or one way or two-way ANOVA 

for normally distributed data. Means were compared using Bonferoni’s multiple 

comparisons test where appropriate. Mann-Whitney test or Kruskal-Wallis test was 

performed for data that was not normally distributed. Statistical significance was 

determined when p<0.05. Data are reported as mean ± standard error of the mean 

(SEM) or median where appropriate.   
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3. Chapter 3: Characterisation of human liver-secreted 

proteins  

3.1. Introduction: 

Non-alcoholic fatty liver disease (NAFLD) is the most common form of liver disease 

worldwide [8; 10; 244; 245], with current estimates that the global and Australian 

prevalence is 25% and 22.2%, respectively [8; 246]. A significant risk factor for 

NAFLD is obesity, affecting 31.3% of Australians [247]. This is of utmost concern 

given that obesity rates are increasing [248; 249], and therefore, NAFLD cases are also 

projected to rise [9; 10]. This estimated increase in NAFLD incidence is accompanied 

by an eventual increased progression from NAFL to the more severe NASH [32], and 

thus, those progressing to end stage disease such as decompensated cirrhosis and HCC 

[8; 10].  

 

NAFLD is a spectrum of liver disease. When histologically assessed by light 

microscopy, NAFL is defined by greater than 5% macrosteatosis in hepatocytes [138]. 

NAFL can progress to its more severe form NASH, characterised by the joint presence 

of macrosteatosis, lobular inflammation, and hepatocyte ballooning [138]. While liver 

fibrosis can occur at any stage of the disease spectrum, patients with NASH develop 

fibrosis at double the rate of those with NAFL [32; 250]. Liver fibrosis is the most 

important prognostic factor for patients with NAFLD as long-term studies demonstrate 

that regardless of steatosis or inflammation, fibrosis stage is the only independent 

histological variable associated with overall and liver-related mortality [141; 153]. 

Therefore, it is critical that the stages of NAFLD and fibrosis can be differentiated 

simply and accurately to facilitate appropriate patient treatment. 
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A liver biopsy and histopathology are the gold standard to diagnose NAFLD and liver 

fibrosis. However, the risks, cost, time, and sampling problems inherent to this invasive 

procedure render it unsuitable for routine use on individuals at risk of NAFLD [251]. 

Therefore, non-invasive tests are increasingly being used to assess NAFLD and fibrosis, 

with the two primary diagnostic methods being serum biomarkers and elastography 

techniques [252]. Elastography requires specialised equipment, such as FibroScan [253] 

rendering these approaches impractical at the population level. Several serum 

biomarkers tests have been developed and typically utilise routine blood tests and 

clinical features to predict or exclude NAFLD, NASH, or fibrosis [254-256]. However, 

most current non-invasive scores use ALT and AST in their algorithm [256], which are 

not always elevated in obese patients with NAFLD and hepatic fibrosis [151; 157; 257]. 

Thus, there is an urgent need to discover new markers to develop or enhance non-

invasive tests to reliably identify patients with NAFL, NASH, and/or significant fibrosis 

specific to these liver pathologies. 

 

Identification of liver and pathology specific biomarkers required understanding of 

complex interplay between the livers’ multiple parenchymal and non-parenchymal cells 

in NAFLD and hepatic fibrosis. The pathogenesis from NAFL to NASH comprises a 

variety of factors that include a combination of lipotoxicity, mitochondrial dysfunction, 

innate and adaptive immunity that contribute to inflammation and hepatocyte ballooning 

[258-261]. Liver fibrosis is an uncontrolled wound healing response, leading to an 

accumulation of extracellular matrix (ECM) proteins that replaces the parenchymal cells 

of the liver [262]. Steatotic hepatocytes and other immune cells types are hypothesised 

to release factors that can polarise the resident macrophages ‘Kupffer cells’ to an M1 

phenotype [263]. The steatotic hepatocytes alongside resident inflammatory cells can 
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activate the HSC to become ACTA2 expressing, collagen-producing myofibroblasts that 

initiate and propagate the production of ECM proteins [262; 264; 265]. Deciphering the 

hepatic inter-cellular crosstalk in NASH and significant fibrosis provides an opportunity 

to identify secreted factors that may be reflective of hepatic pathophysiology. Previous 

findings have demonstrated remarkable remodelling of hepatokine secretion from 

hepatocytes isolated from mice fed a HFD [11] or NASH inducing diet [5]. However, 

not only is assessment of human hepatokines lacking, but capturing secreted proteins 

from intact livers containing parenchymal and non-parenchymal cells with an intact 

ECM has not been explored. Further, identifying alterations in hepatokine secretion 

implicates a potential change in circulating levels of hepatokines and this provides an 

opportunity to identify pathology specific biomarkers that can distinguish the stage of 

disease progression with greater accuracy compared with current approaches. 

 

Therefore, we aim to assess liver secreted proteins with NASH and NAFLD associated 

fibrosis to identify potential biomarkers to stratify and stage the disease. We 

hypothesise that protein secretion from the liver will differ between NAFL, NASH, and 

significant fibrosis compared to ‘healthy’ livers. We further hypothesise that the 

identification of NASH and fibrosis-induced liver secreted proteins can be used as novel 

non-invasive biomarkers for these diseases. 

 

3.2. Results 

3.2.1. NASH Patient characteristics 

A total of 118 obese patients were recruited into the study. However, upon examination 

of histology and serum biochemistry, two patients were excluded due to newly 

diagnosed Hepatitis C (n=1) and the other for previous gender reassignment surgery 
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with medications altering the physiological sex hormone levels (n=1). Other patients 

were excluded due to presence of a hemangioma (n=1), granulomatous hepatitis (n=1), 

mesothelial hyperplasia (n=1), or the presence of fibrosis without accompanying 

steatosis or inflammation (n=6). Additionally, n=11 patients’ liver secreted medium was 

not collected and therefore are not included in the biomarker discovery cohort (Table 

3.1). 

 

Patients were grouped as based on histological diagnosis and staging of NASH and 

NAFLD -associated fibrosis as defined by the NASH CRN (Summarised in Table 1.1) 

[147]. For NASH, patients were grouped if they obtained a steatosis, inflammation, and 

ballooning score of ≥1; and those with NAFL had a steatosis score of ≥1 and either 

ballooning or inflammation of ≥1. Patients without pathology had a steatosis, 

inflammation, and ballooning score of 0. For fibrosis groupings, patients with NAFLD 

and a fibrosis score of ≥2 were defined as those with significant fibrosis (NAFLD F2-3), 

those with NAFLD and a fibrosis score of 1 or 0 were grouped as NAFLD F1 or 

NAFLD F0, respectively. Those without NAFLD and fibrosis were grouped as No 

pathology. No patients recruited in this prospective study had hepatic cirrhosis (score of 

F4). 

 

Across all 96 patients, 72.9% of patients were diagnosed with NAFLD and 27.1% of the 

cohort did not have NAFLD. Rates of type 2 diabetes mellitus (n=25, 26%), 

hypercholesterolemia were lower than expected [266; 267]. Prevalence of hypertension 

(n=20, 20.8%) in our cohort was within the expected range [268]. There was a 

significant difference in males between groups as assessed by a chi square test (p<0.05). 
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There was no difference in age, weight, or BMI between groups. There was a statistical 

difference in the prevalence of diabetes, hypertension, GORD and OSA between groups 

(p<0.05, by chi-square test) (Table 3.1). We observed a significant increase in C-peptide 

in the NASH cohort compared to those with no pathology, however, there was no 

differences between these groups for glucose, insulin, or HbA1c. There was also no 

difference in any other plasma metabolite between groups. Plasma ALT and AST levels 

were similar between groups and contrasting previous observations using elastography 

[269] total bilirubin was increased with NASH compared to patients with NAFL or no 

pathology (p<0.05, Table 3.1). There were no differences in any other parameter 

measured. 
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Table 3.1. NAFL & NASH biomarker discovery participant characteristics.  

 No pathology (n=26) NAFL (n=59) NASH (n=11) 
Age (years) 42.2 ± 13.2 41.5 ± 9.3 42.6 ± 9.6 

Male (n) 3 17 5 
Weight (kg) 116.0 ± 17.3 126.4 ± 24.9 128 ± 21.9 
BMI (kg/m2) 41.9 ± 6.0 44.1 ±6.9 42.6 ± 6.6 

Diabetes Mellitus (n) 1 22 2 
Hypercholesterolemia (n) 1 3 1 

Hypertension (n) 5 12 3 
GORD (n) 2 10 0 
OSA (n) 4 9 2 
TG (mM) 1.3 ±0.5 1.6 ± 0.5 1.7 ± 1.2 

Total cholesterol (mM) 3.9 ± 0.9 4.2 ± 0.9 4.2 ± 1.2 
HDL (mM) 1.1 ± 0.2 0.9 ± 0.3 0.9 ± 0.2 

Non-HDL (mM) 2.9 ± 0.8 3.3 ± 0.9 3.2 ± 1.2 
LDL (mM) 2.3 ± 0.8 2.5 ± 0.9 2.4 ± 1.0 

Fasting Glucose (mM) 4.9 ± 0.9 5.5 ± 2.1 5.2 ± 1.0 
HbA1c (%) 5.3 ± 0.3 5.6 ± 0.7 5.8 ± 0.9 

Insulin (mU/L) 10.3 ± 7.0 13.4 ± 9.7 17.5 ± 11.8 
C-peptide (nM) 0.8 ± 0.4 1.0 ±0.4 1.4 ± 0.6* 

Urea (mM) 4.7 ± 2.4 4.6 ± 1.8 4.7 ± 1.6 
Creatine (µM) 67.0 ± 12.3 74.6 ± 25.5 74.7 ± 19.2 

eGFR (mL/min/1.73m2) 86.7 ± 8.5 85.0 ± 11.3 83.5 ± 11.8 
Albumin (g/L) 37.7 ± 3.7 39.9 ± 6.2 39.5 ± 4.3 

Total Bilirubin (µM) 6.8 ± 3.4 9.6 ± 5.5 20.2 ± 21.1 ⸸* 
ALT (U/L) 46.7 ± 75.2 50.5 ± 37.3 59.5 ± 27.4 
AST (U/L) 33.2 ± 30.7 36.5 ± 21.9 44.2 ± 21.2 
GGT (U/L) 27.1 ± 16.7 35.5 ± 21.6 32.3 ± 14.3 
ALP (U/L) 76.1 ± 19.8 76.3 ±22.6 72.1 ± 32.9 
Iron (µM) 11.7 ± 4.0 12.8 ± 4.4 13.8 ± 4.9 

Ferritin (ng/mL) 98.6 ± 86.4 175.4 ± 146.8 211.7 ± 148.8 
Haemoglobin (g/L) 132.3 ± 15.3 140.4 ± 13.0* 142.0 ± 12.9 

White Cell Count (*109) 7.2 ± 2.0 7.0 ± 2.2 7.5 ± 2.1 
Platelets (*109/L) 257.6 ± 60.0 269.5 ± 58.6 251.1 ± 66.5 

MCV (fl) 89.2 ± 3.0 88.4 ± 3.9 89.7 ± 5.4 
MCH (pg) 28.7 ± 1.5 28.7 ± 1.8 29.5 ± 2.2 

MCHC (g/L) 321.8 ± 11.5 325 ±12.4 328 ± 15.1 
TSH (mU/L) 5.3 ± 14.4 2.1 ± 1.8 2.4 ± 1.1 

Vitamin B12 (pg/mL) 366.0 ± 124.4 419.1 ±211.8 519.4 ± 254.4 
Vitamin D (ng/mL) 59.8 ± 25.0 57.3 ± 21.2 56.0 ± 22.0 

ALP, alkaline phosphatase; ALT, alanine transferase; AST, aspartate transferase; BMI, 
body mass index; eGFR, estimated glomerular filtration rate; GORD, gastro-
oesophageal reflux disease; GGT, gamma-glutamyl transferase; Hb, haemoglobin; 
HbA1c, glycosylated haemoglobin; HDL, High-density lipoprotein; LDL, low-density 
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lipoprotein; MCV, mean corpuscular volume; MCH, mean corpuscular haemoglobin; 
MCHC, mean corpuscular haemoglobin concentration; OSA, obstructive sleep apnoea; 
TG, Triglycerides; TSH, Thyroid-stimulating hormone; WCC, white cell count. * 
Indicates significant difference (p<0.05) compared to no pathology. ⸸ denotes 
significant difference compared to NAFL as determined by one-way ANOVA with 
Bonferroni’s multiple comparisons. Significance set at p<0.05. 
 

3.2.2. Current non-invasive scores for NAFLD and fibrosis perform poorly in this 

cohort 

We assessed whether current non-invasive algorithms could adequately stratify NAFLD 

and NAFLD-associated fibrosis in our cohort. Non-invasive algorithms to stratify liver 

fat accumulation identified that the NAFLD liver fat score performed adequately to 

distinguish NASH with 4 incorrectly stratified, however, it performed poorly in patients 

with NAFL as 24 out of 59 incorrectly distinguished (Figure 3.1A). When comparing 

patients based on fibrosis severity, the NAFLD liver fat score performed well in patients 

with NAFLD F2-3, with only 3 out of 26 patients with an incorrect stratification, this 

did not hold true in other groups with 11 and 10 incorrectly stratified for patients with 

NAFLD F0 and NAFLD F1, respectively (Figure 3.1B). The hepatic steatosis index 

(HSI) did not perform well with all patients without NAFLD being incorrectly stratified 

with NAFLD when grouped by NASH or by NAFLD-associated fibrosis. (Figure 3.1C 

& D). Therefore, novel markers are required to develop and or enhance current 

algorithms to effectively stratify those with NAFLD and or significant fibrosis. 

 

We further investigated complex scores to stratify those with NAFLD and significant 

fibrosis. No difference in the NAFLD fibrosis score (NFS) was observed between all 

four cohorts. Only 3 individuals with NAFLD F2-3 were stratified as high risk of 

fibrosis, and 69% of patients were classified as ‘intermediate’ and unable to be stratified 

(Figure 3.1E). Similarly, 50% of individuals with No pathology were intermediate and 
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unable to be stratified by the NFS (Figure 3.1E). The BARD score, defined by BMI, 

ALT, AST and diabetes showed that 80% of patients with No pathology were 

incorrectly stratified as high risk of significant fibrosis (Figure 3.1F). No patients were 

diagnosed with having significant fibrosis with the FIB-4 score with 73% of the 

NAFLD F2-3 being stratified for low risk (Figure 3.1G). The APRI score while 

accurately excluding those with No pathology and NAFLD F0, only 15% of patients 

with NAFLD F2-3 were stratified as high risk (Figure 3.1H). Together, these findings 

show that current complex panels to stratify those with fibrosis in patients with NAFLD 

are lacking and necessitates the needs for novel liver-specific biomarkers.  
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Figure 3.1: Non-invasive scores perform poorly in the obese. (A) Assessment of non-
invasive algorithms to stratify NAFLD including the NAFLD liver fat score in patients 
grouped by NASH or (B) NAFLD associated fibrosis. (C) The hepatic steatosis index in 
patients grouped by NASH or (D) NAFLD associated fibrosis. (E) Assessment of non-
invasive algorithms to diagnose fibrosis including the NAFLD fibrosis score, (F) BARD 
score (G) Fib-4 score (H) APRI score. yellow = high risk of NAFLD. Pink = high risk 
of fibrosis, green = exclusion of significant fibrosis. Dashed lines indicate the threshold 
for diagnosis or exclusion. No pathology, n=26; NAFLD F0, n=21; NAFLD F1; n=23; 
NAFLD F2-3, n= 26, NAFL, n=59; NASH, n=11. Each dot represents an individual 
patient.  
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3.2.3. Study design and validation of approach 

To identify liver pathology-specific biomarkers, an intraoperative liver wedge biopsy 

was collected, precision-cut at 300 µm, and incubated in protein-free media for 16 

hours, after which secreted proteins were detected using mass spectrometry proteomics 

and their relative abundance calculated (Figure 3.2A). We initially assessed the viability 

of the precision-cut liver slice preparation. The concentration of ATP in liver slices was 

not different following 16 hours of incubation compared to 0 hours (immediately before 

incubation) (Figure 3.2B) and ATP content was not different between groups (Figure 

3.2C & D). Further, we assessed cytotoxicity marker lactate dehydrogenase in the 

secreted medium and there were no differences in lactate dehydrogenase alpha and beta 

chain between groups (Figure 3.2E & F).  

 

Time course assessment of secreted proteins revealed a relatively linear increase over 

the duration of the 16 h incubation period (Figure 3.2G). Total protein secretion from 

the liver slices was significantly decreased in patients with NAFLD, with or without 

fibrosis, compared with no pathology (Figure 3.2H). Similarly, total protein secretion 

was reduced by ~52% in NASH compared with no pathology (Figure 3.2I). There was 

no significant correlation between the amount of secreted protein and intracellular ATP 

content, suggesting that the energy state of the liver preparation was not mediating 

changes in total protein secretion (Figure 3.2J). Together, these data indicate that the 

precision-cut liver slices are a viable approach to study liver secreted proteins.   
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Figure 3.2: Validation of human liver slices for assessing liver-protein secretion. 
(A) Schematic representation of study design. Patients undergoing bariatric surgery 
were recruited, and a plasma and liver biopsy was taken. Plasma and liver were assessed 
by pathology clinics and the remaining liver was precision-cut and cultured in protein 
free medium to identify secreted proteins and these proteins were identified by mass 
spectrometry for biomarker identification. The additional plasma was used for mass 
spectrometry biomarker validation. (B) ATP content in liver slices incubated for 2, 4, 8 
and 16 h (n=12). (C) Tissue ATP concentration stratified by severity of NAFLD 
associated fibrosis or (D) NASH. (E) Lactate dehydrogenase (LDH) alpha chain and (F) 
LDH beta chain detection in the secreted medium. (G) Proteins content in the secreted 
medium cultured for 2, 4, 8 and 16 h with liver slices (n=12). (H) Secreted protein 
concentration stratified by severity of NAFLD-associated fibrosis or (I) NASH. (J) 
Correlational analysis of tissue ATP levels and secreted protein concentration. No 
pathology, n=26; NAFLD F0, n=21; NAFLD F1, n=23; NAFLD F2-3, n= 26; NAFL, 
n=59; NASH, n=11. Where appropriate, significance was determined by two-way 
(Panel B & G) or one-way (Panel C-F, H & I) ANOVA with Bonferoni’s post hoc test 
or Pearson’s correlation co-efficient (Panel J). Asterisks in panel G are relative to time 
0. Values are presented as mean ± SEM. * denotes p<0.05. 
3.2.4. Identification of NASH secreted proteins 
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We assessed global changes in liver protein secretion using mass spectrometry and 

identified a total of 3333 proteins in the secreted medium. After removal of potential 

contaminants or proteins identified by reverse, we identified 3281 proteins in total. The 

average number of proteins identified across 96 individuals and all groupings was 2806 

(median=2840) (Figure 3.3A) with MS signals that span six orders of magnitude (Figure 

3.3B). Of these 3249 proteins, approximately 9.8% were classically secreted and 90.2% 

were non-classically secreted (Figure 3.3C) as assessed by the Human Protein Atlas. 

There were no proteins identified exclusively in any one group and at least 2 peptides 

were required for protein detection. We detected 63 proteins enriched and 39 proteins 

less abundant in the secreted medium with NASH than those with no liver pathology 

(Figure 3.3D). Bioinformatic assessment of the biological functions of significantly 

altered proteins revealed increased involvement in humoral immune and inflammatory 

responses, blood vessel morphogenesis, and integrin signalling pathways with NASH 

(Figure 3.3E). On the other hand, regulation of protein catabolism, endocytic recycling, 

and endosomal transport process was reduced with NASH secreted proteins (Figure 

3.3E). Canonical pathways enriched from NASH secreted proteins reveal upregulation 

of extracellular matrix pathways such as the core matrisome, basement membrane, and 

ECM regulator (Figure 3.3F). No canonical pathways were revealed for downregulated 

NASH proteins assessed by MetascapeTM. Extending on this, when compared to NAFL 

livers, we identified increased secretion of 25 proteins and a reduction in the secretion 

of 16 proteins (Figure 3.3G). Enrichment analysis of significantly altered secreted 

proteins predicts upregulation of cell-substrate adhesion, apoptosis signalling pathway, 

wounding response, and reduction in protein catabolism, translation, and amide 

metabolism (Figure 3.3H). Canonical pathways upregulated in NASH secreted proteins 

compared to NAFL encompass extracellular matrix pathways, including integrin 
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signalling, ECM regulators, and core matrisomes (Figure 3.3I). To identify NASH 

regulated proteins, we compared proteins that were significantly altered in NASH 

compared to No pathology and NAFL and identified that of the 107 proteins altered 

with NASH, 36 proteins were significantly increased in both comparisons (Figure 3.3J). 

Further of these 36 proteins 20 were increased and 16 were decreased (Figure 3.3K).
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Figure 3.3: Characterisation of the human NASH liver-secreted proteome. (A) 
Numbers of proteins quantified per patient. (B) Dynamic range of quantified proteins 
(LFQ, label-free intensity; ALB, Albumin; GSTA1, Glutathione S-Transferase Alpha 1; 
NDUFAF7, NADH: Ubiquinone Oxidoreductase Complex Assembly Factor 7; 
PARVG, Parvin Gamma; PPIG, Peptidylprolyl Isomerase G. (C) Percentage of 
classically secreted proteins secreted by human liver slices identified by The Human 
Protein Atlas. (D) Volcano plot showing secreted proteins increased (red), decreased 
(blue), or not different (black) with NASH compared to livers without adverse 
pathology. (E) Metascape enrichment analysis showing biological processes associated 
with significantly altered proteins. (F) Canonical pathways upregulated with secreted 
proteins. (G) Volcano plot showing liver slice showing secreted proteins increased 
(red), decreased (blue), or not different (black) with NASH compared to livers with 
NAFL. (H) Metascape enrichment analysis showing biological processes associated 
with significantly altered proteins with NASH vs NAFL and (I) upregulated canonical 
pathways. (J) The number of significantly altered proteins in NASH vs NAFL and or 
NASH vs No pathology comparisons. (K) The number of NASH -responsive proteins 
that were increased (red) or decreased (blue). Significance was determined by students 
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t-test corrected by permutation-based false discovery rate of q<0.05. No pathology, 
n=26; NAFL, n= 59; NASH, n=11. 
 

3.2.5. Identification of global changes in hepatokine secretion in NAFLD associated 

fibrosis  

 

While the identification of NASH is important, clinically there is immense interest in 

identifying a biomarker for NAFLD-associated fibrosis attributed to its consistent with 

overall and liver-related mortality [141; 153]. Therefore, we re-stratified patients based 

on the presence of NAFLD and NAFLD-associated fibrosis. 

 

Patients with NAFLD and a fibrosis score of ≥2 were defined as those with significant 

fibrosis (NAFLD F2-3), those with NAFLD and a fibrosis score of 1 or 0 were grouped 

as NAFLD F1 or NAFLD F0, respectively. Those without NAFLD and fibrosis were 

grouped as No pathology. No patients recruited in this prospective study had hepatic 

cirrhosis (score of F4). 

 

There was a significant increase in weight in those with NAFLD F1 than those without 

liver pathology (p<0.05). Additionally, there was a tendency for NAFLD F1 individuals 

to have an increased weight compared to individuals with NAFLD F0 (p=0.06). There 

was no difference in BMI between any groups regardless of NAFLD or fibrosis 

severity. 

 

We observed no difference in triglycerides, total cholesterol, LDL, or fasting plasma 

glucose between groups. Those with NAFLD F2-3 tended to have decreased HDL 

compared to those without adverse liver pathology (p=0.05) (Table 3.2). Plasma urea 
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levels were increased in patients with NAFLD F2-3 compared to NAFLD F0 but were 

not different compared to any other group. Patients with NAFLD F2-3 exhibited greater 

circulating glycosylated haemoglobin (HbA1c) (p<0.05) compared to patients with 

NAFLD F1 without liver pathology (p<0.05). Furthermore, those with NAFLD F2-3 

had a corresponding rise in insulin and C-peptide compared to patients without liver 

pathology. Total bilirubin was increased with NAFLD F2-3 than those without liver 

pathology (p<0.05). Circulating alkaline phosphatase (ALP) was increased in patients 

with NAFLD F2-3 than in those with NAFLD F1. No differences were observed for 

ALT or AST between cohorts (Table 3.2) but there was extensive variability in these 

measures, particularly in the no pathology group. We observed no difference in all other 

clinical measures (Table 3.2). 
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Table 3.2. Participant characteristics of patients stratified for significant fibrosis 

 No pathology 
(n=26) 

NAFLD F0 
(n=21) 

NAFLD F1 
(n=23) 

NAFLD F2-F3 
(n=26) 

Age (years) 42.2 ± 13.2 39.7 ± 8.8 38.9 ± 7.7 45.7 ± 9.8 
Male (n) 3 3 8 11 

Weight (kg) 116.0 ± 13.2 117.8 ±8.7 134.6 ±28.0* 126.9 ± 23.6 
BMI (kg/m2) 41.9 ± 6.1 42.3 ± 6.6 45.5 ± 7.4 43.7 ± 6.4 

NASH (n) 0 3 2 6 
Diabetes Mellitus (n) 1 7 5 12 

Hypercholesterolemia (n) 1 0 0 4 
Hypertension (n) 5 2 3 10 

GORD (n) 2 1 2 7 
Obstructive sleep apnoea (n) 4 2 3 6 

TG (mM) 1.3 ± 0.5 1.6 ± 0.4 1.7 ± 0.9 1.6 ± 0.6 
Total cholesterol (mM) 3.9 ± 0.9 4.6 ± 1.0 4.2 ± 0.9 4.0 ± 1.0 

HDL (mM) 1.1 ± 0.2 1.0 ± 0.2 0.9 ± 0.2 0.9 ± 0.2 
Non-HDL (mM) 2.9 ± 0.81 3.5± 0.9 3.3 ± 0.9 3.0 ±0.9 

LDL (mM) 2.2 ± 0.8 2.8 ± 0.9 2.5 ± 0.8 2.3 ± 0.9 
Fasting glucose (mM) 4.9 ± 0.9 5.6 ± 3.2 5.1 ± 1.1 5.7 ± 1.6 

HbA1c (%) 5.3 ± 0.3 5.5 ± 0.5 5.3 ± 0.6 5.9 ± 0.9*⸸ 
Insulin (mU/L) 10.3 ± 7.0 11.7 ± 8.9 11.1 ± 8.0 18.0 ± 11.2* 
C-peptide (nM) 0.9 ± 0.3 1.0 ± 0.4 1.0 ± 0.4 1.3 ± 0.5* 

Urea (mM) 4.7 ± 2.4 3.9 ± 0.7 4.4 ± 1.3 5.4 ± 2.2** 
Creatine (µM) 67.0 ± 12.3 66.6 ± 12.7 73.6 ± 15.0 81.3 ± 34.8 

eGFR (mL/min/1.73m2) 86.7 ± 8.5 85.5 ± 8.8 87.0 ± 5.3 82.0 ± 15.8 
Albumin (g/L) 37.7 ± 3.7 40.3 ± 8.7 40.0 ± 3.7 39.4 ± 4.7 

Total Bilirubin (µM) 6.8 ± 3.8 8.9 ± 3.6 9.8 ± 6.5 14.6 ± 15.3* 
ALT (U/L) 46.7 ± 75.2 41.3 ± 36.2 53.0 ± 38.0 56.8 ± 32.2 
AST (U/L) 33.2 ± 30.7 31.3 ± 19.2 37.8 ± 19.8 41.6 ± 24.8 
GGT (U/L) 27.1 ± 16.7 30.7 ± 17.7 32.6 ± 17.4 39.9 ± 24.9 
ALP (U/L) 76.1 ± 19.8 70.7 ± 17.6 69.2 ± 19.7 86.9 ± 29.8⸸ 
Iron (µM) 11.7 ± 4.0 13.1 ± 3.0 13.6 ± 4.7 12.0 ± 4.6 

Ferritin (ng/mL) 98.6 ± 86.6 163.1 ± 197.0 170.7 ± 92.9 179.5 ± 101.8 
Haemoglobin (g/L) 132.3 ± 15.3 138.2 ± 14.9 142.1 ± 9.0 140.6 ± 12.7 

White Cell Count (*109) 7.2 ± 2.0 6.5 ± 1.9 6.8 ± 2.1 7.7 ± 2.4 
Platelets (*109/L) 257.6 ± 60.0 250.6 ± 60.78 280.2 ± 49.6 269.6 ± 68.4 

MCV (fl) 89.2 ± 3.0 89.2 ± 3.7 88.7 ± 3.7 87.9 ± 5.0 
MCH (pg) 28.7 ± 1.5 29.3 ± 1.6 28.9 ± 1.5 28.4 ± 2.4 

MCHC (g/L) 321.8 ±11.5 328.7 ± 13.5 324.9 ± 12.0 323.6 ±13.2 
TSH (mU/L) 5.3 ± 14 2.2 ± 0.9 1.5 ± 0.8 2.7 ± 2.4 

Vitamin B12 (pg/mL) 366 ± 124.4 403.2 ± 266.6 416.8 ± 171.5 469.8 ± 217.5 
Vitamin D (ng/mL) 59.9 ± 25.1 57.2 ± 17.9 57.2 ± 12.5 57.9 ± 29.2 
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ALP, alkaline phosphatase; ALT, alanine transferase; AST, aspartate transferase; BMI, 
body mass index; eGFR, estimated glomerular filtration rate GORD, gastro-oesophageal 
reflux disease; GGT, gamma-glutamyl transferase; Hb, haemoglobin; HbA1c, 
glycosylated haemoglobin; HDL, High-density lipoprotein; LDL, low-density 
lipoprotein; MCV, mean corpuscular volume; MCH, mean corpuscular haemoglobin; 
MCHC, mean corpuscular haemoglobin concentration; OSA, obstructive sleep apnoea; 
TG, Triglycerides; TSH, Thyroid-stimulating hormone; WCC, white cell count. 
*Indicates significant difference (p<0.05) compared to the no pathology group. 
**denotes significant difference compared to NAFLD F0. ⸸ denotes significant 
difference compared to NAFLD F1. Data displayed as mean ± SEM
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3.2.6. NAFLD associated fibrosis does not drastically alter protein secretion 

Our second analysis was to assess protein secretion from patients with NAFLD and 

significant fibrosis. Of the 3281 proteins assessed, ~10% were annotated by Human 

Protein Atlas as classically secreted in this stratification (Figure 3.4A). There were no 

proteins exclusively present or absent in any single grouping. We first sought to identify 

secreted proteins that were upregulated with NAFLD and significant fibrosis (NAFLD 

F2-3). There were surprisingly no differences between NAFLD F0 compared to those 

with no pathology or those with NAFLD F1 compared to NAFLD F0 (Figure 3.4B & 

C). Unexpectedly, we observed that individuals with NAFLD and significant fibrosis 

(NAFLD F2-3) exhibit no difference in liver secreted proteins compared to obese 

patients with no pathology (Figure 3.4D). However, when comparing NAFLD F2-3 

with NAFLD F0 (Figure 3.4E), four proteins were increased, and one was decreased in 

NAFLD F2-3. The proteins enriched in the secreted medium were increased were 

elastin microfibril interfacer 1 (EMILIN1), amyloid P component (APCS), eukaryotic 

translation initiation factor 3 subunit K (EIF3K) and eukaryotic translation initiation 

factor 4 gamma 2 (EIF4G2). Protein tyrosine kinase 2 (PTK2) secretion was 

significantly reduced in NAFLD F2-3 (Figure 3.4E). Two of the 5 differentially 

regulated proteins, APCS and EMILIN1 are classically secreted, and the remainders 

were likely secreted unconventionally. No differences were observed when comparing 

NAFLD F2-3 to NAFLD F1 (Figure 3.4F) or NAFLD F1 to livers without pathology 

(data not shown). Bioinformatic assessment of the biological functions was performed 

but no enrichments were found.  
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Figure 3.4: Effects of fibrosis of the liver-secreted proteins.(A) Percentage of 
classically secreted proteins secreted by human liver slices identified by The Human 
Protein Atlas. (B) Comparison of secreted proteins from livers with NAFLD F0 Vs No 
pathology, (C) NAFLD F1 Vs NAFLD F0 (D) Comparison of secreted proteins from 
livers with NAFLD F2-3 Vs No pathology, (E) NAFLD F2-3 Vs NAFLD F0. 
Significantly regulated proteins include amyloid P component (APCS), elastin 
microfibril interfacer 1 (EMILIN1), eukaryotic translation initiation factor 3 subunit K 
(EIF3K) and eukaryotic translation initiation factor 4 gamma 2 (EIF4G2) and protein 
tyrosine kinase 2 (PTK2). (C) NAFLD F2-3 Vs NAFLD 1 (F) NAFLD F1 Vs NAFLD 
F0. Red and blue dots indicate significantly upregulated and downregulated proteins, 
respectively. Significance was determined by students t-test corrected by permutation-
based false discovery rate of q<0.05. No pathology, n=26; NAFLD F0, n=21; NAFLD 
F1; n=23; NAFLD F2-3, n= 26. Proteins identified by gene name.  
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3.2.7. Liver secreted EMILIN1 is increased with NAFLD severity 

The human proteomic analysis identified that EMILIN1 secretion was increased with 

NAFLD and significant fibrosis (Figure 3.4). EMILIN1 secretion was assessed when 

grouped based on fibrosis, NASH, and the Kleiner and brunt classifications and 

demonstrated that EMILIN1 secretion was increased by ~30% with NAFLD F2-3 

compared to all other groups (Figure 3.5A). When assessed by NAFLD severity, we 

identified that EMILIN1 secretion increased with NASH and a NAS score of 4 or 

greater (Figure 3.5B & C). Further EMILIN1 secretion was increased with advanced 

steatosis, inflammation, and ballooning (Figure 3.5D-F). 

Figure 3.5: EMILIN1 is secreted from human livers with worsening NAFLD 

pathology. Liver secreted EMILIN1 when grouped by (A) NAFLD associated fibrosis 
stage, (n=21-26/group) (B) NASH, (n=11-59/group) (C) NAFLD activity score, (n=11-
26/group) (D) steatosis score, (n=26-39/group) (E) inflammation score (n=8-44/group) 
and (F) hepatocyte ballooning (n=21-85/group). Data were taken and analysed from the 

A B

D E

C

F
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human liver secreted proteome and stratified according to Kleiner/Brunt criteria [216]. 
Data displayed as mean ± SEM. Significance was assessed using one-way ANOVA 
followed by Bonferoni’s multiple comparisons (Panels A-E) or unpaired t-test (panel F) 
and set at p<0.05. 
 

3.2.8. Liver EMILIN1 mRNA is altered with NAFLD 

We further wanted to identify if the mRNA levels of EMILIN1 in the liver mirrored the 

secretion findings observed in Figure 3.5. Liver EMILIN1 mRNA transcripts were 

increased in livers with NAFLD F2-3 and with NAFL or NASH compared to livers 

without adverse pathology (Figure 3.6A &B). EMILIN1 expression was also increased 

in livers with a NAS score of 4 or greater, likely driven by steatosis (Figure 3.6C-D). 

EMILIN1 expression was not altered by inflammation or hepatocyte ballooning (Figure 

3.6E-F). Given the expression and secretion of EMILIN1 is increased in NAFLD and 

fibrosis, it remains plausible that EMILIN1 could be candidate biomarker for NAFLD-

associated fibrosis.    
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Figure 3.6: EMILIN1 is expressed in human livers with worsening NAFLD 
pathology. Hepatic EMILIN1 expression when grouped by (A) NAFLD associated 
fibrosis stage, (n=22-24/group) (B) NASH, (n=10-61/group) (C) NAFLD activity score, 
(n=10-29/group) (D) steatosis score, (n=26-39/group) (E) inflammation score (n=7-
47/group) and (F) hepatocyte ballooning (n=10-87/group). Data were taken and 
analysed from the human liver secreted proteome and stratified according to Kleiner 
/Brunt criteria [216]. Data displayed as mean ± SEM. Significance was assessed using 
one-way ANOVA followed by Bonferoni’s multiple comparisons (panel A & E), 
Dunn’s multiple comparisons (panel B, C, D) or unpaired t-test with significance set at 
p<0.05.  

A B C

FED
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3.2.9. Circulating EMILIN1 is increased with NASH but does not hold diagnostic value 

To assess whether circulating EMILIN1 may be a potential biomarker for NAFLD F2-3, 

we assessed plasma levels of EMILIN1 by ELISA from our 96 patients, and an 

additional 219 obese patients with liver matched biopsies previously described 

elsewhere [270]. One patient in this combined cohort has hepatic cirrhosis (score of F4) 

however, the grouping remains identified as NAFLD F2-3 as it does not accurately 

reflect those with cirrhosis. Plasma EMILIN1 levels averaged 8.79 ± 0.05 ng/mL in our 

cohort and were not different with NAFLD F2-3 compared to any other group (Figure 

3.7A). However, we did detect a significant increase in the plasma levels of EMILIN1 

in patients with NASH compared to patients with NAFL or livers without adverse 

pathology, suggesting there may be clinical potential to aid in the diagnosis of NASH or 

NAFLD (Figure 3.9B). Circulating EMILIN1 was not altered by NAFLD severity as 

assessed by NAS score, or hepatic inflammation but increased with steatosis and 

hepatocyte ballooning (Figure 3.7C-F). The accuracy of non-invasive markers such as 

ALT, AST, and other scores (e.g., FIB-4) is to stratify patients with NASH, and hepatic 

fibrosis remains ineffective (Figure 3.1) [157]. Accordingly, we explored the potential 

use of plasma EMILIN1 as a biomarker of NAFL and NASH. The area under the 

receiver operating curve (AUROC) for EMILIN1 to diagnose NASH was 0.60 

compared to the hepatic steatosis index that achieved an AUROC of 0.64 (Figure 3.7G). 

Further, when compared to the NAFLD fatty liver score (NLFS) with an AUROC of 

0.75, EMILIN1 performed poorly with a score of 0.60 (Figure 3.7H). We then explored 

the potential of EMILIN1 to diagnose NAFLD (NASH and NAFL combined) and 

observed that EMILIN1 achieved an AUROC of 0.56, however, while NLFS achieved 

an AUROC of 0.69, and the hepatic steatosis index corresponded to 0.62 (Figure 3.7I & 

J).  
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Figure 3.7: Circulating EMILIN1 is not an effective biomarker to diagnose NASH 
or NAFLD. (A) Plasma levels of EMILIN1 stratified by NAFLD associated fibrosis 
(n=56-130), (B) NASH, (C) NAFLD activity score (NAS) (n=81-132/group), (D) 
inflammation score (E) steatosis (n=82-102/group), (F) ballooning (n=68-200/group) 
and as specified by the Burnt/Kleiner criteria [147; 216] (n=16-106/group). (G) The 
diagnostic utility plasma EMILIN1 to diagnose NASH using a receiver operating 
characteristic curve and was compared against the hepatic steatosis index (HSI) and the 
(H) NAFLD liver fat score (NLFS). The diagnostic accuracy of plasma EMILIN1 was 
assessed to diagnose NAFLD and compared against the (I) NLFS and (J) HSI. Data 
displayed as mean ± SEM. Significance was assessed using one-way ANOVA followed 
by the Kruskal-Wallis test with Dunn’s multiple comparisons (panel A-D, F) or Mann-
Whitney U test with significance set at p<0.05.  
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3.3. Discussion 

Herein, we investigated the human liver secreted proteome as a resource to identify 

proteins whose secretion is altered in livers with NAFLD and NAFLD with significant 

fibrosis (NAFLD F2-3). We show that (1) current non-invasive measures do not 

adequately perform in our cohort, (2) that the liver secreted proteome is minimally 

altered with significant fibrosis, (3) that NASH remodels liver protein secretion, and 

these changes are enriched inflammatory pathways such as humoral immunity and acute 

inflammatory response, (4) EMILIN1 expression and secretion is altered in NAFLD F2-

3 and NASH and circulating EMILIN1 levels does not represent an effective biomarker 

target to distinguish NASH or NAFLD.  

 

There remains an unmet clinical need to develop a safe and tool to adequately detect and 

stage NAFLD, NASH, and hepatic fibrosis at large-scale. A suitable alternative to an 

invasive liver biopsy can be a blood test due to the reduced procedural risks and ease of 

large-scale use. However, few have assessed liver protein secretion, particularly in 

humans. Previous studies characterising the murine liver and plasma proteome have 

shown that the liver may be responsible for 25% of circulating proteins [271]. Further, 

the plasma proteome is altered in humans with NAFLD [272-274] and cirrhosis [274], 

suggesting that liver secreted proteins may be altered with NAFLD / NASH and hepatic 

fibrosis. Therefore, understanding what livers with NAFLD, NASH, or fibrotic livers 

are secreting into the blood and if it corresponds to a rise in circulating levels in the 

potential parameter exposes an exciting opportunity to address this unmet demand. To 

address this, we performed an intraoperative liver wedge biopsy in obese patients and 

generated precision-cut liver slices to assess liver protein secretion with or without 

various stages of NAFLD with the aim of identifying liver and pathology-specific 
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alterations in liver secreted proteins. A surprising finding was the reduction in secreted 

proteins detected in patients with NAFLD and NASH (Figure 3.2). Given that livers 

with NAFLD and NASH have 5- >66% of their area enriched with lipids, perhaps 

normalizing to the protein content would be more reflective of the liver physiology as it 

is benchmarked against the enzymatic machinery required to secrete these proteins. 

 

Expanding on previous in vitro or ex vivo studies [5; 11; 275], we identified 3333 

secreted proteins from human liver slices. NASH, but not hepatic fibrosis, was primarily 

responsible for the remodelling of protein secretion. Bioinformatic investigation 

revealed an enrichment of secreted proteins in integrin signalling, the regulation of 

ECM and ECM or ‘matrisome’ synthesis (Figure 3.4) with NASH, which is consistent 

with more progressive disease and may capture the liver crosstalk to explain why 

NASH livers progress to fibrosis to a greater extent than livers without adverse 

pathology [142]. Further computational assessment of biological processes from NASH 

livers predicts upregulation of humoral immunity, also termed antibody-mediated 

immunity and acute inflammatory responses, consistent with the inflammatory nature of 

NASH compared to ‘normal’ livers. When compared to NAFL livers, apoptosis, cell-

substrate adhesion, and zymogen activation processes were upregulated with NASH, 

which is consistent with hepatocyte ballooning and enhanced interaction with the ECM 

in NASH livers [276]. Zymogen activation is commonplace in ECM proteins such as 

matrix metalloproteases (MMP) to control catalytic activity and digestion of the ECM 

[277; 278] and may be indicative of increased ECM synthesis. Collectively, we show 

that protein secretion is remodelled with NASH and speculate that hepatokine secretion 

may be responsible for the faster rate of fibrogenesis observed in these patients [32]. To 
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assess this, future studies could by apply conditioned medium containing NASH 

remodelled hepatokines to isolated HSCs and assess activation and proliferation. 

 

A major cytokine that underpins the development and progression of NAFLD / NASH, 

fibrosis, and its associated co-morbidities is transforming growth factor-β1 (TGFβ1) 

[279-281]. Thus, it was interesting that livers with more progressive disease (NAFLD 

F2-3, NASH, and NAS ≥4) expressed and secreted more EMILIN1 (Figure 3.5-3.7) 

given that EMILIN1 has previously been shown to bind to and prevent the cleavage of 

pro- TGFβ1 [282], which is suggestive of a counter-regulatory role in preventing 

uncontrolled TGFβ signalling. Despite this, little is known about the physiological 

functions of EMILIN1 and its potential role in fibrosis, NASH, and metabolic disease 

and warrants further investigation. Given that expression and secretion of EMILIN1 was 

increased in NASH and NAFLD F2-3, and the circulating levels were unknown (Figure 

3.6 & 3.7), we sought to determine plasma EMILIN1 levels in our cohort and an 

additional cohort previously characterised elsewhere [120; 270]. There was no 

difference in circulating levels of EMILIN1 in fibrosis or NAS score comparisons; 

however, we did observe a 30% increase in plasma levels in NASH patients, which 

corresponds to the ~30% increase in liver secretion with NASH (Figure 3.7B). Despite 

this, EMILIN1 was not effective as a potential biomarker to stratify NASH or NAFLD 

alone or in combination with various non-invasive scores (Figure 3.7). This may be 

suggestive of hepatokines perhaps having a greater autocrine, paracrine role as evidence 

by Fetuin B [11], SPARC Related Modular Calcium Binding 1 (SMOC1) [283], 

Arylsulfatase A (ARSA) [5] and Hexosaminidase A (HEXA) [284], however this is yet 

to be proven. Alternative, the variability in circulating levels could be attributed to 

differing histopathologists and their grading of NASH and or fibrosis, or more likely, 
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that circulating EMILIN1 alone does not represent liver function or damage. Another 

potential confounder regarding EMILIN1 is the cells or tissues that secrete EMILIN1. 

EMILIN1 protein is identified in every cell type within the liver [177]. However, little 

work has been described in tissue distribution at the protein level or secretion from other 

tissues that may be the primary source of circulating levels of EMILIN1. 

 

Conceptually, identifying liver secreted proteins that are differentially regulated would 

correspond to a rise in the blood of said protein. However, it is not that simple. To be 

identified in the circulation, secreted factors need to be secreted, escape the extracellular 

matrix and digestive enzymes, avoid non-parenchymal cells in the sinusoid such as the 

HSC and Kupffer cells and then be shuttled through the liver sinusoidal endothelial cells 

[285] to be present in the circulation that is filled with circulating proteases. Indeed, our 

model is more representative of proteins likely to transverse to the plasma than isolated 

hepatocytes, however liver slices are devoid of infiltrating cells such as neutrophils that 

act to degrade ECM proteins like EMILIN1 [286; 287] and may explain its lack of 

clinical utility as a biomarker.  

 

Perhaps one of the findings unique to our preparation or humans is that lipid 

accumulation alone does not remodel protein secretion (Figure 3.5), i.e., NAFL and 

NAFLD F0 compared to no pathology. This finding contrasts previous murine 

hepatocyte isolation studies with varying degrees of NAFL [11] or NASH [5], 

highlighting extensive changes in protein secretion. It is possible that species 

differences (human versus murine) or experimental preparations (intact liver versus 

isolated hepatocytes) may account for this discordance. Another likely explanation may 

lie in the clinical definition of steatosis. The brunt classification defines the threshold of 
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NAFL or steatosis at 5% in the field of view [147]. Our cohorts range from 1-3, 

representing 5% to >66% of the histological area (Table 1.1 – See Chapter 1). Given the 

vast variability of hepatic lipid accumulation within the NAFL group (from scores of 1-

3), this may explain why protein secretion is not different. Perhaps a higher cut-off for 

the percentage of steatosis area may be required to elucidate these differences. This 

notion may explain the disconnect in the remodelling of protein secretion in isolated 

hepatocytes derived from low-fat and high-fat fed mice, as they do not exhibit the same 

variability in hepatic lipid accumulation. Moreover, we have performed global 

correlation analysis of liver secreted proteins normalised to the histopathologically 

diagnosed percentage of steatosis area and found that is significantly and positively 

correlated to secretion of 173 classically secreted proteins (data not shown), further 

supporting the notion that the amount of lipid storage may dictate protein secretion. 

Ongoing studies should regroup our liver proteome by steatosis score potentially by 

comparing a steatosis score of ≥2 vs 0, to identify differentially regulated proteins 

impacted by significant steatosis to resolve discrepancy. 

 

Pioneers in our laboratory have characterized that murine livers have remodelled protein 

secretion from hepatocytes derived from NAFL and NASH mice which have led to the 

identification of several classically secreted proteins that regulate glycaemic control 

(e.g., Cathepsin S, Fetuin B, SMOC1, ARSA) [5; 11; 201; 288] and dyslipidaemia 

(HEXA) [284]. While the focus of this chapter is to identify liver-specific biomarkers, it 

is interesting that none of these proteins were significantly altered in the secretome of 

NASH patients and may reinforce the discrepancy in isolated hepatocyte and precision-

cut liver slices. Despite this, we provide a novel resource characterising hepatokine 
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secretion in human NASH and NAFLD F2-3 and that some of which are yet to be 

functionally characterized in the liver and NAFLD. 

 

Our study is not without limitations. We cannot exclude self-selection bias that is 

present in all translational studies that are not randomized. However, recruited patients 

were unaware of their liver pathology and grouping prior to diagnosis, with exceptions 

for few patients n= <10 / 265. Further, the prevalence of NAFLD and NASH is aligned 

with previous observations in the same obese populations [145; 270] and in our 

discovery cohort we have few patients with NASH. Notably, we have collapsed two 

cohorts sampled forming one discovery cohort to identify plasma biomarkers and lack a 

validation cohort. The use of liver biopsies to diagnosis NAFLD and fibrosis, coupled 

with histological interpretation are subject to limitations. Sampling variability is evident 

in liver biopsies [289] and without performing multiple biopsies, we may have incorrect 

diagnosis of NAFLD and fibrosis severity. Further, biopsies were interpreted and scored 

using a defined scoring system by an independent pathologist, two pathologists when 

including the additional 176 patients and have not assessed the kappa value between 

pathologists for assessing the diagnosis of NAFLD / NASH and the severity of fibrosis. 

Given liver biopsies are considered the gold standard to which all non-invasive 

algorithms are benchmarked against the use of an imperfect reference may lower 

accuracy of non-invasive scores.  

 

In conclusion, we have developed a novel resource characterising the proteomic 

changes in secreted proteins from human livers with NAFLD F2-3 and NASH. These 

studies identified altered hepatokine secretion, particularly in NASH. Investigation into 

liver-secreted protein EMILIN1 did not provide significant clinical benefit. Assessment 
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of secretion does not necessarily correspond with changes in circulating levels. Future 

studies should directly assess plasma proteins and match to liver secrete proteins to 

identify NASH and NAFLD F2-3 pathophysiology specific biomarkers.  
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4. Chapter 4: Plasma proteomics discovers biomarkers that 

stratify NASH and hepatic fibrosis 

4.1. Introduction 

NAFLD is the most prevalent liver disease worldwide [8-10]. It comprises a spectrum 

of histological conditions, including NAFL and its more progressive form NASH. 

NAFL is characterised by steatosis that comprises ≥5% in the field of view assessed by 

light microscopy and progresses to NASH when accompanied by lobular inflammation 

and hepatocyte ballooning [216]. Fibrosis can be present at any stage of NAFLD, and it 

is associated with treatment complications, liver-related and overall mortality [33; 140; 

141]. NAFLD diagnosis is typically incidental [290], and progression to more severe 

disease is typically asymptomatic, with patients often presenting later at end-stage liver 

disease with limited treatment options [291]. 

 

Despite the high prevalence of NAFLD, there remains a lack of practical, effective, and 

non-invasive screening options to identify early-stage disease before disease 

progression. The current gold standard is the liver biopsy to diagnose NAFLD, NASH 

and liver fibrosis [96]. However, widescale use of the liver biopsy is not practical given 

the time, risks of adverse events and high volume of patients at risk of NAFLD [8-10]. 

On the other hand, there are several unvalidated simple diagnostic tools that do not 

require special tests include APRI, Fib-4 and other commercial biomarker panels such 

as the enhanced liver fibrosis test [292]. Not only do these tests perform poorly in obese 

individuals [157] that are at high risk of NASH and hepatic fibrosis [98; 293; 294], 

these tests are currently not approved by Australian or USA regulatory agencies and do 

not effectively reflect the NASH or fibrosis pathology [157]. Significant advancements 
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in imaging modalities to diagnose NAFLD, NASH and advanced fibrosis. Magnetic 

resonance imaging (MRI) has strong predictability to diagnose hepatic fibrosis [295] 

and has a modest ability to differentiate NAFL from NASH [162; 296]. Similarly, 

transient elastography (TE) effectively stratifies obese patients with severe fat 

accumulation but not effective at differentiating NASH from NAFL [297]. Both 

imaging approaches, MRI, and TE, require visitation to specialised centres that not 

practical for population level screening. Therefore, novel practical approaches to 

develop biomarker panels or complex scores that can identify NASH and hepatic 

fibrosis remain unmet for patients with and at risk of NAFLD. 

 

Mass spectrometry-based proteomics provides a global and unbiased assessment of 

differentially regulated proteins and provides insight into their biological functions 

within a sample [298]. Plasma is an easily accessible fluid that can provide insight into 

various clinical phenotypes such as NAFLD and is effective for population-level 

screening [274; 299; 300]. Given that ~25% of circulating proteins are likely derived 

from the liver [177], and liver secreted proteins are altered in NASH and mildly with 

NAFLD and significant fibrosis (NAFLD F2-3, Chapter 3), this suggests a high 

likelihood that NAFLD and NASH will affect the plasma proteome. Plasma proteomics 

can facilitate biomarker discovery [273; 274; 301; 302] by generating up to thousands 

of candidate proteins to develop a panel of proteins that effectively stratify patients with 

NASH or NAFLD-associated fibrosis.  

 

We previously characterised protein secretion from livers with patients with NASH and 

NAFLD F2-3 (Chapter 3). EMILIN1 was identified as a highly expressed and secreted 

protein from livers of patients with NASH, and despite higher circulating levels, was 
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ineffective at stratifying patients with NASH. Therefore, we speculated that liver 

secretion might not correspond to circulating levels, and a more appropriate approach 

would be to assess plasma proteins. An inherent problem in plasma proteomics is 

mitigating the over 13 orders of magnitude [303] limiting protein detection. We elected 

to take a more nuanced approach targeting high abundant proteins given 61.6% of 

proteins detected in the top200-1000 proteins [227] were also detected in our mass 

spectrometry proteomic analysis of human liver secreted proteins (Chapter 3). 

Identifying plasma proteins that can effectively reflect the underlying NASH and 

NAFLD F2-3 pathophysiology would provide a safe and routine procedure that is 

effective at a population level. Therefore, we aimed to characterise the plasma proteome 

to identify novel biomarkers for NASH and NAFLD F2-3. We hypothesised that the 

plasma proteome will differ between patients with NASH or NAFLD F2-3 compared to 

patients with no pathology. We further hypothesise that the identification of NASH and 

fibrosis-induced plasma proteins can be used as novel non-invasive biomarkers for these 

diseases.  



  

134 
 

4.2. Results 

4.2.1. Plasma proteome is altered with NASH and NAFLD F2-3 

Given that our liver secreted proteome did not lead to the identification of an effective 

biomarker for NASH and NAFLD F2-3, we chose to assess the plasma proteome of our 

96 patients described in Chapter 3 and an additional 219 obese patients previously 

described [270], totalling 315 patients. Significant haemolysis was evident in the plasma 

of 33 patients, who were subsequently excluded from further analysis. Protein 

identification was defined by the detection of x>2 unique peptides. Patients with other 

liver diseases and patients with fibrosis without NAFLD were excluded (n=17 

removed), giving a total of 265 patients for plasma proteomic analysis. We identified a 

total of 240 proteins and a highly reproducible average of 233 proteins (median = 235) 

per patient. Our plasma proteome spanned five orders of magnitude (Figure 4.1B) and 

41.3% of the proteins identified in the plasma were considered “liver-specific” when 

compared to current annotation data from the Human Protein Atlas [304] (Figure 4.1C). 

Correlational analysis of matched plasma and liver secreted proteins from our discovery 

cohort (Chapter 3, n=96) identified 148 proteins detected in the liver and plasma 

proteomes identifies a positive but weak relationship (Figure 4.1E), indicating that 

changes in secretion does not necessarily correspond to alterations in circulating levels. 

 

Surprisingly, there was no difference in the proteome of obese patients with NAFL 

compared to No pathology (Figure 4.1F), and no proteins were only detected in one 

group. Patients with NASH had 11 proteins markedly altered in the plasma, of which 

eight were increased, and three were decreased compared to those with No pathology 

(Figure 4.1G). When NASH was compared to NAFL, we identified nine altered 

proteins, including a reduction in apolipoprotein F (APOF), pregnancy zone protein 
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(PZP), CD5 molecule like (CD5L), and an increase in Ficolin 3 (FCN3), transforming 

growth factor beta induced protein (TGFBI) and immunoglobulin kappa variable 2-28 

(IGKV2-28; Figure 4.1H). APOF and PZP were decreased in patients with NASH 

compared to NAFL and No pathology, and ACTA2, FCN3 and TGFBI were increased 

with NASH compared to NAFL and No pathology and may be effective potential as 

biomarkers for NASH.  

 

Figure 4.1: Identification of differentially abundant plasma proteins in patients 
with NASH.(A) The number of proteins detected in the plasma of each patient. (B) The 
dynamic range of quantified proteins (LFQ, label-free intensity, ALB Albumin, 
APOA1, Apolipoprotein A1; MASP 1, Mannan-binding lectin serine protease 1; PROZ, 
Protein Z, Vitamin K Dependent Plasma Glycoprotein). (C) The number of “liver-
specific” proteins in our plasma proteome according to the Human Protein Atlas (HPA) 



  

136 
 

(D) Number of proteins detected in the liver and plasma secretome (n=96). (E) 
Pearson’s correlation coefficient of plasma protein abundance in patients with NAFL vs 
No pathology, (F) NASH vs No pathology, (G) NASH vs NAFL. Red and blue dots 
indicate significantly upregulated and downregulated proteins, respectively. 
Significance was determined by student’s unpaired t-test corrected by permutation-
based false discovery rate of q<0.05. No pathology, n=72; NAFL, n= 136; NASH, n= 
57, unless specified otherwise. Proteins are identified by gene name.  
 

4.2.2. Identification and assessment of potential NASH biomarkers  

To assess whether the plasma proteins differentially regulated in NASH could serve as 

practical biomarkers, we assessed the relative levels and performed receiver operating 

characteristic curves of APOF, FCN3, IGKV2-28, and AFM in NASH. These 

candidates were pursued based on significance, significance across multiple screens 

including liver secretion (Chapter 3), and not regulated by sex (e.g., PZP) [305] were 

examined further. 

 

APOF was significantly reduced in the plasma of NASH patients compared to those 

with no liver pathology (Figure 4.2A) and obtained an excellent AUROC of 0.82 (95% 

CI of 0.75 – 0.89) (Figure 4.2B). A specified cut-off of < -3.548 achieved a sensitivity 

of 75.0% and a specificity of 78.1%. We then assessed whether circulating APOF could 

discriminate NASH from patients without NASH (i.e., NAFL and No pathology = No 

NASH). Patients with NASH had lower circulating APOF levels than those without 

NASH and achieved an acceptable AUROC of 0.73 (95% CI 0.66-0.80). A threshold of 

<-3.552 achieves a sensitivity of 75.0% with a specificity of 63.6%. 

 

FCN3 was increased in the plasma of patients with NASH compared to those with No 

pathology and achieved an AUROC of 0.77 (95% CI 0.69 - 0.86, Figure 4.2E & F). 

When a threshold of >-1.820 was applied, FCN3 achieved a sensitivity of 80.7% and 

specificity of 70.1%. FCN3 levels were higher in NASH patients than those without 
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NASH (Figure 4.2G). ROC curve analysis demonstrated an AUROC of 0.73 (Figure 

4.2H) with a sensitivity of 72.0% and specificity of 71.4% at a cut-off of >-1.545. 

 

IGKV2-28 was increased in the plasma of patients with NASH compared to those with 

No pathology (Figure 4.2I), and IGKV2-28 obtained an AUROC of 0.63 (p<0.0073. 

95% CI 0.54 – 0.73, Figure 4.2J). A threshold of >0.04 achieved a sensitivity of 70.1% 

and specificity of 50.0%. Similarly, there was an increase in IGKV2-28 levels in 

patients with NASH compared to those without NASH, and poorly discriminates NASH 

with an AUROC of 0.63 (p<0.0023, 95% CI 0.55 – 0.71, Figure 4.2K & L). The 

sensitivity and specificity were 70.1% and 51.8%, respectively, when a cut off of 

>0.068 was applied. 

 

Liver Afamin (AFM) secretion was increased with NASH compared to No pathology 

(Chapter 3). AFM was increased with NASH compared to those with No pathology 

(Figure 4.2M) and obtained an acceptable AUROC of 0.74 (p<0.0001. 95% CI 0.66 – 

0.83, Figure 4.2N). When a cut-off of >1.130 was applied, a sensitivity of 70% and 

specificity of 66.0% was achieved. Similarly, there was an increase in AFM levels in 

patients with NASH compared to those without NASH (Figure 4.2O) and the AUROC 

was 0.66 (p=0.0014, 95% CI 0.55 – 0.72, Figure 4.2P). Application of a threshold of > 

1.130 obtains a sensitivity of 70.2% and specificity of 52.2%.  
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Figure 4.2: Diagnostic utility of plasma proteomics for NASH. (A) Plasma APOF 
levels were stratified for patients with No pathology and with NASH. (B) AUROC 
curves of APOF4 show diagnostic utility to identify obese patients with NASH 
compared to obese individuals without adverse liver pathology. (C) Plasma APOF 
levels were grouped for patients with and without NASH. (D) AUROC curves of 
APOF4 show diagnostic utility to stratify patients with NASH against those without 
NASH. (E) Plasma FCN3 levels were stratified for patients with No pathology and with 
NASH. (F) AUROC curves of FCN3 show diagnostic utility to stratify patients with 
NASH against obese patients without liver pathology. (G) Plasma FCN3 levels were 
stratified for patients without and with NASH. (H) AUROC curves of FCN3 show 
diagnostic utility to stratify patients with NASH against those without NASH. (I) 
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Plasma IGKV2-28 levels were stratified for patients with No pathology and with 
NASH. (J) AUROC curves of IGKV2-28 show diagnostic utility to stratify patients 
with NASH against obese patients without liver pathology. (K) Plasma IGKV2-28 
levels were grouped for patients with and without NASH. (L) AUROC curves of 
IGKV2-28 show diagnostic utility to stratify patients with NASH against those without 
NASH. Data were analysed using student’s unpaired t-test of the Log2 transformed and 
median subtracted values. Line denotes median value (Panel A, C, E, G, I, K, M & O). 
Significance was set at * P<0.05. No pathology n=72; NASH, n=57; No NASH, n=217; 
NASH, n=57.  
 

4.2.3. Identification of potential biomarkers for NAFLD F2-3  

We then sought to assess whether NAFLD-associated fibrosis was associated with 

alterations in circulating proteins. APOF was decreased and FCN3 and fibronectin 1 

(FN1) were increased in patients with NAFLD F0 compared to those with No pathology 

(Figure 4.3A). In patients with NAFLD F2-3, seven proteins were altered in the plasma 

compared to those with No pathology (Figure 4.3B), with decreased levels of IGKV2-

28, PZP, sex hormone binding globulin (SHBG), and insulin like growth factor binding 

protein acid labile subunit (IGFALS), and increased levels of retinol binding protein 4 

(RBP4) [306; 307], CD5L, and mannan-binding lectin serine protease 1 (MASP1) in 

NAFLD F2-3 (Figure 4.3B). When comparing NAFLD F2-3 to NAFLD F0, there were 

ten altered plasma proteins, including reduced levels of IGKV2-28, TGFBI, and 

ACTA2, and increased levels of RBP4 and CD5L (Figure 4.3C). CD5L, IGKV2-28, 

RBP4, and PZP were significantly altered in NAFLD F2-3 compared to both No 

pathology and NAFLD F0 and there were no differences in the plasma proteome when 

comparing patients with NAFLD F1 to NAFLD F0 or NAFLD F2-3 to NAFLD F1 

(Figure 4.3D & E).  
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Figure 4.3: Identification of differentially abundant plasma proteins in patients 
with NAFLD F2-3.Identification of plasma proteins grouped by (A) NAFLD F0 vs No 
pathology, (B) NAFLD F2-3 vs No pathology, (C) NAFLD F2-3 vs NAFLD F0, (D) 
NAFLD F2-3 vs NAFLD F1, (E) NAFLD F1 vs NAFLD F0. Red and blue dots indicate 
significantly upregulated and downregulated proteins, respectively. Significance was 
determined by students t-test corrected by permutation-based false discovery rate of 
q<0.05 NAFLD F2-3 n=32; NAFLD F1, n=58; NAFLD F0, n=103; No pathology, 
n=72. Proteins were identified by gene name.  
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4.2.4. Assessment of potential NAFLD F2-3 biomarkers  

We next asked if the differentially regulated proteins identified in NAFLD F2-3 (Figure 

4.3) could be used as biomarkers for disease stratification. Patients with No pathology 

and NAFLD F0 were grouped to form F0 (n=175). Patients with NAFLD F2-3 had 

significantly lower circulating levels of IGKV2-28 than those with F0 (Figure 4.4A), 

and this achieved an acceptable AUROC of 0.79 (p<0.0001, 95% CI 0.7 – 0.87, Figure 

4.4B). When a cut-off of <-0.1873 was applied, IGKV2-28 obtained a sensitivity of 

78% and a specificity of 70%. Circulating CD5L was increased with NAFLD F2-3 

when compared with F0 (Figure 4.4C), and it achieved an acceptable AUROC of 0.74 

(p<0.0001, 95% CI 0.65 – 0.83, Figure 4.4D) with a sensitivity of 71.7%, specificity of 

62.9% when a cut off >1.156 was applied. The known hepatokine RBP4 was increased 

in NAFLD F2-3 compared with F0 (Figure 4.4E), and AUROC analysis obtained an 

acceptable value of 0.77 (p<0.0001, 95% CI 0.689 – 0.843, Figure 4.4F) with a 

sensitivity and specificity of 71.8% and 69.1% (cut off >1.135), respectively. Lastly, 

plasma APCS was increased in NAFLD F2-3 compared with F0 (Figure 4.4G) and 

obtained an acceptable AUROC of 0.71 (p=0.0002, 95% CI 0.614 – 0.800, Figure 

4.4H), a cut-off of >1.046 achieved a sensitivity of 71.9% and specificity of 67.4%. 

 

We next assessed the ability of current non-invasive scores to discriminate NAFLD F2-

3 in our cohort. ROC analysis of the NAFLD fibrosis score and BARD score was not 

significantly different than random chance (defined as AUROC= 0.5) with an AUROC 

of 0.52 and 0.55, respectively (Figure 4.4I). APRI achieved a poor discrimination with 

an AUROC of 0.65 (Figure 4.4I) and was greater than random chance.  

Other non-invasive measures such as the Fib-4 score, and ALT/AST ratio were not 

different than random chance (Figure 4.4J). In comparison, IGKV2-28 achieved an 
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AUROC of 0.79 (Figure 4.4B & I-J) and outperformed all non-invasive scores (Figure 

4.4I & J) for discrimination of NAFLD F2-3. 
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Figure 4.4: Diagnostic utility of plasma proteins for stratification if NAFLD F2-3 
in obese patients. (A) Plasma IGKV2-28 levels were stratified for patients with F0 (No 
pathology and NAFLD F0 combined) and those with NAFLD F2-3. (B) Receiver 
operative characteristic (ROC) curve for the prediction of NAFLD F2-3 by IGKV2-28 
plasma levels. (C) Plasma CD5L levels stratified for patients with F0 and NAFLD F2-3. 
(D) ROC curve for the prediction of NAFLD F2-3 by plasma CD5L levels. (E) Plasma 
RBP4 levels stratified for patients with F0 and NAFLD F2-3. (F) ROC curve for the 
prediction of NAFLD F2-3 by plasma RBP4 levels. (G) Plasma APCS levels stratified 
for patients with F0 and NAFLD F2-3. (H) ROC curve for the prediction of NAFLD 
F2-3 by plasma APCS levels. (I) ROC curve for the prediction of NAFLD F2-3 by 
plasma IGKV2-28, the APRI, BARD and NAFLD Fibrosis score. (J) ROC curve for the 
prediction of NAFLD F2-3 by plasma IGKV2-28, ALT/AST ratio and the Fib-4 score. 
Line denotes median value (Panel A, C, E & G). Each dot represents a single patient. 
Significance was assessed by unpaired t-test or Wilcoxon rank sign test. Significance set 
at *P<0.05. F0, N= 175; NAFLD F2-3, n=32. 
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4.3. Discussion 

Obese patients are more likely to develop NAFLD and NASH and progress to more 

severe disease such as cirrhosis and HCC [308-310]. There remains to be no safe, 

effective, and practical screening tool to effectively stratify obese patients with NASH 

and NAFLD F2-3. Identifying patients at earlier stages of disease before end stage is of 

paramount importance. In this study, we performed plasma proteomics to identify high 

abundant plasma proteins that can effectively stratify obese patients with NASH and 

NAFLD F2-3. We show that (1) assessment of the high abundance proteins in the 

plasma proteome contains high similarly to the liver secreted proteome, (2) NASH and 

NAFLD F2-3 results in modest changes in circulating proteins when compared to those 

without pathology and NAFL, and (3) APOF and FCN3 can effectively identify NASH 

and APCS and IGKV2-28 can stratify patients with NAFLD F2-3, thereby meeting the 

criteria as candidate biomarkers. 

 

Plasma proteomics is often performed for biomarker analysis in various liver 

pathologies [273]. A caveat of plasma proteomics is often plagued by the impaired 

detection of low abundance proteins as plasma proteins span over 13 orders of 

magnitude [303]. It is common place to remove these high abundant proteins to reduce 

the orders of magnitude and increase detection of low abundance plasma proteins [311]. 

However, our liver secreted proteome exhibited strong overlap with previous analyses 

of the top 200-1000 proteins [227]. Further, others show similar findings in humans 

with alcoholic liver disease where 77.6% of the plasma proteins identified, were also 

detected in liver tissue [301]. Because a large proportion of highly abundant plasma 

proteins are derived from the liver [312], we reasoned that assessment of the top200-

1000 plasma proteins may identify biomarkers that reflect NASH and NAFLD F2-3 



  

145 
 

liver pathophysiology. We identified modest alterations in the plasma proteome of 

obese patients with NASH and NAFLD F2-3, some of which aligned with previous 

studies examining the human plasma proteome using mass spectrometry proteomics, 

mirroring the changes observed in AFM, TGFBI, and SHBG with NASH [272; 274; 

313]. 

 

We initially focused on NASH given it is the more severe form of NAFLD, patients 

with NASH have accelerated progression of hepatic fibrosis and development of HCC 

[294] and is difficult to detect with other non-biopsy techniques. The best biomarker to 

stratify NASH was the bona fide hepatokine [304] APOF. APOF was markedly reduced 

in the plasma of NASH patients and with an AUROC of 0.83 and performed excellently 

to stratify patients with NASH and appears to perform better than AFM (AUROC of 

0.74). Others have also shown that APOF is reduced in the plasma of patients with 

NASH [314; 315] and it is currently part of a panel of proteins patented for mass 

spectrometry mediated diagnosis of NAFLD (WO2018/037229 A1).  

 

Liver fibrosis regardless of steatosis or inflammation, is associated with overall and 

liver-related mortality [141; 153]. Despite this, there are no non-invasive approaches to 

effectively stratify those with advanced fibrosis. The best biomarker to stratify NAFLD 

F2-3 in this analysis was IGKV2-28 (Figure 4.4) that was reduced in the plasma of 

NAFLD F2-3 patients and performed near excellently (AUROC: 0.79) to stratify these 

patients. Little is known about IGKV2-28, other than hepatic expression of IGKV2-28 

in NAFLD patients was associated with decompensated cirrhosis and HCC [316].We 

also identified RBP4 and APCS whose plasma levels were increased with NAFLD F2-3 

and achieved acceptable AUROCs to stratify NAFLD F2-3. Both RBP4 and APCS have 
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previously been identified as biomarkers for NAFLD [272; 317] and are yet to be 

effectively incorporated into a scoring panel to stratify patients with NAFLD F2-3. We 

further re-emphasise (Chapter 3) that non-invasive scores including NAFLD fibrosis 

score, and the BARD score do not perform well in our obese cohort (Figure 4.4) and 

that IGKV2-28 outperform these scores. This discovery cohort provides justification to 

validate our biomarkers in an additional cohort of NAFLD patients. More detailed 

statistical comparisons are required in ours and additional cohorts to statistically 

compare the IGKV2-28 ROC curves to APCS, or APRI and BARD ROC curves to 

quantify improvement in NAFLD F2-3 stratification. This is an ongoing assessment 

however, the AUROC alone is remarkably different for IGKV2-28 (0.79) vs APRI vs 

(0.66) and it is highly likely that IGKV2-28 remains a more worthwhile candidate to 

diagnose NAFLD F2-3 than the APRI score. 

 

Closer examination of the individuals with NAFLD F2-3 reveals the same six patients 

whose plasma levels of IGKV2-28, APCS, and CD5L are similar to those in the F0 

group. Interestingly five of these six patients are males with poorly controlled fasting 

blood glucose and elevated HbA1c levels, and four have been previously diagnosed 

with T2D. This observation highlights two critical points. Firstly, this warrants re-

analysis of sex-specific effects, noting our lack of power in male individuals, and 

second and potentially sex-specific biomarkers may be a worthwhile pursuit. Second, 

we could enhance our biomarkers sensitivity and specificity by potentially incorporating 

measures of glycaemic control. One protein, IGKV2-28, was quite surprising, being 

lower in the plasma of NASH patients yet higher in those with significant fibrosis. This 

may seem counter-intuitive; however, NASH and fibrosis are associated, not present 

hand in hand [120]. In our study, we have 8 / 57 NASH patients with have significant 
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fibrosis (F2-3). Perhaps IGKV2-28 could have dual uses in identifying those with 

NASH and NAFLD F2-3 in separate scores. It is unlikely that a single marker alone can 

stratify NASH and is likely required to be part of an algorithm that incorporates routine 

biochemical measures such as circulating fasting blood glucose and HbA1c may 

enhance the sensitivity and specificity of NASH diagnosis. The multivariate analysis 

would be required as previously performed by our group [4; 120] and is the focus of 

ongoing research in our laboratory. 

 

Similar to our liver secreted findings (Chapter 3) and contrasting previous studies [272], 

we observed no difference in the plasma proteome in those with NAFL vs No pathology 

(Figure 4.1F). However, our approach assessed higher abundant proteins [227] and not a 

comprehensive approach to quantify the total plasma proteome [272], and therefore may 

be limited by low abundance proteins that would be primarily impacted. Alternate 

approaches could include global correlational analysis comparing the relative abundance 

of plasma proteins compared to the percentage of liver fat scored by pathologists in their 

assessment of steatosis [216], or liver triglyceride content in the snap-frozen human 

liver tissue to more accurately reflect changes in circulating proteins steatosis. 

 

Combination of hepatokine secretion (Chapter 3), and plasma proteomics (Figure 4.1) 

analyses identified only two proteins, Afamin (AFM) and APCS, that were increased in 

the liver secreted and plasma proteome with NASH and NAFLD F2-3, respectively. 

Increased plasma APCS has been identified previously in murine plasma proteome 

studies comparing long (>6 months) and short term (<2 months) high fat feeding [274]. 

However, the authors hypothesised that this increase was likely due to an increased 

APCS expression in visceral adipose, not an increase in liver secretion with NAFLD 
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severity [274]. On the other hand, plasma AFM levels were increased in patients with 

NAFLD [272], in NAFLD with T2D compared to those with T2D without NAFLD 

[274], and circulating concentrations are associated with waist circumference and 

fasting blood glucose [318]. However, when combined with plasma proteomics, we 

identified liver-specific [304] and NAFLD F2-3 reflective biomarker APCS and NASH 

liver reflective AFM and these two proteins warrant use to reflect NAFLD liver 

pathologies. 

 

A limitation of our study is the size of our discovery cohort and that we have not 

prospectively validated the efficacy of the identified biomarkers in a validation cohort 

comprised of individuals at risk of NAFLD or NASH. Our assessment of the top200-

1000 proteins lacks coverage of low abundant proteins. Future analysis will utilise the 

small protein enrichment assay (SPEA) [319] to quantify low abundant proteins in the 

plasma for further identification of NAFLD-related fibrosis biomarkers. Finally, similar 

to previously discussed limitations in Chapter 3, our cohort comprises women primarily, 

and we have not assessed the differences in circulating proteins in males compared to 

females. For example, sex-specific differences in PZP [305] and SHBG [320] and other 

under studied proteins may hinder the interpretation of the current findings. 

 

In conclusion, plasma proteomics analysis of 265 obese individuals identified IGKV2-

28 and APOF as biomarkers to effectively stratify patients with NAFLD F2-3 and 

NASH, respectively. In addition, APCS secretion from livers with NAFLD F2-3 and 

circulating levels are increased, positing it as a pathophysiology-specific biomarker. 

Future studies validating these biomarkers in an additional cohort and development of 

antibody-mediated approaches to quantify the concentration of IGKV2-28 and APOF 



  

149 
 

are warranted to develop high-throughput use to stratify patients with NAFLD F2-3 and 

NASH effectively.
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5. Chapter 5: Characterisation of a novel hepatokine 

EMILIN1 in NASH and NAFLD-associated fibrosis 

5.1 Introduction 

NAFLD is the most common liver disease worldwide [8-10]. It comprises a spectrum of 

histological conditions, NAFL and its more progressive form, NASH. Histologically, 

NAFL is characterised by steatosis that comprises ≥5% in the field of view assessed by 

light microscopy and progresses to NASH when accompanied by lobular inflammation 

and hepatocyte ballooning [216]. Fibrosis can be present at any stage of the NAFLD 

spectrum of disease, and at any stage, it is associated with treatment complications, 

liver-related and overall mortality [33; 140; 141]. Further patients with NASH display 

fibrosis progression at twice the rate of a patient with NAFL [32], indicative of distinct 

cross talk between multiple cell types within the NASH liver. While the global 

prevalence of NAFLD is approximately 25% [19], and 37% of all NAFL and NASH 

patients will develop progressive fibrosis [32], there is an unmet demand for safe and 

effective pharmacological therapies for the treatment of NAFLD or fibrosis [96]. 

 

Side effects of currently available pharmaceuticals present a barrier to the effective 

treatment for NAFLD and NASH. Currently available drugs to treat NASH, but not 

fibrosis, include pioglitazone and vitamin E [96; 321]. However, caution has been 

excised in wide-scale use of both drugs for the treatment of NAFLD/NASH given that 

pioglitazone increases the risk of fractures in women [322] and weight gain even after 

discontinuation of treatment [323], while high dose vitamin E is associated with 

increased prostate cancer risk and all-cause mortality [324; 325]. Notably, there are no 

approved drugs to treat hepatic fibrosis. Overall, this demonstrates the need to identify 
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novel targets and develop new therapies that inhibit fibrosis or promote resolution of 

NAFLD/NASH and hepatic fibrosis, and its associated co-morbidities such as insulin 

resistance. 

 

TGFβ1 is the primary cytokine that governs the initiation and progression of fibrosis 

[279-281]. TGFβ1 is secreted bound to its latency-associated peptide (LAP) forming a 

small latent complex (SLC). Subsequently, the SLC binds to the latent TGFβ binding 

protein forming the large latent complex (LLC) that is then secreted into the ECM, 

crosslinked to fibrillin and or fibronectin microfibrils that can sequester the LLC [326-

330]. Upon structural deformation or proteolytic cleavage of LAP, this releases the 

mature TGFβ dimer that can bind to TGFβ receptor II (TGFβRII), which is highly 

expressed on the hepatic stellate cell (HSC) compared to other cell types in the liver. 

Activation of the TGFβ receptor leads to activation and differentiation of HSCs into 

Acta2 expressing myofibroblast-like cells that produce and secrete extracellular matrix 

proteins in the liver. These matrix proteins include the interstitial collagens collagen 

type one or three α1 chain (COL1A1 and COL3A1) along with tissue inhibitor of 

metalloproteases -1 and -3 (TIMP1 and -3) [331; 332]. Reducing TGFβ1 signalling can 

resolve fibrosis, reduce hepatic lipid accumulation, attenuate dyslipidaemia, and 

improve blood glucose control, which are common to NAFLD disease pathogenesis 

[280; 333; 334]. Further, liver-specific TGFβ1 knock-out mice were protected from 

diet-induced obesity, hyperglycaemia, and insulin resistance [333]. In line with these 

findings, hepatocyte specific TGFβRII deletion reduces hepatic steatosis, inflammation, 

ballooning, and hepatic fibrosis in mice [334], while administration of anti-TGFβ1 

antibodies reduces weight gain, improves glucose tolerance and insulin sensitivity, and 

resolves hepatic lipid accumulation in high-fat fed and Lepob/ob mice [280]. Despite this 
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extensive body of evidence to support the use of anti-TGFβ therapeutics, few have been 

successful in clinical trials owing to their off-target side effects [335]. Therefore, 

altering how we target TGFβ signalling may be yield clinical benefit without unwanted 

side effects and provide an effective treatment for NAFLD, fibrosis, and its associated 

metabolic co-morbidities. 

 

EMILIN1 is a 110 kDa protein (intact form) that is secreted to a greater extent from the 

liver of patients with NASH or NAFLD and significant fibrosis compared to livers 

without adverse pathology (Chapter 3). Further, we previously speculated that 

hepatokines may exert a more profound autocrine and paracrine effect given a weak 

correlation to of liver secreted proteins to their corresponding circulating levels (Chapter 

4). EMILIN1 is expressed in all cell types of the liver [175] and previous findings report 

EMILIN1 as a binding partner of pro-TGFβ1, which prevents TGFβ1 release from the 

LLC and effectively reduces TGFβ1 signalling in vitro, Xenopus embryos and in mice. 

[282]. As mentioned above, TGFβ1 coordinates the production and secretion of 

extracellular matrix proteins in the liver and contributes to fibrosis and the development 

of metabolic co-morbidities in NAFLD. Accordingly, this study aimed to determine 

whether EMILIN1 can resolve NASH and hepatic fibrosis and resolve NASH-

associated metabolic co-morbidities in mice.  
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5.2 Results 

5.2.1. Human liver secreted Emilin1 correlates with measures of glycaemic control 

We have previously shown that EMILIN1 expression and secretion is increased in liver 

derived from patients with NASH and NAFLD F2-3, and that plasma EMILIN1 levels 

are also increased in NASH patients (Chapter 3). Given the close links of 

NAFLD/NASH to impaired glycaemic control, we first assessed the relationship 

between liver EMILIN1 secretion (Chapter 3), and markers of glycaemic control 

assessed in patient-matched blood samples. Liver EMILIN1 secretion was weakly 

correlated to fasting blood glucose, glycated haemoglobin (HbA1c), and C-peptide 

levels (Figure 5.1A-D). Further, EMILIN1 secretion was significantly increased in 

patients with NAFLD and T2D compared to those without T2D and / or NAFLD 

(Figure 5.1E). We next assessed whether circulating levels of EMILIN1 were correlated 

with measures of glycaemic control. Plasma EMILIN1 was positively correlated with 

fasting blood glucose and HbA1c (Figure 5.1F& G) but were not associated with insulin 

and C-peptide levels (Figure 5.1H & I).  
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Figure 5.1: Liver secreted EMILIN1 correlates with measures of glycaemic 
control. Liver secreted EMILIN1 correlated with (A) fasting blood glucose, (B) 
glycosylated haemoglobin (HbA1c), (C) plasma insulin (D) plasma C-peptide in 
matched patients. (E) Liver secreted EMILIN1 with or without NAFLD and type 2 
diabetes (T2D). Plasma EMILIN1 correlated to (F) Fasting blood glucose, (G) HbA1c, 
(H) insulin, and (I) C-peptide levels. For correlation analyses, N=83-90. For 
NAFLD/T2D, N= 25, 46 and 24, respectively. Data is displayed as mean ± SEM. * P 
<0.05. Significance was determined by Pearson’s correlation co-efficient (panel A-D, F-
I) or one-way ANOVA with Bonferoni’s post hoc test (panel E).  
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5.2.2. Liver-specific Emilin1 overexpression in mice with NASH 

EMILIN1 inhibits TGFβ1 signalling in HEK293T, mouse embryonic fibroblasts and in 

mice [282]. Hence, we surmised that overexpression of Emilin1 in the liver would 

inhibit TGFβ1 signalling and reduce hepatic steatosis and fibrosis in murine NAFLD. 

Mice were fed a CHOL diet for 20 weeks and were segregated into experimental groups 

after matching for body weight and glucose tolerance (data not shown). Mice aged 20 

weeks and were injected i.v with an AAV8 vector containing Emilin1 cDNA (Emilin1-

AAV) or scrambled DNA (Control-AAV) and were then fed a CHOL diet for further 12 

weeks totalling 32 weeks of feeding. Liver mRNA expression of Emilin1 was increased 

~12 fold following Emilin1-AAV administration with no differences in heart, kidney, 

white adipose tissue and skeletal muscle (Figure 5.2A). We attempted to validate 

overexpression of EMILIN1 protein in the liver by immunoblot analysis; however, we 

could not detect EMILIN1 overexpression via immunoblot (Figure 5.2B) and is likely 

due to degradation of EMILIN1 into several effector proteins by proteases such as 

neutrophil elastase (NE) as previously described (Figure 5C taken from Pivetta et al, 

2014) [287] and agrees with previous studies showing degradation in various human 

cancers [287]. Emilin1-AAV administration did not alter body weight, individual tissue 

weights, adiposity, or liver damage markers ALT and AST compared with Control-

AAV (5.2 B-E).  
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Figure 5.2: Effects of hepatic Emilin1 overexpression on metabolic parameters 
following 32 weeks of CHOL feeding. (A) Emilin1 expression was assessed in the 
liver and other tissues. eWAT, epididymal adipose tissue; Sk.Muscle, skeletal muscle. 
Immunoblot of EMILIN1 in Control-AAV or EMILIN1-AAV CHOL fed mice. (C) 
Figure taken from Pivetta et al 2014 [287]. Immunoblot staining for EMILIN1. Lanes 
include of recombinant EMILIN1 incubated with or without neutrophil elastase (NE) for 
5 or 15 min and 13 patients with leiomyosarcomas (LMS). Red arrow depicts intact 
EMILIN1, and black arrows highlight NE dependent EMILIN1 fragmentation. (D) 
Assessment of body weight (dotted line indicates Emilin1- or Control-AAV injection). 
(E) Tissue mass at cull. (F) Lean and fat mass assessed by EchoMRI, and (G) plasma 
alanine transferase (ALT) and aspartate transferase (AST) levels. N=7 in each group. 
Data is displayed as mean ± SEM. * P <0.05 vs Control-AAV. Significance was 
assessed by unpaired two-tailed t-test (panels A, E-G) or two-way ANOVA followed by 
Bonferoni post hoc test (panel D).  



  

157 
 

5.2.3. Emilin1 overexpression in the liver does not impact hepatic glucose and lipid 

metabolism  

Histological assessment of steatosis on H&E sections revealed no difference between 

treatment groups. Biochemical evaluation showed no effect of Emilin1-AAV 

administration on liver triglyceride content (Figure 5.3A & B). Consistent with these 

findings, radiometric determination assays of liver glucose and fatty acid oxidation 

revealed no effects of Emilin1-AAV administration on glucose oxidation, de novo 

lipogenesis, fatty acid uptake, oxidation, and incorporation into various lipid species 

when compared with Emilin1-AAV administration (Figure 5.3F - H). 

NAFLD is often accompanied by inflammation and hepatic fibrosis, and TGFβ1 

signalling is implicated in these processes. There was no significant effect of Emilin1-

AAV on inflammation, hepatocellular damage or fibrosis as assessed by histological 

assessment of Masson trichrome stained liver sections. Macrophage marker, F4/80 was 

not different following Emilin1-AAV administration (Figure 5.3H), however there 

tended to be a reduction in C–C motif chemokine ligand 2 (Ccl2) expression in livers 

with Emilin1 overexpression (Figure 5.3H). The expression of tumour necrosis factor α 

(Tnfa) and Il1b was not altered with Emilin1-AAV treatment (Figure 5.3H).  

Furthermore, there were no differences in the expression of hepatic Acta2, Tgfb1, 

Col1a1 with Emilin1-AAV compared to Control-AAV (Figure 5.3I). Liver Col3a1 and 

Timp1 tended to be reduced with Emilin1-AAV administration (p=0.1); however, this 

did not reach statistical significance (Figure 5.3I). Timp3 expression was not different 

between groups. All together, these results suggest that Emilin1 overexpression is 

unlikely to confer therapeutic benefits in early-stage NASH.
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Figure 5.3: Liver-specific overexpression Emilin1 does not alter hepatic lipid 
metabolism or hepatic fibrosis in CHOL mice. (A) Representative liver histology 
stained with hematoxylin and eosin and Masson’s trichrome at 10x magnification. Scale 
bar denotes 200 µm. (B) Hepatic triglyceride content (C) radiometric tracing of glucose 
oxidation and (D) de novo lipogenesis. (E) Radiometric tracing of the rate of fatty 
uptake, (F) lipid storage, and (G) oxidation. (H) Liver mRNA expression of 
proinflammatory genes. (I) Liver mRNA expression of profibrotic genes N=7 in each 
group unless specified otherwise. Data is displayed as mean ± SEM. * P <0.05 vs 
Control-AAV. Significance was assessed by unpaired two-tailed t-test (Panel B, E-I) or 
Mann-Whitney test (Panel C & D). 
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5.2.4. Hepatic Emilin1 reduces insulin secretion in mice with NASH and metabolic 

disease 

To assess whether Emilin1 could alter common metabolic comorbidities of NAFLD, we 

assessed whole-body measurements of glycaemic control and dyslipidaemia that are 

also augmented with reductions in TGFβ1 signalling [280; 333]. We observed no 

difference in fasting blood glucose levels or glucose tolerance between treatment groups 

(Figure 5.4A & B). Fasting plasma insulin levels (p=0.08) and plasma insulin levels in 

response to an oral glucose load were lower with Emilin1-AAV (Figure 5.4C). Whole 

body insulin sensitivity measured by an insulin tolerance test was not different between 

groups (Figure 5.4D). Circulating levels of triglycerides, free fatty acids, and 

cholesterols were not different between groups (Figure 5.4E - G). 
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Figure 5.4: Effect of liver-specific overexpression of Emilin1 on NAFLD-related 

metabolic comorbidities. (A) Assessment of glucose tolerance (2 g/kg, oral) and (B) 
total glucose area under the curve. (C) Plasma insulin levels assessed before and during 
the glucose tolerance test (n=6 Control-AAV and n=7 Emilin1-AAV) (D) Assessment 
of insulin sensitivity using an insulin tolerance test (1 u/kg). Fasting plasma (E) 
triglycerides, (F) free fatty acids, and (G) cholesterol. N=7 in each group unless 
specified otherwise. Data is displayed as mean ± SEM. * P <0.05 vs Control-AAV. 
Significance was assessed by two-way ANOVA followed by Bonferoni post hoc test 
(panel A, C and D) or unpaired two-tailed t-test (panels B, E-G). 
 

5.2.5. Hepatic Emilin1 does not alter body weight or glycaemic control in mice with 

severe NASH 

While CHOL feeding adequately recapitulates human NAFL and NAFLD-associated 

metabolic comorbidities, it does not induce severe NASH or significant hepatic fibrosis 

[336]. To overcome this limitation, we assessed whether Emilin1 overexpression could 

reduce NAFLD severity and hepatic fibrosis in mice fed an MCD, a dietary model that 

induces severe NASH and fibrosis. Following four weeks of MCD feeding, mice were 

injected intravenously with Emilin1-AAV or Control-AAV and NAFLD and its 
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associated co-morbidities were subsequently assessed. After four weeks of AAV 

administration, we observed a two-fold increase in liver Emilin1 expression with 

Emilin1-AAV compared with Control-AAV (Figure 5.5A). We attempted to assess 

protein levels by immunoblot but as previously shown [287] (Figure 5.2B & C), we 

detected EMILIN1 degradation (data not shown). Emilin1 overexpression did not 

change body or tissue weights (Figure 5.5D & E), nor circulating liver damage markers 

AST or ALT levels over time (Figure 5.5D & E). .  
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Figure 5.5: Metabolic characterisation of hepatic Emilin1 in short-term MCD 
feeding. (A) Hepatic mRNA levels of Emilin1 in MCD mice following four weeks of 
Emilin1-AAV or Control-AAV overexpression. (B) assessment of body weight over the 
8 weeks of MCD feeding, (C) tissue mass and (D) plasma aspartate transferase (AST), 
at week 7 Control-AAV n=9, Emilin1-AAV=8); at cull Control-AAV n=5, Emilin1-
AAV n=6) and (F) alanine transferase (ALT) at week 7 (Control-AAV n=9, Emilin1-
AAV n=8); at cull (Control-AAV, n=5; Emilin1-AAV n=6). Data is displayed as mean 
± SEM, N=8 Control-AAV and n=9 Emilin1-AAV unless specified otherwise, * P 
<0.05 vs Control-AAV. Significance was assessed by unpaired two-tailed t-test (panels 
A, E, F, and G) or two-way ANOVA coupled with Bonferroni’s post hoc test (panel D).  
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5.2.6. Short term overexpression of Emilin1 reduces expression of hepatic fibrosis 

Histological assessment of the liver in Emilin1-AAV mice revealed no differences in 

hepatic steatosis (Figure 5.6A); or liver triglyceride content (Figure 5.3B) however, 

there was a marked reduction in hepatic fibrosis on the Masson’s trichrome stain (Figure 

5.6A & C). Further, Emilin1-AAV administration did not alter the expression of 

macrophage marker F4/80 but we did observe a 50% decrease in the expression of the 

CCL2 (Figure 5.6D). We did not detect a reduction in the expression of pro-

inflammatory cytokines (Tnfa) and Il-1b (Figure 5.6D). Consistent with these 

histological findings, Emilin1-AAV administration reduced the expression of pro-

fibrotic Tgfβ1-responsive genes, including Col1a1, Col3a1, Timp1, and Timp3 

(p=0.06). Col3a1, Acta2 and Tgfb1 expression was not different between treatment 

groups (Figure 5.6E). Timp3 was not detected in three Control and three Emilin1-AAV 

mice in two independent runs and thus not included in the analysis.   
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Figure 5.6: Emilin1-AAV hepatic fibrosis but not steatosis in 8 weeks of MCD 
feeding. (A) Representative images of the liver architecture stained with hematoxylin 
and eosin stain or Masson’s trichrome stain. Scale bar denotes 200µm. (B) Assessment 
of liver triglyceride content (C) Orbit analysis of the average area on the Masson’s 
trichrome image taken up by collagen deposition (n=5 per group). Quantification was 
performed on fives images per section per mouse. (C) Liver mRNA expression of 
proinflammatory genes. (E) Liver mRNA expression of profibrotic genes. Timp3 
expression, Control -AAV, N=5; Emilin1-AAV, n=6. Data is displayed as mean ± SEM, 
N=8 Control-AAV, n=Emilin1-AAV n=9 unless specific otherwise, * P <0.05 vs 
Control-AAV. Significance was assessed by unpaired two-tailed t-test (panels A, C, D, 
E, and G) or two-way ANOVA coupled with Bonferroni’s post hoc test (panels B and 
F). 
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5.2.7. Characterisation of hepatic Emilin1 with long term MCD feeding 

Given the improvements in hepatic fibrosis with short-term Emilin1 overexpression in 

mice fed the MCD diet, we conducted a second study extending feeding of the MCD 

diet for a further four weeks. An additional control group fed a dietary matched control 

diet methionine choline supplemented (MCS) diet was added to highlight the effects of 

the MCD on liver pathology. Emilin1 expression was significantly increased ~3-fold 

with MCD feeding compared to the MCS diet (Figure 5.7A). As expected, Emilin1-

AAV administration resulted in a further increase in Emilin1 compared with MCD-fed 

mice injected with Control-AAV. Given that Emilin1 was increased with MCD feeding 

(Figure 5.7A), we posited that perhaps lipids accumulation within the hepatocyte may 

be driving Emilin1 expression. Consistent with this notion, the expression of Emilin1 

was dramatically increased in isolated hepatocytes cultured in the presence of lipids 

compared to all other metabolic substrates (Figure 5.7B).  

 

Mice fed the MCS diet gained more weight than the MCD fed mice, with or without 

Emilin1 overexpression, and this was due to differences in fat mass but not lean mass 

(Figure 5.7C-D). Liver weight was increased in mice fed the MCD compared with the 

control MCS diet, and there was no difference in liver mass between Control-AAV and 

Emilin1-AAV injected mice (Figure 5.7D). Plasma ALT and AST were elevated in mice 

fed the MCD vs. MCS diet but were not different between Control-AAV and Emilin1-

AAV mice fed an MCD diet (Figure 5.7E & F). 
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Figure 5.7: Metabolic characterisation of liver specific Emilin1 overexpression 
following 12 weeks of MCD feeding. (A) Liver mRNA levels of Emilin1. (B) Emilin1 
expression in primary mouse hepatocytes after 8-hour stimulation with insulin (10 nM), 
high glucose (25 mM) high glucose and insulin, glucagon (25 pM), 2-deoxy-glucose (2-
DG) (25 mM), alanine, aspartate, pyruvate (each 25mM), a fatty acid mixture 
conjugated to 2% bovine serum albumin (palmitic acid, oleic acid, linoleic acid 
(PA/OA/LinA), 2:2:1, 500 µM), galactose (25 mM), n = 3 (hepatocytes isolated from 
four mice; experiments carried out in duplicate). (C) Assessment of body weight (dotted 
line indicative of Control-AAV or Emilin1-AAV injection) (D) tissue mass at cull, (E) 
plasma alanine transferase (ALT), and (F) aspartate transferase (AST). Data is displayed 
as mean ± SEM, N=7-10/group, Significance was assessed by one-way ANOVA 
(panels A, B, D- F) or two-way ANOVA with Bonferroni’s post hoc test (panels C). * P 
<0.05. 

A B

D E

C
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5.2.8. Eight-week overexpression of Emilin1 reduces markers of liver fibrosis 

Assessment of liver histology revealed the expected absence of steatosis and fibrosis in 

mice fed the MCS diet. MCD feeding induced significant steatosis and fibrosis 

regardless of group (Figure 5.8A & B). Histological examinations of liver sections show 

more lipid droplets present on the H&E stain (Figure 5.8A) with Emilin1 

overexpression compared to MCD Control-AAV mice. However, Emilin1 

overexpression reduced fibrosis on the Masson’s trichrome stain (p=0.09; Figure 5.8A 

& B). Consistent with these findings, biochemical determination of liver triglyceride 

content showed that MCD feeding increased hepatic triglycerides compared to MCS, 

with no difference in triglyceride content in Emilin1-AAV compared to MCD Control-

AAV mice (p=0.3, Figure 5.8B). Expectedly, there was a significant increase in Acta2 

and Tgfb1 expression in Control-AAV mice fed a MCD diet compared to the control 

MCS diet (Figure 5.8C & D). Emilin1 overexpression reduced Acta2 and Tgfb1 when 

compared to MCD Control-AAV mice, and there was no difference between Emilin1-

AAV and the MCS Control-AAV mice (Figure 5.8C & D). Col1a1 expression was 

increased in livers of mice fed the MCD diet compared to the MCS diet; however, there 

was no difference between the MCD fed Control-AAV and Emilin1-AAV mice (Figure 

5.8E). There was a striking ~30-fold increase in Col3a1 in the Control-AAV mice fed 

an MCD diet compared to the Control-AAV MCS, and Emilin1-AAV partially 

suppressed this increase in Col3a1 (Figure 5.8F). In accordance with previous from the 

short-term intervention (Figure 5.6E), Timp1 and Timp3 expression was significantly 

reduced in the livers of Emilin1-AAV mice compared to MCD Control-AAV mice such 

that levels were indistinguishable from mice fed the control MCS diet (Figure 5.8G & 

H).  
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Figure 5.8: Emilin1 overexpression reduces hepatic fibrosis in 12 weeks of MCD 
feeding. (A) Representative images of the liver architecture stained with hematoxylin 
and eosin stain or Masson’s trichrome stain from mice fed the methionine choline 
supplemented (MCS) or methionine choline deficient (MCD) diet. Scale bar denotes 
200µm. (B) Orbit analysis of the average area on the Masson’s trichrome image taken 
up by collagen deposition (n=3-5 per group), MCS, n=4; MCD-Control AAV, n=5; and 
MCD Emilin1-AAV, n=7. (C) Assessment of liver triglyceride content. (D) liver mRNA 
expression of pro-inflammatory and (E) pro-fibrotic genes. MCS, n=5; MCD-Control 
AAV, n=6; and MCD Emilin1-AAV, n=11 unless specified otherwise in each group 
unless specified otherwise. Data is displayed as mean ± SEM. * P <0.05 vs Control-
AAV. Significance was assessed by one-way ANOVA followed by Bonferroni’s post 
hoc test (panels B-E). 
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5.3. Discussion 

The prevalence of NAFLD is rising alongside its associated morbidities, including 

insulin resistance and hepatic fibrosis [8-10]. With ~25% of the world estimated to have 

NAFLD [9], the number of individuals at risk of disease progression to more severe 

liver disease, such as cirrhosis and hepatocellular carcinoma, and metabolic diseases 

such as type 2 diabetes and dyslipidaemia are immense. Therefore, there is an urgent 

need to find new pharmacotherapies to adequately treat NAFLD and hepatic fibrosis, 

both at the onset of disease, and in the advanced fibrotic state. In this study, we used 

adeno-associated viruses to overexpress the hepatokine Emilin1 in the livers of mice 

and identify Emilin1 as an effective target to reduce fibrosis in severe NASH, but not 

steatosis in NAFLD. 

 

Liver secreted proteins represent a large proportion of the body’s circulating proteins [2; 

271], and these hepatokines exert a myriad of biological actions [337-340]. We 

previously identified EMILIN1 as a hepatokine whose secretion was markedly 

increased from livers with significant fibrosis (Chapter 3). TGFβ1 signalling induces 

NAFLD, NASH and hepatic fibrosis, and can lead to impairments in whole-body 

glucose homeostasis in mice and humans [280; 281; 333; 334]. Inhibition of TGFβ1 can 

reduce / prevent the activation of hepatic stellate cells and consequently reduce the 

deposition of extracellular matrix proteins and thereby fibrosis in the liver [341-344]. 

There has been immense interest in targeting TGFβ signalling to treat hepatic fibrosis 

[281; 344; 345] and various human cancers [346]. Current approaches focus on 

targeting TGFβ1-3 proteins or the TGFβ receptor [281; 344; 345], however few are 

exploiting the innate TGFβ regulatory network that governs its activity.  
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Herein, we show that increasing hepatic Emilin1 levels reduced fibrosis in advanced 

NASH (i.e., induced by feeding mice a MCD diet) likely by preventing TGFβ release 

from the ECM. Further, Emilin1-AAV treatment does not lead to adverse pathologies 

such as neoplasms in mice fed a western-style NASH-inducing diet. Hepatic fibrosis is a 

dynamic process characterised by the net accumulation of ECM and understanding the 

mechanisms that regulate this process is critical for developing antifibrotic strategies 

[347; 348]. Our results are consistent with previous observations that EMILIN1 inhibits 

TGFβ and collagen deposition in smooth muscle fibres by binding to pro-TGFβ1 and 

preventing release of the mature TGFβ peptide [282; 343]. Secreted, not intracellular 

EMILIN1 has the capacity to bind to pro-TGFβ1 and prevent TGFβ1 signalling [282; 

349]. Consistent with in vitro findings where EMILIN1 cloned with KDEL motif to 

prevent secretion demonstrated that intracellular EMILIN1 could not inhibit TGFβ1 

signalling [282]. Further, patients with a missense mutation of c.64G>A (p.A22T) 

mapped to the signal peptide had reduced EMILIN1 in the ECM and displayed defects 

in ECM integrity [349]. Future studies are required to confirm accumulation of 

EMILIN1 in the ECM following Emilin1 overexpression via immunohistochemistry as 

previously shown [282; 349]. We hypothesise that Emilin1-AAV induced EMILIN1 

accumulation in the ECM given we observed consistent reductions in the expression of 

TGFβ-regulated genes (Timp1, 3, Acta2, Col1a1, Col3a1) [281] and reduced fibrosis 

induced by administration of Emilin1-AAV.  

 

Fibrosis is characterised by the net accumulation of ECM proteins. The factors 

regulating the major ECM constituent, collagen deposition, and subsequent fibrosis in 

the liver are multifaceted and not fully understood, [281] but at a basic level, this 

process requires translation of collagen mRNA and complex regulatory processes to 
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secrete and stabilise in the ECM alongside equal degradation to prevent ECM 

accumulation and thus fibrosis [281]. Collagen turnover or degradation is thought to be 

mediated by MMP which are inhibited by TIMP proteins in a 1:1 stoichiometric ratio 

[350]. Further, in the HSC cell line LX2, TGFβ1 signalling not only increases collagen 

synthesis and the expression of TIMPs but also reduces the expression of MMPs 

ensuring collagen deposition and net accumulation [351]. Following 4 weeks of Emilin1 

overexpression we observed no difference in ECM degrading proteins in MMPs but 

observed reductions in the expression of Timp1 and -3 indicative of decreased TGFβ1 

signalling and increased ECM degradation as MMP expression was not reduced. On the 

other hand, 8 weeks of Emilin1 overexpression led to reductions in hepatic fibrosis and 

was associated with a marked decrease in Timp1, -3, Mmp2 and -13 and markers of 

HSC activation (Acta2, Tgfb1), suggesting that long term EMILIN1 expression 

mitigates ECM production compared to MCD fed Control-AAV. The strength of 4- and 

8-week time points demonstrated a temporal effect of Emilin1-AAV, with a sustained 

reduction in liver fibrosis. However, given that there was no difference in inflammatory 

gene expression, ALT, AST, triglyceride content, and lipid droplets appeared more 

prevalent on H&E staining, these findings suggests that hepatocyte damage, steatosis 

and inflammation occur prior to the induction of fibrosis. Further and increasing 

EMILIN1 content can hinder the pro-fibrotic capability of these lipotoxic and 

inflammatory factors to prevent the progression of hepatic fibrosis. Complete resolution 

of NAFLD and significant fibrosis will likely require combination treatment of 

potentially EMILIN1-AAV with drugs that reduce lipid uptake. 

 

A noteworthy finding was the lipid-regulated expression of EMILIN1. Parallel lines of 

evidence in isolated hepatocytes and MCD Control-AAV livers demonstrate marked 
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increases in Emilin1 expression with lipid accumulation. This is unexpected given that 

differences in EMILIN1 secretion from human liver slices were only noted in patients 

with significant fibrosis (Chapter 3), and that EMILIN1 does not seem to have a role in 

regulating lipid metabolism (Figure 5.4). Indeed, assessment of Emilin1 expression in 

isolated hepatocytes was characterised by differing metabolites should be repeated with 

pro-fibrotic and pro-inflammatory modulators, like TGF β. However, the mechanism of 

how lipid overload/lipid droplet accumulation increases Emilin1 expression warrants 

further investigation. Previous work in cells and mice have eloquently described that 

EMILIN1 harbours an specificity protein 1 (Sp1) promoter and activator protein (AP1) 

binding site and that there is likely co-operation between multiple promoter and 

enhancer regions perhaps distant from the coding region to regulate EMILIN1 

expression [352]. While other transcription factors that may drive Emilin1 expression 

are not yet identified, the role of Sp1 and AP1 in NAFLD-mediated fibrosis is becoming 

increasingly clear. Sp1 transcription factor activity is increased in response to TGFβ1 

signalling [353; 354] and blocking Sp1 protein from binding to its promoter region that 

is present on pro-fibrotic genes TGFβ1, platelet-derived growth factor- BB and cell 

cycle genes including cyclin D1 reduces the mRNA expression of Tgfb1, Acta2 and 

Col1a1 in HSCs [355]. On the other hand, the AP1 protein complex that is comprised of 

the proteins c-JUN, c-FOS, and ATF [356] is upregulated in the livers of humans and 

mice with NAFLD or NASH [357; 358] and is required for TGFβ1 to direct its regulate 

its own synthesis [359] and secretion, and is thereby linked to the development of 

hepatic fibrosis. Given that EMILIN1 contains the AP1 DNA binding site, this suggests 

that EMILIN1 may be under the same promotion control as TGFβ1. Taken together, 

these parallel lines of evidence suggest that EMILIN1 may be under the control of 
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TGFβ1 responsive transcription factors to form a negative feedback loop to regulate 

TGFβ1 signalling and block uncontrolled fibrosis in NAFLD. 

 

The CHOL dietary model exhibits mild fibrosis synonymous with human F1, however, 

the activity and signalling of TGFβ1 may not be sufficient to be effectively inhibited by 

Emilin1 overexpression. Further, previous work comparing a CHOL and MCD 

demonstrates that the MCD diet exhibits greater oxidative, endoplasmic reticulum and 

autophagocytic stress that can activate TGFβ1, remove it from its LLC sequestration 

and bind to transforming growth factor beta 1 receptor 2 (TGFBRII) to induce 

signalling [360]. Therefore, we surmise that the livers in mice fed a CHOL diet did not 

exhibit enough cellular stresses to induce sufficient TGFβ1 signalling for EMILIN1 to 

induce an anti-fibrotic effect [360].  

 

Glycaemic control is often impaired in patients with NAFLD and is thought to 

contribute to fibrosis severity [361]. Given that multi-faceted therapies are highly 

desirable in therapeutic development, determining whether EMILIN1 can efficiently 

treat hepatic fibrosis and other metabolic co-morbidities is of clinical importance. 

Previous approaches that have diminished TGFβ1 signalling, such as neutralising 

antibody treatment [280] or Tgfb1 or TgfbrII liver-specific gene deletion [333; 334] 

have reported improvements on glycaemic control. Contrasting associative human 

evidence (Figure 5.1), Emilin1 overexpression did not impact blood glucose control or 

insulin sensitivity. However, we identified reductions in fasting and glucose-stimulated 

plasma insulin (Figure 5.3) [280], suggestive of a liver-pancreas axis mediated by 

EMILIN1. The effect of EMILIN1 on the pancreas remains unknown, although 
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EMILIN1 is enriched in pancreatic islets, suggestive of a possible role in regulating 

insulin secretion [362; 363]. Although beyond the scope of this study, future 

examination of EMILIN1 effects on glucose-stimulated insulin secretion are warranted.  

 

On the other hand, hyperinsulinemia, which is often present in patients with NAFLD, 

can induce chronic over-expression of hepatic transcription factors that increase DNL 

and consequently liver lipid content [12; 62; 84; 85; 87]. Reciprocally, NAFLD can 

induce hyperinsulinemia and impair insulin clearance [92]. It is surprising that Emilin1-

AAV in mice fed a NASH-inducing diet tended to reduce fasting and did reduce 

glucose-stimulated insulin levels without impacting fasting glucose, hepatic DNL, liver 

or plasma lipid levels. Given insulin sensitivity was also unchanged, perhaps a reduction 

in insulin clearance is present with Emilin1-AAV and this occurs independent of liver 

fat content [92]. Alternatively, ECM density [364] and composition [365] can regulate 

insulin action via various integrin receptors. Increasing hepatic EMILIN1, an ECM 

protein, may alter the composition of other ECM proteins and or impact integrin 

signalling [366]  however, this is remains functionally to be proven. Future work 

assessing insulin clearance is warranted.  

 

There are several limitations to this study. While we observed the predicted reductions 

in markers of TGFβ1 signalling, in this study, we did not recapitulate that Emilin1 binds 

to TGFβ1 [282]. Indeed, this has been proven previously [282], and is required to 

demonstrate our phenotype is due to reductions in TGFβ signalling. Our assessment of 

hepatic fibrosis relied largely on staining and gene expression and provides strong 

preliminary evidence for EMILIN1 as a potential therapeutic that requires further 
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exploration. Functional assessment such as assessing collagen synthesis rates [348] with 

or without EMILIN1 overexpression is needed to better understand the mechanistic 

underpinnings of EMILIN1’s anti-fibrotic actions. Further, confirmation of EMILIN1 

overexpression and reductions in markers of fibrosis at the protein level are of 

paramount importance and required to support our assertions. While we are unaware of 

a previous study overexpressing EMILIN1, it is abundantly clear that 

immunofluorescence seems to be the mainstay when assessing the relative protein 

abundance of EMILIN1 and is likely used to avoid the observation of the EMILIN1 

degraded products [287]. Perhaps targeted mass spectrometry would curb this issue and 

is a necessary approach to validate EMILIN1 protein overexpression. Neutrophil 

elastase degrades EMILIN1, and this hinders confirmation of liver-specific 

overexpression. One could argue that its degradation would render it an ineffective 

therapy [287]. However, in vitro assessment of the EMILIN1 degraded components 

revealed that EMILIN1 could no longer suppress proliferation [287]. These findings 

pose the question: What is the biological activity of each of these ‘degraded’ products 

and their consequent effects on hepatic fibrosis and insulin secretion? Do these products 

work in synergy to govern inflammatory or pro-fibrotic pathways, and do they still 

inhibit markers of TGFβ1 signalling observed in Emilin1-AAV MCD mice? Or more 

simply, could application of neutrophil elastase inhibitors reduce hepatic fibrosis in 

mice fed an MCD diet? Investigations to answer these unresolved questions 

fundamental to EMILIN1 biology and as a potential therapeutic are warranted.  

 

Taken together, these data provide murine in vivo evidence that Emilin1 has the 

potential to treat hepatic fibrosis, particularly in advanced cases. Future studies are 
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warranted to recapitulate these findings in other models of liver fibrosis and to elucidate 

the molecular mechanisms of the anti-fibrotic actions of EMILIN1.  
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6. Chapter 6: Proteomic analysis reveals exercise training 
induced remodelling of hepatokine secretion and uncovers 

syndecan-4 as a regulator of hepatic lipid metabolism 
 

6.1. Introduction 

NAFLD is the most prevalent chronic liver disease, affecting an estimated 25% of the 

world’s population [19]. It is defined as excessive accumulation of lipids in the liver and 

encompasses a range of pathologies ranging from hepatic steatosis to the more severe 

form of the disease, NASH, which is accompanied by inflammation and hepatocyte 

damage, with or without fibrosis [7; 96; 138]. Given the dramatic rise in NAFLD 

prevalence [8; 9], there is an urgent requirement for the development of effective and 

safe interventions to reduce disease severity and progression to worsening pathologies, 

such as hepatic cirrhosis and HCC [8].  

 

Exercise training is effective for the treatment of NAFLD [367], and in the absence of 

approved pharmacotherapies, remains the current frontline treatment option for patients 

[96]. Exercise training reduces the severity of hepatic steatosis [368] and causes 

regression of NASH, with or without accompanying weight loss [369; 370]. This is 

thought to occur by the actions of inter-connected metabolic processes, including 

increased hepatic fatty acid oxidation, reduced de novo lipogenesis, and enhanced 

insulin sensitivity [371]. However, adherence to exercise training programs is not 

consistently achievable, particularly in obesity where NAFLD incidence is highest 

[372], necessitating the development of pharmacotherapies for NAFLD. We posit that 

understanding the processes by which exercise reduces NAFLD severity may inform 

new therapeutic opportunities for the treatment of this disease. 
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It is well documented that tissues actively secrete hormones (notably proteins), 

cytokines, metabolites, and nucleic acids, which can induce autocrine, paracrine and 

endocrine actions to regulate nutrient metabolism and systemic energy homeostasis 

[338]. Liver secreted proteins, also termed ‘hepatokines’, are important regulators of 

inter-tissue communication [2]. It is estimated that up to 25% of circulating proteins are 

liver-derived and a growing body evidence has shown that hepatokines act on numerous 

organs to induce diverse signalling events and to regulate many biological processes 

[271]. Notably, many hepatokines are important regulators of lipid and glucose 

metabolism, insulin action, energy expenditure and food intake, and dysregulated 

hepatokine secretion is a recognised feature of NAFLD [2]. Studies in mice indicate that 

the liver is highly susceptible to exercise-induced cellular stress [340], resulting in 

changes in the mRNAs encoding secreted proteins [373], thereby suggesting the 

likelihood of exercise-induced adaptations in liver protein secretion. However, very few 

bona fide hepatokines have been identified as exercise responsive and it is unknown 

whether chronic exercise training alters hepatokine secretion [337; 338], and whether 

exercise-regulated hepatokines impact metabolism in the liver or other tissues. We 

tested the hypothesis that chronic exercise training induces stable alterations in 

hepatokine secretion and that such changes can alter processes to alleviate the metabolic 

burden of NAFLD. 

Herein, we demonstrate that exercise training induces marked remodelling of the 

hepatocyte proteome and secretome, and that hepatocyte secreted factors from exercise-

trained mice improves fatty acid metabolism and insulin action in glucoregulatory 

tissues. We further identify syndecan-4 (SDC4) as an exercise-responsive hepatokine, 

which regulates hepatic lipid metabolism.  
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6.2. Results 

6.2.1. Validation of the endurance exercise training program 

NAFLD was established by feeding mice a HFD for six weeks. Mice were matched for 

body weight and glucose tolerance (Supplementary figure 8.1A-B) and allocated to 

either the sedentary group (Sedentary) or the endurance exercise training group 

(Exercise). Exercise training was performed for a further six weeks and all mice were 

maintained on the HFD (Figure 6.1A). Sedentary mice gained ~5.3 g body weight 

during this intervention period while exercise trained mice were refractory to HFD-

induced body weight gain (Figure 6.1B). The difference in body mass gain was 

associated with less adipose tissue mass in exercise-trained compared with sedentary 

mice (Figure 6.1C). Skeletal muscle mass (mixed quadriceps) was not different between 

groups (Figure 6.1C). Exercise training reduced liver triglyceride content by ~52% 

compared with Sedentary (Figure 6.1D). The efficacy of the exercise program was 

demonstrated at the whole-body level by marked improvements in maximal running 

capacity (Figure 6.1E), and at the molecular level by increased skeletal muscle citrate 

synthase activity (Figure 6.1F), increased protein content of PGC1α, a master regulator 

of mitochondrial biogenesis (Figure 6.1G-H), as well as increased protein expression of 

various subunits of the electron transport chain in skeletal muscle (Figure 6.1I-J). 

Furthermore, exercise training reduced fasting blood glucose and mildly improved 

glucose tolerance in mice (Supplementary figure 8.1C-D).   
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Figure 6.1: Validation of exercise adaptations in exercise trained mice. (A) 
Schematic of the study design. C57Bl/6 mice were fed a high fat diet for 6 weeks and 
were endurance exercise trained (Exercise) or remained sedentary (Sedentary) for a 
further 6 weeks, after which their hepatocytes were isolated and cultured for mass 
spectrometry proteomic evaluation of the intracellular and secreted proteins. (B) Body 
weight, (C) epididymal, inguinal adipose tissue and mixed quadriceps mass, (D) 
maximal running velocity during an incremental test to exhaustion, (E) citrate synthase 
activity in quadriceps muscle (F) hepatic triglyceride content, (G-H) representative 
immunoblot of PGC1α in quadriceps muscle and quantification, and (I-J) representative 
immunoblot of complex I, IV and V of the electron transport chain in quadriceps muscle 
and quantification. Data are presented as mean ± SEM, with n=7-8 per group. *P<0.05 
vs. Sedentary. Significance was assessed by two-way ANOVA followed by 
Bonferroni’s post hoc test (panel B) or students two tailed unpaired t-test (panels C-I). 
Figure 1A was created with BioRender.com.  
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6.2.2. Exercise training remodels the hepatocyte proteome and hepatokine secretion  

Hepatocytes were isolated from mice 72 h after the last exercise bout to assess adaptive 

changes to exercise training rather than the effects of an acute exercise bout. The 

hepatocyte intracellular proteome was assessed using liquid chromatography coupled 

with tandem mass spectrometry and label-free quantification revealed pronounced 

differences between the sedentary and exercise trained mice. The analysis identified a 

total of 2657 individual proteins within hepatocytes, of which 57 proteins were 

significantly increased, and 80 proteins were significantly decreased with exercise 

training compared with sedentary conditions (Figure 6.2A). Protein LFQ intensity 

spanned five orders of magnitude and proteins previously shown to be highly enriched 

in liver [304] were abundant in this analysis, including Carbamoyl-phosphate synthase 1 

(CPS), Acetyl-CoA transferase 2 (ACAA2) and Aldehyde dehydrogenase 2 (ALHD2) 

(Figure 6.2B). Proteins detected at lower intensities included Coiled-coil domain 

containing 51 (CCDC51) and N-alpha-acetyltransferase 15 (NAA15). Principle 

component analysis of the hepatocyte proteomes highlighted that, in general, the 

Exercise group clustered tightly whereas there was more variability in the Sedentary 

group (Figure 6.2C). Qiagen Ingenuity Pathway Analysis (IPA) of canonical pathways 

highlighted exercise-induced activation of the tricarboxylic acid (TCA) cycle, mTOR 

and sirtuin signalling, which is indicative of improved mitochondrial function, and 

suppression of oxidative stress-related pathways (e.g., NRF response, EIF2 signalling) 

(Figure 6.2D). Further analysis of potential upstream regulators highlighted enrichment 

of several tumour suppressive proteins (e.g., PTEN) and proteins involved in lipid 

metabolism (e.g., RICTOR, PPARα), and suppression of oncogenes (e.g., MYC, 

MYCN) and regulators of oxidative stress (e.g., NFE2L2) (Figure 6.2E).  
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We next assessed exercise-induced adaptations in proteins secreted from hepatocytes 

and identified a total of 1593 proteins across both treatment groups (Figure 6.2F) 

spanning six orders of magnitude (Figure 6.2G). Proteins detected in the secreted 

medium at higher intensities included Annexin 4 (ANXA4), CPS1, Fatty acid binding 

protein 1 (FABP1) and Albumin. Hepatocytes secreted other plasma proteins known to 

be of hepatic origin including Hemopexin [304], Mannose binding lectin [304], 

Fibrinogen alpha chain [304], Hydroxyacid oxidase 1 (HAO1) [304], Thrombin [304], 

Complement C9 [304], Apolipoprotein H [304], DPP4 [374; 375] and HEXA [284]. In 

contrast to the intracellular proteome, there was clear clustering of hepatocyte secreted 

proteins by group as determined by PCA (Figure 6.2H). Of all secreted proteins, 20.5% 

were denoted as classically secreted by the presence of a N-terminal signal sequence, 

while 79.5% were predicted to be secreted via unconventional processes (i.e., in 

extracellular vesicles) (Figure 6.2I), which is consistent with previous reports [275; 

376]. Of the classically secreted proteins, 26 were increased and 9 were decreased 

following exercise training (Figure 6.2J). IPA identified overrepresentation of secreted 

proteins involved in lipid oxidation and transport and downregulation of proteins 

associated with hepatic steatosis, oxidative stress and liver cancer (Figure 6.2K). 

Furthermore, canonical pathways related to heparan sulphate synthesis and degradation 

of serotonin were overrepresented while cholesterol synthesis was downregulated with 

exercise training (Figure 6.2L). Bioinformatic prediction of upstream regulators 

identified an increase in Acyl-CoA oxidase 1 (ACOX1) and Rapamycin-insensitive 

companion of mammalian target of rapamycin (RICTOR), and reductions in Nuclear 

factor-erythroid factor 2-related factor 2 (NRF2) and Peroxisome proliferator activated 

receptor α (PPARα) (Figure 6.2M). Together, the results indicate that exercise training 
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regulates the intracellular proteome and protein secretion from hepatocytes and that 

these adaptive changes are predicted to modulate various aspects of lipid metabolism. 

 

The mRNA expression or intracellular protein abundance is often used as a proxy to 

predict protein secretion from cells, despite the requirement for extensive 

posttranslational glycosylation and organellar shuttling to enable protein secretion [1]. 

We identified a significant negative correlation (r2=0.22, p<0.0001) between the 

abundance of intracellular proteins and the corresponding secreted proteins (Figure 

6.2N). This data suggests that the change in the intracellular abundance of a protein with 

an exercise intervention is a poor predictor of the likely change in protein secretion from 

hepatocytes.   
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Figure 6.2: Identification of the hepatocyte intracellular proteome and hepatocyte 
secreted proteins.(A) Volcano plot showing hepatocyte intracellular proteins with 
those increased by exercise training denoted in blue and those decreased denoted in 
orange. (B) The dynamic range of quantified intracellular proteins. (C) Principal 
component analysis of the intracellular proteins. (D) Ingenuity Pathway Analysis 
showing enrichment of upstream factors in exercise-trained mice. (E) Canonical 
pathways within the hepatocyte. (F) Volcano plot showing hepatocyte secreted proteins 
with those increased by exercise training denoted in blue and those decreased denoted in 
orange. (G) The dynamic range of the quantified secreted proteins. (H) Principal 
component analysis of the hepatocyte secreted proteins. (I) Percentage of proteins that 



  

185 
 

are classically or non-classically secreted. (J) Number of classically secreted proteins 
that are significantly increased or decreased with exercise training. (K-M) Ingenuity 
Pathway Analysis showing enrichment of exercise mediated changes in (K) diseases 
and biological functions, (L) canonical pathways and (M) upstream factors. (N) 
Correlation between exercise-training induced changes in intracellular proteome and 
corresponding secreted protein. Shown are means ± SEM, N=7-8 per group. *P<0.05 
vs. Sedentary. Significance was assessed by two-way ANOVA followed by 
Bonferroni’s post hoc test (panel B) or students two tailed unpaired t-test (panels C-I). 
Proteins identified by corresponding gene name. 
 

6.2.3. Hepatocyte secreted factors of exercise trained mice improve lipid metabolism 

and insulin action in isolated tissues 

Hepatocyte secreted factors derived from mice with NAFL cause inflammation and 

insulin resistance [11], and numerous hepatokines contribute to dysregulated glucose 

and lipid metabolism in NAFLD [1; 2]. We tested whether hepatocyte-derived factors 

from exercise trained mice would improve metabolic processes that are often 

dysfunctional in NAFLD. To do this, we bathed isolated epididymal adipose tissue, 

intact soleus muscles and precision-cut liver slices from healthy donor mice in the 

medium containing hepatocyte secreted factors from sedentary or exercise trained mice 

and assessed metabolism.  

 

Exercise-secreted factors did not alter lipolysis or insulin-stimulated 2-deoxyglucose 

uptake in epidydimal adipose tissue (Figure 6.3A-B). In contrast, hepatocyte secreted 

factors from exercise trained mice significantly increased insulin-stimulated 2-

deoxyglucose uptake in skeletal muscle (Figure 6.3C) when compared to effects 

induced by hepatocyte secreted factors from sedentary mice. Liver glucose output was 

also reduced by hepatocyte secreted factors from exercised compared with sedentary 

mice (Figure 6.3D). Fatty acid uptake (Figure 6.3E), triglyceride synthesis (Figure 

6.3F), phospholipid synthesis (Figure 6.3G), and total lipid synthesis in the liver (Figure 

6.3H) were not significantly different between treatment conditions, whereas hepatocyte 
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secreted factors from exercise trained mice increased fatty acid oxidation by 39% when 

compared to hepatocyte factors secreted from sedentary mice (Figure 6.3I). 

Collectively, these data provide evidence that regular endurance exercise training alters 

the complement of secreted factors from hepatocytes, which in turn improves metabolic 

functions that are often dysregulated in NAFLD.  

Figure 6.3: Impact of secreted factors derived from hepatocytes of sedentary and 
exercise-trained mice on metabolism. Hepatocyte secreted factors from Sedentary or 
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Exercise trained mice were applied to tissues followed by metabolic assessment. (A) 
Lipolysis and (B) insulin stimulated 2-deoxyglucose uptake in epididymal adipose 
tissue. (C) Insulin stimulated glucose uptake in soleus muscle. (D) Glucose output from 
precision cut liver slices. (E-I) Radiometric tracing of lipid metabolism in liver slices 
showing (E) fatty acid uptake, (F) triglyceride synthesis, (G) phospholipid synthesis, 
(H) total lipid storage, and (I) fatty acid oxidation. Data are presented as mean ± SEM, 
with n=5-8 per group. *P<0.05 vs. Sedentary. Significance was assessed by students 
two tailed unpaired t-test. 
 

6.2.4. Identification of syndecan-4 as an exercise-responsive hepatokine 

We next sought to identify the secreted proteins that may be mediating these metabolic 

effects and detected 55 proteins that were exclusively secreted from hepatocytes of 

exercise trained mice and 51 proteins secreted only from hepatocytes of sedentary mice 

(Figure 6.4A). A small proportion of these proteins were denoted as classically secreted 

(Figure 6.4B) and these are shown in Figure 6.4C. Classically secreted proteins 

exclusively secreted by hepatocytes in Sedentary mice included Coagulation factor XIII 

a chain (F13A1), Lactotransferrin (LTF), S100 calcium-binding protein A9 (S100A9) 

and Perlecan (HSPG2), which is associated with glucose intolerance [377] and adiposity 

[378]. Classically secreted proteins only secreted from hepatocytes of exercise trained 

mice (Figure 6.4C) included Insulin like growth factor binding protein, which was 

previously shown to protect against cardiovascular pathologies [379], and Retinoic acid 

receptor responder 2 (RARRES2), also known as Chemerin, which was shown to 

improve glycaemic control [380].  

 

One protein that sparked our interest was Syndecan-4 (SDC4) (Figure 6.4C). SDC4 is a 

transmembrane heparan sulfate proteoglycan localized to the plasma membrane, which 

is cleaved by a range of extracellular proteases [381; 382] to release the ectodomain for 

secretion. We detected three peptides of SDC4 in our mass spectrometry analysis and all 

are contained in the ectodomain, which spans amino acids 28-41, 106-116, and 100-116 
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(peptides: 28-ETEVIDPQDLLEGR-41, 106-ELEENEVIPK-116, 100-

VPSEPKELEENEVIPK-116). We did not detect peptides of the transmembrane or 

cytosolic domains, indicating detection of the secreted form of SDC4. Circulating SDC4 

levels have been reported to be ~10-20 ng/mL in humans [383]. Plasma SDC4 is 

increased during exercise in humans [383] and polymorphisms in SDC4 are associated 

with abdominal fat [384]. Moreover, ablation of the SDC4 orthologue in Drosophila 

(known as Sdc) reduced Spargel (i.e., PGC1α) expression and decreased metabolic rate 

[385], whereas, somewhat paradoxically, plasma SDC4 levels are higher in men with 

dysregulated glycemic control compared to normoglycemic men [383]. Notably, Sdc4 

expression was significantly increased in the livers of exercise trained compared with 

sedentary mice (Figure 6.4D).  

 

Figure 6.4: Identification of SDC4 as an exercise training-responsive 
hepatokine.(A) Identification of proteins only secreted from hepatocytes derived from 
Sedentary and Exercise-trained mice. (B) The percentage of classically and non-
classically proteins secreted from hepatocytes derived from Sedentary and Exercise-
trained mice. (C) Classically secreted hepatokines derived from hepatocytes of 
Sedentary and Exercise-trained mice. (D) Sdc4 mRNA in the livers of Sedentary and 
Exercise-trained mice. Data are presented as mean ± SEM, with n=7-8 per group. 
*P<0.05 vs. Sedentary. Significance was assessed by students two tailed unpaired t-test 
(panel D).  
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6.2.5. Hepatocyte-specific Sdc4 overexpression in mice with NAFLD  

To investigate the metabolic roles of hepatic SDC4 and its potential to reduce the 

burden of NAFLD and its associated co-morbidities, mice were fed a high-fat diet for 

six weeks to induce mild obesity and NAFLD (Figure 6.5A). Mice were segregated into 

experimental groups after matching for body weight, fat mass and glucose tolerance 

(Supplementary figure 8.2A-C). Mice were then injected i.v with an AAV8 vector 

containing a hepatocyte-specific promotor (TBG) and Sdc4 (Sdc4-AAV) or the same 

AAV8 vector containing scrambled DNA (Control-AAV) (Figure 5A). Sdc4 expression 

was increased 2-fold in the liver following Sdc4-AAV administration, in the absence of 

changes in Sdc4 expression in other tissues (Figure 6.5B), and this occurred independent 

of changes in the expression of other SDC family members, including Sdc1, Sdc2 and 

Sdc3 (Figure 6.5C). SDC4 secretion from precision-cut liver slices was increased by 

80% in Sdc4-AAV compared with Control-AAV (Figure 6.5D), noting that the same 

three ectodomain spanning peptides in the exercise secretome were detected in this 

preparation. We were unable to detect SDC4 in the plasma of mice when using a 

commercially available ELISA or targeted mass spectrometry, which has been reported 

previously [386] and is thought to be due to excessive glycosylation [387].  
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Figure 6.5: Validation of Sdc4 overexpression in mice. (A) Schematic representation 
of the experimental design. C57BL/6 mice were fed a high fat diet (HFD) for 6 weeks 
then injected with Sdc4-AAV or Control-AAV. Following AAV administration, mice 
were maintained on a high fat diet for a further 6 weeks. (B) Sdc4 expression in liver, 
heart, kidney, skeletal muscle and epididymal adipose tissue. (C) Sdc1, Sdc2 and Sdc3 
mRNA expression in the liver. (D) Targeted mass spectrometry analysis of SDC4 
secretion from precision cut liver slices. Data are presented as mean ± SEM, with n=4-
10 per group. *P<0.05 vs. Control-AAV. Significance was assessed by students two 
tailed unpaired t-test. Figure 5A was created with Biorender.com.  



  

191 
 

6.2.6. Hepatic overexpression of Sdc4 does not alter energy homeostasis or glycaemic 

control 

Given the known links between SDC4, metabolism and energy expenditure in other 

species [384; 388; 389], we first assessed the impact of Sdc4 overexpression on body 

mass regulation and energy homeostasis. Body weight, individual tissue weights, 

adiposity, food intake, daily energy expenditure and substrate partitioning were not 

different between Sdc4-AAV and Control-AAV (Figure 6.6A-F). Similarly, increasing 

Sdc4 expression in the liver did not alter glucose tolerance (Figure 6.6G), fasting or 

glucose-stimulated insulin secretion (Figure 6.6H), or whole-body insulin action (Figure 

6.6I). Plasma lipids including free fatty acids, total cholesterol and triglycerides were 

not different between groups (Figure 6.6J-L).   
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Figure 6.6: Hepatic Sdc4 overexpression does not alter whole body energy 
homeostasis or glycaemic control.(A) Body weight (dotted line indicates Sdc4-AAV 
or Control-AAV injection), (B) tissue weights, (C) lean and fat mass, (D) daily food 
intake, (E) energy expenditure, (F) respiratory exchange ratio (RER), (G) glucose 
tolerance following oral glucose administration (2 g/kg), (H) fasting and glucose-
stimulated plasma insulin levels, and (I) blood glucose in response to i.p insulin 
administration (1 U/kg). (J) Plasma free fatty acids, (K) cholesterol and (L) 
triglycerides. Data are presented as mean ± SEM, with n=7-10 per group. *P<0.05 vs. 
Control-AAV. Significance was assessed by students two tailed unpaired t-test (panels 
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B, C, D, J, K, L) or two-way ANOVA followed by Bonferroni’s post hoc test (panels A, 
E, F, G, H, I).  
 

6.2.7. SDC4 reduces fatty acid uptake and markers of inflammation and fibrosis in the 

liver 

Histological assessment of H&E-stained liver sections revealed a reduction in 

macrosteatosis in Sdc4-AAV compared with Control-AAV livers (Figure 6.7A). 

Unbiased assessment of lipid droplet number and size demonstrated an overall reduction 

of total lipid droplet area with Sdc4-AAV (Figure 6.7B), which was associated with a 

change in the size distribution of lipid droplets. SDC4 overexpression increased the 

number of ‘smaller’ lipid droplets (<10 µm2) without altering the number of larger lipid 

droplets (10-50 µm2) (Figure 6.7C). However, relative to the total number of lipid 

droplets, there was a 40% reduction in lipid droplets with an area >50 µm2 in mice 

overexpressing Sdc4 in the liver and, importantly, the average area of ‘larger’ lipid 

droplets (>50 µm2) was reduced in Sdc4-AAV compared with Control-AAV (Figure 

6.7E). These findings are consistent with the histological finding of reduced 

macrosteatosis in Sdc4-AAV mice (Figure 6.7A). Despite the significant lipid droplet 

remodelling, we did not observe any differences in total liver triglyceride levels as 

determined by biochemical assessment (Figure 6.7F). Taken together, this remodelling 

of lipid droplet size and number indicated a plausible role for SDC4 in regulating 

hepatic lipid metabolism. 

 

In light of these alterations in liver lipid droplets, and given that SDC4 is localized to 

the plasma membrane [390] and is linked to triglyceride storage in Drosophila [391], 

we surmised that SDC4 might induce autocrine / paracrine regulation of lipid 

metabolism. Accordingly, we investigated the effect of SDC4 overexpression on lipid 
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metabolism in precision-cut liver slices. De novo lipogenesis was assessed by tracing 

14C-glucose into cellular lipid pools and was not different between groups (Figure 

6.7G). In contrast, fatty acid uptake was significantly reduced in Sdc4-AAV compared 

with Control-AAV (Figure 6.7H), and this coincided with a 25% reduction in fatty acid 

incorporation into cellular lipids (Figure 6.7I). Fatty acid oxidation was also reduced 

(P=0.06) in livers overexpressing Sdc4 (Figure 6.7J). Given the marked reduction in 

fatty acid uptake, we assessed the expression of genes encoding proteins involved in 

lipid transport and intracellular trafficking. There was no difference in the expression of 

fatty acid transporters including fatty acid translocase (Cd36), fatty acid transport 

protein -1 (Fatp1), -2 (Fatp2) and -5 (Fatp5). Diacylglycerol O-acyltransferase 2 

(Dgat2), a key enzyme involved in triglyceride synthesis, was also similar between 

groups. In contrast, caveolin-1 (Cav-1) expression was increased with SDC4 

overexpression compared with control (Figure 6.7K). This latter finding is of interest 

because Cav-1 is required to create membrane invaginations termed caveolae and form 

a complex with CD36 and other proteins to regulate fatty acid uptake and intracellular 

trafficking [392; 393]. 

 

Inflammation and fibrosis are common features of NAFLD. While this short-term HFD 

dietary intervention does not induce significant adverse histopathology such as lobular 

inflammation, hepatocellular ballooning, or fibrosis (data not shown), Sdc4-AAV 

reduced the expression of pro-inflammatory genes including Tnfα and Il-1b and several 

pro-fibrotic genes including transforming growth factor β1 (Tgfb1) and interstitial 

collagen type I α2 chain (Col1a2) (Figure 6.7L). Thus, increasing SDC4 in the liver 

may reduce the rate of fatty acid uptake, and may prevent the eventual induction of 

inflammation and fibrosis in NAFLD.  
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Figure 6.7: SDC4 regulates hepatic lipid metabolism in mice. (A) Representative 
liver histology stained with hematoxylin and eosin. Scale bar denotes 200µm. Sections 
from n=3 individual mice per group. (B) Quantification of the average lipid droplet area 
in liver sections. (C) Lipid droplet number in livers presented as a function of lipid 
droplet size. (D) Proportion of different sized lipid droplets in livers of mice. (E) 
Average area of lipid droplets highlighting a reduction in the area of larger (>50 µm2) 
lipid droplets in Sdc4-AAV vs. Control-AAV mice. (F) Liver triglyceride content. (G) 
De novo lipogenesis, (H) fatty acid uptake, (I) total lipid storage and (J) fatty acid 
oxidation in liver. (K) mRNA expression of lipid transporter and esterification enzymes. 
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(L) mRNA expression pro-fibrotic and pro-inflammatory genes in the liver. Data are 
presented as mean ± SEM, with n=8-10 per group. *P<0.05 vs. Control-AAV. 
Significance was assessed by students two tailed unpaired t-test. 
 

6.2.8. SDC4 ectodomain mediates changes in fatty acid metabolism and lipid droplet 

remodelling in hepatocytes 

While Sdc4 overexpression in mice induced changes in hepatocyte fatty acid 

metabolism and lipid droplet morphology, we were unable to definitively ascribe these 

effects to SDC4’s function as a hepatokine. Accordingly, we next assessed the role of 

the SDC4 ectodomain in regulating these processes. To do this, we cultured intact 

soleus muscle and isolated hepatocytes with recombinant SDC4 ectodomain (rSDC4, 1 

µg/mL) and assessed insulin action and fatty acid metabolism. rSDC4 did not affect 

insulin-stimulated glucose uptake in intact soleus muscle (Figure 6.8A) whereas rSDC4 

reduced fatty acid uptake (p=0.07) (Figure 6.8B) and lipid storage (p=0.06) (Figure 

6.8C) in hepatocytes without significant changes in fatty acid oxidation (Figure 6.8D). 

 

To ascertain whether the secreted form of SDC4 was responsible for altering lipid 

droplet morphology, primary hepatocytes were isolated and cultured with or without 

rSDC4 for 48 h. Visual inspection revealed marked remodelling of lipid droplet size 

with rSDC4 treatment (Figure 6.8E). While there was no difference in the number of 

lipid droplets between conditions (Figure 6.8F), rSDC4 administration reduced the 

average cellular lipid droplet area by ~20% (Figure 6.8C), and the total area occupied 

by lipid droplets within the cell by 25% (Figure 6.8D). Further, these changes were 

associated with changes in the size distribution of lipid droplets, with reductions in the 

number of lipid droplets with an area of 2-3, 3-4 and >5 µm2 with rSDC4 treatment 

(Figure 6.8E). Thus, the secreted ectodomain of SDC4 impacts fatty acid metabolism 

and reduces lipid droplet size in hepatocytes.  
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Figure 6.8: SDC4 ectodomain regulates fatty acid metabolism and lipid droplet 
distribution. (A) Representative image of lipid droplet morphology stained with 
Bodipy, Mitotracker and DAPI. Scale bar denotes 10 µm. Hepatocytes were isolated 
from n=3 mice, 5-8 hepatocytes were imaged across two technical replicates and 
quantified per mouse totalling n=21 Control and n=26 rSDC4 treated hepatocytes. (B) 
Quantification of the lipid droplet number within the cell, (C) the total area that lipid 
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droplets occupy in each hepatocyte, and (D) the average lipid droplets area within the 
hepatocyte. (E) Proportion of different sized lipid droplets in isolated hepatocytes. (F) 
Insulin stimulated glucose uptake with or without recombinant SDC4 in isolated soleus 
muscle. (G) Radiometric tracing of lipid metabolism in isolated hepatocytes with or 
without acute recombinant SDC4 treatment showing fatty acid uptake, (H) total lipid 
storage and, (I) fatty acid oxidation. Data are presented as mean ± SEM, *P<0.05 vs. 
Control-AAV, with n=4 per group for paired analyses. Significance was assessed by 
students two tailed unpaired t-test (panel B-E) or paired t-test (panel G-I). rSDC4, 
recombinant SDC4. 
 

6.3. Discussion 

Exercise training induces a myriad of ‘health promoting’ effects in many tissues, 

including the liver [171]. However, the role of exercise in regulating the liver proteome 

and secretome is not well described, particularly in the context of NAFLD, which is the 

world’s most common liver disease. In this study, we employed unbiased mass 

spectrometry-based proteomics analyses to identify substantial remodelling of the 

intracellular proteome and secreted proteins from hepatocytes and offer insights into 

changes that may contribute to the metabolic benefits associated with regular exercise 

training. First, we identified exercise training regulation of the liver proteome. Second, 

we described the effect of exercise training on liver secreted proteins. Third, we show 

that the complement of liver secreted factors is altered with exercise training, which in 

turn alters glucose and lipid metabolism in liver and skeletal muscle. And lastly, we 

identified SDC4 as a novel hepatokine that is increased with exercise training and its 

secreted ectodomain regulates hepatic lipid metabolism and lipid droplet morphology in 

NAFLD. 

 

The effects of exercise on liver metabolism are becoming increasingly well described 

[394] and include increased mitochondrial content and glycolysis, and reduced 

expression of lipid synthesis proteins [395; 396], which is associated with partial 

resolution of hepatic steatosis [367]. Furthermore, transcriptomic analysis conducted in 
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the liver of mice immediately after an acute bout of exercise revealed marked increases 

in the expression of genes involved in mitogen-activated protein kinase (MAPK) and 

PPAR signalling, and fatty acid metabolism [373]. However, whether such acute 

changes in gene expression can lead to stable adaptations at the protein level is not well 

defined [396]. To address this knowledge gap, we performed unbiased assessment of the 

hepatocyte proteome following chronic exercise training. Aligned with previous 

transcriptomic analysis [373] and the known protective effects of exercise training on 

NAFLD and HCC [397; 398], our bioinformatic investigation of the hepatocyte 

proteome highlighted upregulation of metabolic processes including the TCA cycle, 

mTOR signalling and PPARα signalling, downregulation of pathways involved in 

cancer and inflammation (e.g., Nrf2-oxidative stress response, Myc), and upregulation 

of tumour suppressor pathways (e.g., PTEN and TP53). Collectively, these findings 

support the notion that the hepatocyte proteome is remodelled in response to regular 

exercise training in the context of NAFLD, and that these changes are associated with 

improved metabolic health and anti-tumorigenic effects. 

 

The liver is an active endocrine organ that produces and secretes a large proportion of 

the body’s circulating proteins [2; 271] and these hepatokines influence a myriad of 

biological functions [337-340]. Expanding this knowledge base, we identified 1593 

hepatocyte secreted proteins, of which 20.5% are classically secreted. This analysis has 

the advantage of providing cell-specific knowledge of the hepatocyte secretome. 

However, hepatocyte isolation and prolonged ex vivo incubation/culture of cells may 

influence protein secretion and future studies are required to compare the hepatocyte 

secretome with the secretion pattern of liver tissue. Bioinformatic investigation revealed 

an enrichment of proteins regulating carbohydrate metabolism, lipid transport and lipid 
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oxidation following chronic exercise training. This prediction is supported by our 

finding that exercise-responsive factors secreted from hepatocytes improved skeletal 

muscle insulin action, reduced liver glucose output and increased liver fatty acid 

oxidation, adaptations that are often reported with exercise training [371]. It should be 

noted that secreted factors other than proteins, including metabolites, lipids and 

extracellular vesicles (containing lipids, non-coding RNA, proteins) [2; 399] are likely 

to contribute to these metabolic changes. We also identified significant alterations in 

specific hepatokines with chronic exercise training, including reductions in known 

mediators of insulin resistance (e.g., dipeptidyl peptidase) [375] pathological 

angiogenesis (e.g., pantetheinase) [400], adipose tissue lipolysis (e.g., cathepsin B) 

[401] and fatty acid uptake (e.g., fatty acid binding protein 4). On the other hand we 

identified increased secretion of proteins involved in the preservation of insulin 

sensitivity (e.g., insulin degrading enzyme) [402], alleviation of oxidative stress (e.g., n-

myc downstream regulated gene 2, heme oxgenase-1) [403; 404] and the liver X 

receptor / retinoid X receptor activation that dampens the inflammatory response (α-1-

microglobulin, transthyretin, Serpina1, α-1-antitrypsin) [405]. Notably, of the 26 

hepatokines upregulated with exercise-training, there remains a paucity of evidence 

describing their role in glucose and lipid metabolism. An intriguing observation from 

these studies was the clear negative correlation between secreted and intracellular 

proteins in exercise-trained hepatocytes. It is possible that secreted proteins induce 

negative feedback loops, whereby increased protein degradation and turnover, and 

proteolytic ectodomain shedding of proteins caused the negative correlation in secreted 

versus intracellular proteins. It is also possible that there is a ‘lag’ in protein translation 

behind transcription of highly secreted proteins. Indeed, others have reported that a 

group of proteins in the secretome of activated macrophages did not show a concomitant 
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change in transcript or intracellular protein levels [406], and further studies combining 

isotopic labelling and mass spectrometry to measure the rate of protein synthesis, 

cellular distribution and secretion are required to test these possibilities in hepatocytes. 

Together, the present study shows that remodelling of hepatokine secretion is an 

adaptation to regular exercise training, and that these changes in hepatokine secretion 

are associated with changes in metabolism in the liver (autocrine/paracrine effects) and 

in distant tissues that would be predicted to resolve several pathogenic features of 

NAFLD. 

The proteomic analysis identified SDC4 as an exercise-responsive hepatokine. SDC4 is 

a transmembrane proteoglycan that comprises an extracellular ectodomain, a 

transmembrane domain, and a cytoplasmic tail that binds to the actin cytoskeleton and 

intracellular binding partners. Extracellular proteases can cleave the ectodomain of 

SDC4 [407] and subsequently regulate its secretion. SDC4 has been implicated in 

controlling triglyceride storage [388] and dyslipidaemia [389], while SNPs in Sdc4 are 

associated with energy expenditure, fasting blood glucose, insulin sensitivity, and 

abdominal fat [408], processes known to be impacted in NAFLD and by exercise 

training. However, previous studies by our group have not detected SDC4 secretion 

from hepatocytes isolated from mice fed a chow or a high-fat diet [5; 204], indicating 

that SDC4 secretion is unlikely to be regulated by an obesogenic diet per se and 

potentially related to cortisol and adrenaline. In this study, the ectodomain of SDC4 was 

reproducibly detected in the secretome of hepatocytes derived from exercise trained 

mice, indicating that SDC4 is an exercise-responsive hepatokine.  

 

Our studies using recombinant protein of the SDC4 ectodomain and hepatocyte-specific 

AAV-mediated SDC4 overexpression in mice identified a role for SDC4 in regulating 
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hepatic lipid metabolism. Histological assessment revealed a reduction in 

macrosteatosis and concomitant accumulation of smaller lipid droplets, without altering 

total triglyceride content using AAV-mediated overexpression and with chronic rSDC4 

exposure in primary hepatocytes. Such lipid droplet remodelling is reminiscent of the 

changes seen in liver and muscle after exercise training [368; 409] and aligns with the 

view that smaller lipid droplets differ from larger lipid droplets with respect to their 

protein composition, inter-organellular contacts and functions [410]. Smaller lipid 

droplets are considered ‘healthier’ than larger lipid droplets [409; 411], a notion 

supported by parallel lines of evidence demonstrating that exercise training reduces 

intramyocellular lipid droplet size without altering lipid droplet quantity or 

intramyocellular lipid content in patients with type 2 diabetes [409], and that athletes, 

when compared to individuals with obesity and type 2 diabetes, have a reduction in lipid 

droplet area and size of ‘larger’ lipid droplets, independent of changes in the total 

number of lipid droplets and intramyocellular lipid content [411]. Whether this 

association holds true in the human liver remains to be determined.  

 

SDC4 reduced fatty acid uptake in hepatocytes, which was associated with less 

incorporation of fatty acids into cellular lipids, factors that might contribute to the 

reduced prevalence of larger lipid droplets in Sdc4-AAV mice and hepatocytes 

chronically exposed to the SDC4 ectodomain. Changes in the expression of fatty acid 

transporters do not appear to be mediating SDC4 effects on fatty acid uptake and 

storage. Rather, SDC4 overexpression was associated with increased Cav1 expression in 

the liver. While the role of CAV-1 in mediating fatty acid uptake remains contentious 

[412], previous studies show that Cav1 overexpression decreases fatty acid uptake in 

multiple cell types and deletion of Cav1 in the liver reduces hepatic lipid accumulation 



  

203 
 

[413; 414]. Further, others report binding of SDC4 to CAV-1 [415], which triggers 

caveolar dependent endocytosis [386], a process that influences fatty acid transport and 

lipid droplet growth [416]. Together, these findings provide a possible mechanism to 

explain the reduction in SDC4-mediated fatty acid uptake and lipid droplet storage 

reported in the present study.  

 

Loss of SDC4 results in an aggravated inflammatory response in the lung and 

impairments in wound healing in the skin and kidney [386; 417-419]. Here, we showed 

that increasing Sdc4 content and secretion in the liver reduces the expression of pro-

inflammatory and pro-fibrotic genes in NAFLD. Given that reductions in hepatic 

inflammation and fibrosis are associated with improved health outcomes [420] and 

progression to NASH [421], further studies examining the anti-inflammatory and anti-

fibrotic effects of SDC4 in NASH are warranted.  

 

In summary, we have developed a novel resource detailing the proteomic changes that 

occur in hepatocytes with regular exercise training in mice with NAFLD. These studies 

identify marked remodelling of the liver intracellular proteome and altered hepatokine 

secretion with exercise training, effects that impacted metabolism in the liver and 

skeletal muscle. SDC4 was identified as a novel exercise-responsive hepatokine that 

decreases fatty acid uptake, reduces macrosteatosis and dampens the expression of 

inflammatory and pro-fibrotic genes in the liver. By understanding the proteomic 

changes in hepatocytes with exercise, we believe that these findings have strong 

potential for the discovery of new therapeutic targets for NAFLD, which remains an 

unmet clinical need. 
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7. Chapter 7: General Discussion 

Inter-tissue communication comprises a complex, multifaceted network that tightly 

regulates energy homeostasis and metabolism, and perturbations in this process 

frequently leads to defects in lipid metabolism, NASH, and hepatic fibrosis [422]. In 

recent years, hepatokines have been ascribed various roles as biomarkers of NAFLD 

[423-425] or regulators of glucose and lipid metabolism [187; 202; 288]; however, little 

is known about the broad changes in hepatokine secretion that occur with advanced 

NAFLD / NASH with or without significant fibrosis or how hepatokine secretion is 

remodelled with exercise, a frontline treatment for NAFLD. Therefore, this thesis 

focused on using mass spectrometry proteomic to characterise the changes in liver-

secreted and plasma proteins in humans and mice to investigate their clinical utility to 

diagnose and treat NAFLD and its associated comorbidities 

 

Adequate clinical management of patients with NAFLD remains ineffective, which is 

partially due to ineffective or impractical screening and stratification. The liver biopsy is 

an invasive, costly, and impractical approach that is currently required to adequately 

diagnose NASH and hepatic fibrosis in obese individuals [145; 157]. Non-invasive 

algorithms using plasma borne proteins and metabolites are being increasing used to 

diagnose NASH and hepatic fibrosis [256; 426; 427]; however, there remains a lack of 

clinical efficacy and validation, particularly in obese cohorts or against other fibrotic 

diseases [145; 157]. For example, the Forn index developed in non-obese patients with 

hepatitis C with significant fibrosis [255] resulted in poor sensitivity and specificity in 

obese individuals (Chapter 4) [157] and required lowering of the threshold to improve 

diagnostic accuracy [157], highlighting the need for validation of existing non-invasive 

algorithms in obese cohorts. Another issue relates to specificity. In this regard, a novel 
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algorithm, ADAPT [426], utilises the Pro-C3 fragment formed from type III collagen 

synthesis [428], and demonstrated high sensitivity for stratifying those with significant 

fibrosis [426]. However, obesity promotes fibrosis in extra-hepatic organs such as the 

kidney [429; 430] of which the PRO-C3 marker is currently investigated as a potential 

biomarker in kidney fibrosis [431]. Thus, it is possible that the PRO-C3 marker and 

ADAPT algorithm are indicative of generalised fibrosis in the body rather than liver 

fibrosis specifically. Therefore, non-invasive tests that enter the clinic should adequately 

inform on the presence of fibrosis and the tissue location. Collectively, the lack of 

sensitive and specific tests have led the American Association for the Study of Liver 

Diseases to advise against screening patients in high-risk groups (e.g., obese and or 

diabetic) due to the unreliability of these diagnostic tests and the lack of treatment 

options for these patients [6; 96].  

 

In pursuit of a novel biomarker, we interrogated EMILIN1 whose circulating 

concentration was unknown. Plasma EMILIN1 levels assessed by ELISA were shown 

not to be an adequate biomarker to stratify patients with NASH or hepatic fibrosis 

despite increases in expression and secretion from livers of individuals with biopsy 

confirmed NASH and fibrosis. This finding aligned with a poor correlation of liver-

secreted and plasma proteins shown more broadly among high abundant plasma 

proteins and highlights the complexity of protein secretion into the blood. Classically 

secreted proteins undergo extensive modification from protein synthesis, folding, 

quality control, and trafficking in a tissue-specific manner [432]. In addition, little is 

known about the process regulating plasma protein levels after their secretion from the 

cell. With respect to hepatokines, it is still unknown how proteins avoid extracellular 

degrading enzymes, highly phagocytic resident and infiltrating immune cells, and 
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bypass the extensive collagen network to be transported through the sinusoidal 

epithelial cells to enter the systemic circulation [285; 433; 434]. These are areas that 

need further investigation.  

 

To overcome the lack of diagnostic capabilities in patients with NAFLD and NAFLD-

associated fibrosis, we profiled liver-secreted, and plasma proteins to identify novel 

biomarkers that could distinguish disease progression. Our findings are arguably 

reconciled with the current difficulty in developing sensitive and specific biomarkers 

that reflect NAFLD pathophysiology, given that only two significantly altered plasma 

proteins, AFM and APCS, also exhibited increased hepatic secretion. Further, the 

hepatokines APOF and IGKV2-28 appeared to outcompete AFM and APCS as 

biomarkers to stratify patients with NASH and NAFLD-associated fibrosis. Little is 

known about IGKV2-28, particularly in obesity and NAFLD. However, circulating 

APOF was previously shown to be reduced with hypertriglyceridemia but increased 

with hypercholesterolemia [435]; both conditions are common in patients with NAFLD. 

Therefore, non-invasive tests that utilise APOF as a non-invasive biomarker for NAFLD 

may require accounting for circulating lipid levels for accurate stratification. Together, 

these findings provide novel insights into the hepatokine and plasma proteome 

remodelling with NASH and NAFLD-associated fibrosis and identify biomarkers that 

could be exploited to stratify patients with, or are at risk of NASH and NAFLD-

associated fibrosis. Specifically, we have identified several proteins that alone perform 

better than current non-invasive tests for the detection of NAFLD F2-3, and NASH. 

Future analysis that combines these markers with other biochemical and clinical 

measures may prove to be an effective and safe approach to diagnose patients with 

NASH and NAFLD F2-3 non-invasively. 
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Our second and third aims converged to identify potential treatments for NAFLD and 

hepatic fibrosis based on the prior knowledge that other hepatokines have pleiotropic 

roles and impact whole body energy homeostasis and metabolism [2]. Our two ‘omics’ 

screens identified two ECM proteins, EMILIN1 and SDC4, that were under appreciated 

in the context of NAFLD and hepatic fibrosis. Both SDC4 and EMILIN1 were 

previously reported to influence cell functions by direct interaction with cell-surface 

receptors [436] or indirectly by regulating growth factor availability [282]. While the 

understanding of ECM-mediated control on metabolism is becoming better appreciated 

[437; 438], there remains a paucity of information in this field, particularly in NAFLD. 

Here we examined the autocrine, paracrine, and endocrine role of SDC4 and EMILIN1 

in NAFLD. 

 

To date, few studies have assessed the role of SDC4 in the liver, let alone in NAFLD 

[439]. Serum SDC4 is an excellent predictor of NAFLD in humans [440], and the 

druggable stimulation of SDC4 transmembrane protein has shown therapeutic potential 

in treating patients with HCC [436]. In the context of obesity, high-fat feeding female 

SDC4-/- mice resulted in increased liver TG and adipose tissue inflammation [439] 

consistent with our observed reductions in hepatic steatosis with SDC4 overexpression. 

Further, our approaches utilising recombinant protein and liver-specific AAV that 

overexpressed SDC4 demonstrate that the ectodomain of SDC4 is likely responsible for 

reducing fatty acid uptake, lipid droplet size and inflammation. Although other SDC 

family members are considered to have overlapping functions with SDC4 and SDC1-3 

levels are increased in SDC4-/- cells and mice [439; 441; 442], the expression of SDC1-
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3 were not different our study, hence it is unlikely that compensation from other SDC 

proteins were mediating the observed reductions in hepatic fatty acid metabolism and 

inflammation. SDC4s role in inflammation and fibrosis has been increasingly 

interrogated [386; 417; 419; 442-444]. Previous assessment of SDC4 knockdown in 

primary human umbilical vein endothelial cells revealed ~3-fold increases in the 

secretion of chemokines, expression of pro-inflammatory genes, and impairments in 

wound healing [442]. Impaired wound healing has been recapitulated in the skin and 

kidney in vivo [417; 444]. Further, ours and previous findings in SDC4-/- females [439] 

are consistent with other reports demonstrating that the secreted ectodomain of cardiac 

SDC4 is responsible for immune cell recruitment and promotion of ECM degradation, 

rather than the transmembrane protein [443]. As such, improvements in NAFLD 

severity are likely driven by the secreted form of SDC4. We have not assessed the 

mechanism of how the ectodomain of SDC4 mediates reduces fatty acid uptake and 

remodels lipid droplet morphology. Application of SDC4 ectodomain onto isolated 

hepatocytes and performing phosphoproteomics may define potential pathways 

mediating this response. 

 

EMILIN1 is not unique in its capacity to regulate TGFβ signalling. Extracellular matrix 

protein 1 (ECM1) is produced by hepatocytes and inhibits pro-TGFβ cleavage, reduces 

fibrogenesis, and is patented for the treatment of liver fibrosis [445] (Patent; CN-

111135311-A, WO-2020088070-A1). Similarly, microfibril-associated glycoprotein 1 

(MAGP1, encoded by the gene Mfap2) binds to the mature TGFβ ligand, and when 

MAGP1 is deficient, this predisposes mice to NAFLD, hyperlipidaemia, 

hyperglycaemia, and impairments in glucose handling and reduced energy expenditure 

[446]. EMILIN1 is an abundant ECM protein in the healthy human liver [447; 448], 



  

209 
 

with approximately 8-fold greater levels of EMILIN1 compared to ECM1 [447; 448]. 

Despite this, the functional assessment of EMILIN1 in the liver, let alone under 

pathological conditions including NAFLD, hepatic fibrosis, and HCC, remains to be 

described. Further, given its higher abundance, it is feasible that a more pronounced 

phenotype of hepatic fibrosis will occur with hepatic EMILIN1 knockdown. We showed 

that injection with Emilin1-AAV reduced hepatic fibrosis and glucose-stimulated 

insulin secretion in two dietary models of NASH (Chapter 5). This thesis did not 

identify the molecular mechanisms mediating these EMILIN1 effects; however, it may 

be attributed to its EMI and gC1q domain. Previous reports show that the EMI domain 

prevents the release of pro-TGFβ release [282] while the gC1q domain that is shared 

with adiponectin and TNF superfamily of proteins [449] was shown to inhibit 

proliferation in vitro [286; 287; 450]. Together the EMI and gC1q domain may exert the 

same inhibition on HSC activation and proliferation to prevent the development of 

fibrosis. Lastly, overexpression of hepatocyte EMILIN1 reduced glucose-stimulated 

insulin levels, while it is plausible that it could be due to a reduction in TGFβ activity in 

the pancreas [451] however, this assertion requires further investigation. 

 

EMILIN1 turnover within tissues or in the plasma is not fully understood. Neutrophil 

elastase can degrade EMILIN1 in vitro [287] and may be, in part, responsible for 

EMILIN1 turnover in the tissue or the circulation. In the tissues, following NE mediated 

EMILIN1 degradation the components may exert biological functions [286] or can 

targeted for endocytosis and digestion [452]. On the other hand, circulating EMILIN1 

would be likely be translocated from the plasma to tissues for degradation. However, the 

main tissues and cells within the tissues that are responsible for EMILIN1 endocytosis 

and degradation are not yet known. Whether key disposal sites are similar to other 
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plasma proteins like albumin that are largely degraded by the muscle, liver, and kidney 

[453] are plausible. A novel approach combining isotopic tracers and mass spectrometry 

could be utilised to determine the rate of EMILIN1 synthesis and turnover [348]. Or 

potentially performing a modified ‘bleach-chase’ and measure EMILIN1 disappearance 

[454]. Further, whether plasma EMILIN1 is the full intact protein, the degraded 

components, or a combination of the two and if this ratio of intact vs degraded is 

modified in NAFLD and or fibrosis are unknown. These fundamental questions 

regarding fundamental EMILIN1 biology warrant further exploration. 

 

NAFLD is a multifaceted metabolic disease, and successful treatment requires a 

reduction in inflammation, fibrosis, alterations in lipid metabolism and may require 

systemic changes to promote whole-body metabolic improvements. There is currently 

no approved drug to treat NAFLD and hepatic fibrosis and identifying proteins that can 

reduce NAFLD severity is of paramount importance [6; 96]. Our hepatokine screens and 

in vivo studies shows that SDC4 is a novel inhibitor of fatty acid uptake and dampens 

inflammation, while EMILIN1 is an inhibitor of hepatic fibrosis. Moreover, both 

proteins independently reduce NAFLD severity by different approaches, but neither 

completely resolves the disease. In the case of EMILIN1, the CHOL dietary model, that 

is a model of NASH but not fibrosis, demonstrated that EMILIN1 did not impact lipid 

accumulation, hepatic lipid, or glucose metabolism, markers of inflammation or hepatic 

fibrosis. Indeed, this model does induce hyperinsulinemia and dyslipidaemia that was 

not altered with Emilin1-AAV. While in mice fed the MCD diet exhibited Emilin1-

AAV reduced hepatic fibrosis without altering inflammatory gene expression in the 

MCD model. Collectively, these findings suggest that EMILIN1 is working downstream 

of inflammatory signalling and reduces the fibrosis that develops as a consequence to 
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NASH-associated inflammation. In a similar manner, overexpression of hepatic 

Syndecan-4 did not alter dyslipidaemia or insulinemia but did reduce macrosteatosis, 

which was associated with reduced inflammatory and fibrotic gene expression. Given 

that Sdc4-AAV was administered after NAFLD was already induced, it suggests when 

coupled with the reduction in hepatic fatty acid uptake findings, that it, like EMILIN1, 

acts following induction of NAFLD to reduce NAFLD severity but is not sufficient to 

alleviate the disease without pharmacological intervention. Identifying one target that 

underpins the NAFLD and fibrosis network without extensive side effects may be naïve 

and has led to the view that combination therapies to reduce hepatic lipid accumulation, 

inflammation, and fibrosis are required for effective NAFLD treatment [455; 456]. 

While one could suggest a double AAV approach to overexpress SDC4 and EMILIN1 

to synergise NAFLD therapies to reduce hepatic macrosteatosis, inflammation, and 

fibrosis with potential improvements in insulin secretion (Chapter 4 & 5), we may be 

inhibited by lack of readily available measures to detect these secreted proteins in the 

circulation, mechanisms and the extensive clinical translation required to develop novel 

pharmaceuticals. Perhaps a more readily translational approach would be the 

combination treatment of EMILIN1 and firsocostat, also termed GS-0976. Firsocostat is 

an extensively studied liver-specific acetyl-CoA carboxylase inhibitor that reduces DNL 

and increases β-oxidation to reduce hepatic steatosis effectively [457-462] and is 

currently being investigated as a combination therapy with several small molecules 

[463; 464] to overcome the effect of hypertriglyceridemia associated with Firsocostat 

monotherapy. While improvements in human hepatic fibrosis were not assessed in the 

most recent clinical trial [464], co-administration of firsocostat and DGAT2 inhibitor 

reduced hepatic fibrosis, Acta2 and Col1a1 expression in rats fed a choline-deficient, 

amino acid-defined, high-fat diet [464]. Perhaps a combination of Firsocostat and 
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Emilin1 overexpression could successfully resolve end stage NAFLD with advanced 

fibrosis. On the other hand, combination of Firscostat and SDC4 may resolve hepatic 

steatosis by reducing fatty acid uptake and storage, DNL, and increasing fatty acid 

oxidation. Such possibilities warrant further investigation.  

 

The third primary aim of this thesis was to assess whether hepatokine secretion was 

altered following exercise in obese mice with NAFLD. This work was informed by 

previous studies assessing the secreted proteome from hepatocytes isolated from high 

fat-fed mice and mice with NASH [5; 11] that demonstrated marked remodelling of 

classically secreted proteins and led to the discovery of Fetuin B that impairs glucose 

tolerance [11], and SMOC1 and ARSA that improve glycaemic control and insulin 

sensitivity in mice [5; 288]. We reasoned that because exercise is an effective treatment 

for NALFD and NAFLD comorbidities, that exercise training might remodel the 

hepatocyte intracellular and secreted proteome and such changes might positively 

regulate lipid and glucose metabolism. Reports on how exercise impacts liver 

metabolism are well described [373; 395; 396]. However, whether exercise training 

alters the hepatocyte intracellular and secreted proteome remained to be elucidated 

[337-340; 396]. We identified marked remodelling of the hepatocyte intracellular and 

secreted proteins with exercise training, and the metabolic effect of the exercise-trained 

secreted medium on isolated tissues ex vivo revealed marked improvements in insulin 

sensitivity in skeletal muscle, reduction in basal hepatic glucose output and increased 

fatty acid oxidation, effects that are consistent with the known beneficial effects of 

exercise training [371; 465-467]. Congruent with our findings, studies using the inverse 

approach, that is assessing the effects of the hepatocyte secreted medium isolated from 

obese untrained mice, showed markedly reduced insulin-stimulated glucose uptake in 
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cultured myotubes [11], suggesting that exercise training remodelling liver secreted 

factors to prevent the reduction in insulin-stimulated glucose uptake. A central 

unanswered question of this body of work is how is the liver informed of exercise? It 

may be communicated in combination by cortisol and adrenaline, exercise responsive 

myokines [468], muscle-derived extracellular vesicles [172] and or by the central 

nervous system [469] to orchestrate transcription factor remodelling and subsequent 

changes in protein expression and secretion. Do the lack of these extra-hepatic signals 

contribute the mismatch in protein synthesis and secretion (Chapter 6) or are there 

negative feedback mechanisms mediated by extracellular proteins that regulate their 

intracellular synthesis? However, despite these unanswered questions, we reinforce the 

notion that the liver adapts to chronic exercise training and understanding of the 

exercise-induced adaptations can be harnessed to develop novel therapies. 

 

In conclusion, the findings in this thesis provide insight into the divergent functions of 

human and exercise-induced hepatokines and how they can be used to understand 

biology and for clinical gain. The field currently lacks a non-invasive method to 

diagnose or stratify patients with NAFLD and NASH, and there are no approved 

treatment options to resolve the disease. To address this, we used two ‘omics’ 

approaches to identify NASH and NAFLD F2-3 biomarkers, demonstrating remodelling 

of the liver-secreted and plasma proteome. The liver secreted proteome identified 

EMILIN1 which was not a biomarker for NASH but may be an effective anti-fibrotic 

for patients with NASH. Plasma proteomic analysis identified a panel of biomarkers 

that perform better than current non-invasive scores for the stratification of NAFLD F2-

3. Future investigations should combine these values with clinical parameters to develop 

more sensitive and reliable non-invasive scores to diagnose NASH and NAFLD-
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associated fibrosis. Lastly, exercise-training remodels hepatocyte protein secretion, and 

from this, we identified SDC4, a novel regulator of hepatic fatty acid uptake and 

inflammation. Further study is required to define the molecular mechanisms of how 

SDC4 and EMILIN1 proteins exert their phenotypic functions. Together, these findings 

highlight the therapeutic potential of exploiting hepatokines for clinical gain. This body 

of work supports further interrogation of novel hepatokines and their impact on NAFLD 

and metabolic co-morbidities.
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8. Chapter 8: Supplementary information 
 
8.1. Supplementary figures 
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Figure 8.1: Grouping of exercise and sedentary mice.(A) Prior to exercise or 
sedentary allocation, mice were matched for body weight and (B) glucose tolerance 
following oral glucose administration (2 g/kg). (C) Fasting blood glucose following 
exercise training. (D) glucose tolerance following oral glucose administration (2 g/kg) 
and the calculated. Data are presented as mean ± SEM, with n=7-8 per group. *P<0.05 
vs. Sedentary. Significance was assessed by two-tailed unpaired t-test (panel A), or two-
way ANOVA followed by Bonferroni’s post hoc test (panel B). Ns, not significant. 
 

Figure 8.2: Grouping of Sdc4-AAV and Control-AAV mice.(A) Prior to Sdc4-AAV 
or Control-AAV allocation, mice were grouped based on body weight (B) lean and fat 
mass and (C) glucose tolerance. Data are presented as mean ± SEM, with n=10 per 
group. *P<0.05 vs. Control-AAV. Significance was assessed by students two tailed 
unpaired t-test (panels A, B) or two-way ANOVA followed by Bonferroni’s post hoc 
test (panel C).  
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8.2. Abbreviations 

 

Table 8.1. Abbreviations 

Abbreviation Definition 
2DG 2-deoxyglucose 
AAV Adeno-associated virus 

ACAA2 Acetyl-CoA transferase  
ACC Acetyl-CoA transferase  
ACN Acetonitrile 

ACOX1 Acyl-CoA oxidase 1  
ACTA2 Actin alpha 2 
AFM Afamin 
AGC Automatic gain control  
ALB Albumin 

ALDH2 Aldehyde dehydrogenase  
ALP Alkaline phosphatase 
ALT Alanine aminotransferase 

ANOVA Analysis of variance  
ANXA4 Annexin 4  

AP1 Activator protein  
APCS Amyloid P component  
APOF Apolipoprotein F  
APRI Aspartate aminotransferase to platelet ratio index  
ARSA Arylsulfatase A 
ASM Acid-soluble metabolites  
AST Aspartate aminotransferase  
ATP Adenosine triphosphate  

AUROC Area under the receiver operating curve  
BARD BMI, AST/ALT ratio, T2D 
BCA Bicinchoninic acid assay  
BMI Body mass index 
BSA Bovine serum albumin  

CAV1 Caveolin-1  
CCDC51 Coiled-coil domain containing 51  

CCL2 C–C motif chemokine ligand 2 
CD36 Fatty acid translocase  
CD5L CD5 molecule like  
CHOL High-fat, high-fructose, high-cholesterol diet 

ChREBP Carbohydrate response element-binding protein  
CID collision induced dissociation  

Col1a1 collagens collagen type one alpha one chain 
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Col1a2 collagens collagen type one alpha two chain 
Col3a1 collagens collagen type three alpha one chain 

CPS Carbamoyl-phosphate synthase 1  
CPT1 Carnitine O-palmitoyltransferase 1 
CRN Clinical research network 
DAG Diacylglycerol 
DAPI 4′,6-diamidino-2-phenylindole  

DGAT2 Diacylglycerol O-acyltransferase 2  
DIA Data-independent acquisition mode 

DMEM Dulbecco's Modified Eagle Medium  
DMSO Dimethyl sulfoxide  
DNL De novo lipogenesis 
DPP4 Dipeptidyl peptidase-4  
DTT Dithiothreitol 
ECM Extracellular matrix  
EDTA Ethylenediaminetetraacetic acid 
EIF3K Eukaryotic translation initiation factor 3 subunit K  
EIF4G2 Eukaryotic translation initiation factor 4 gamma 2  

ELF Enhanced liver fibrosis  
EMILIN1 Elastin microfibril interfacer 1  

ER Endoplasmic reticulum 
ESI Electrospray Ionization  

eWat Epididymal adipose tissue 
F13A1 Coagulation factor XIII alpha chain  
F4/80 EGF-like module-containing mucin-like hormone receptor-like 1  

FABP4 Fatty acid binding protein  
FAS Fatty acid synthase 

FATP Fatty acid transporter protein 
FBS Foetal bovine serum  

FCN3 Ficolin 3 
FFA Free fatty acid 

FGF21 Fibroblast growth factor 21 
FIB4 Fibrosis-4  
GGT Gamma-glutamyl transferase 

GORD Gastro-oesophageal reflux disease 
H&E Hematoxylin and eosin  

HAO1 Hydroxyacid oxidase 1 
HbA1c Glycosylated haemoglobin 
HBSS Hank’s Buffered Salt Solution  
HCC Hepatocellular carcinoma  
HCD Higher-energy C-trap dissociation  
HDL High-density lipoprotein 
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HEXA Hexosaminidase A  
HFD High fat diet 
HIV Human immunodeficiency virus 

HPRT Hypoxanthine Guanine Phosphoribosyltransferase  
HSC Hepatic stellate cell 

HSPG2 Perlecan  
IGKV2-28 Immunoglobulin kappa variable 2-28 

IHTG Intrahepatic triglyceride content 
IL Interleukin 

Il1b Interleukin one beta 
IL-1r Interleukin one receptor 
IPA Ingenuity pathway analysis 
IR Insulin resistance 

LC-MS/MS Liquid chromatography tandem mass spectrometry  
LDL Low density lipoprotein 
LFQ Label free quantitation  
LLC Large latent complex 
LPC Lysophosphatidylcholine  
LPS Lipopolysaccharide  
LTF Lactotransferrin 

M199 Medium 199  
MAPK Mitogen-activated protein kinase  
MASP1 Mannan-binding lectin serine protease  
MCD Methionine and choline deficient  
MCH Mean corpuscular haemoglobin 

MCHC Mean corpuscular haemoglobin concentration 
MCS Methionine choline supplemented  
MCV Mean corpuscular volume 
MMP Matrix metalloprotease 

mtDNA Mitochondrial DNA 
NAA15 N-alpha-acetyltransferase 15  
NADH Nicotinamide adenine  
NAFL Non-alcoholic fatty liver 

NAFLD Non-alcoholic fatty liver disease 
NAS NAFLD activity score 

NASH Non-alcoholic steatohepatitis  
NCE Normalised collision energy  
NFkB Nuclear factor kappa- B 
NFS NAFLD fibrosis score  
NK Natural killer  

NRF2 Nuclear factor-erythroid factor 2-related factor 2 
OSA Obstructive sleep apnoea  
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OXPHOS Oxidative phosphorylation complex 
P/S Penicillin-streptomycin  

PA/OA/LinA Palmitic acid, oleic acid, linoleic acid  
PBS Phosphate buffered saline  

PGC1a Proliferator-activated receptor-γ coactivator-1α  
PKC Protein kinase C 

PPAR Peroxisome proliferator activated receptor  
PTK2 Protein tyrosine kinase 2 
PUMA p53 upregulated modulator of apoptosis 

PZP Pregnancy zone protein  
RARRES2 Chimerin  

RBP4 Retinol-binding protein 4 
RER Respiratory exchange ratio 

RICTOR Rapamycin-insensitive companion of mammalian target of 
rapamycin  

RIPA Radioimmunoprecipitation assay 
ROC Receiver operating curve  
ROS Reactive oxygen species  

rSDC4 Recombinant syndecan-4 
SD Standard deviation 

SDC Syndecan 
SDS Sodium dodecyl sulphate 
SEM Standard error of the mean 

SHBG Sex hormone binding globulin  
Sk. Muscle Skeletal muscle 

SLC Small latent complex 
SMOC1 SPARC Related Modular Calcium Binding 1  

SP1 Specificity protein 1  
SREBP-1c Sterol response element-binding protein 1c  

T2D Type 2 diabetes 
TBG Thyroxine binding globulin 
TCA Tricarboxylic acid cycle  
TCEP Tris(2-carboxyethyl) phosphine 
TFA Trifluoracetic acid  
TG Triglyceride  

Tgfb1 Transforming growth factor beta 1 
TGFBI Transforming growth factor beta induced protein  

TGFBRII Transforming growth factor beta 1 receptor 2  
TIMP Tissue inhibitor of metalloprotease 
TLC Thin layer chromatography 
TLR Toll like receptor 
TNFa Tumour necrosis factor a  
TSH Thyroid-stimulating hormone 
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UHPLC Ultra-high performance liquid chromatography 
USA United states of America  

VCO2 Volume of carbon dioxide 
VO2 Volume of oxygen 
WCC White cell count 
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