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ABSTRACT 

 

Non-alcoholic fatty liver disease (NAFLD) is the most prevalent liver disease in Australia 

and around the world and affects up to 40% of the adult population. It is the leading cause 

for liver transplantation in the USA and expected to be the leading cause in the next 10 

years in Australia. There is no proven medical treatment for NAFLD except for liver 

transplantation in patients with advanced liver disease. The management involves 

lifestyle modifications and dietary restrictions, which are difficult to achieve in most 

patients. 

NAFLD can progress to its severe form of non-alcoholic steatohepatitis (NASH) and liver 

fibrosis which eventually leads to cirrhosis or hepatocellular carcinoma. It has been 

described that there are several factors which contribute to NAFLD progression such as 

genetic factors, epigenetic factors, oxidative stress, adipokines and microbiota. These 

factors constitute the second hit of the so called ‘two-hit’ hypothesis in which the fatty 

liver is considered as the first hit.  

Advanced glycation end products (AGEs) are formed by the non-enzymatic reaction 

between reducing sugars and proteins or lipids. These are found in large amounts in the 

Western diet where high temperatures are applied during food processing. AGEs can also 

be formed in the body during aging, and the rate of synthesis can be accelerated in 

conditions such as diabetes due to elevated blood glucose levels. AGEs have been 

implicated in the progression of many chronic diseases such as diabetic complications. 

We therefore hypothesized that AGEs are another ‘second hit’ that drives NAFLD 

progression to liver fibrosis. 

A series of studies in this thesis have been designed to investigate and compare the effects 

of endogenous AGEs formed in the body and exogenous or dietary AGEs on NAFLD 

progression to liver fibrosis. The effects of AGEs on NAFLD progression were explored 

by intraperitoneal administration of AGEs to C57BL/6 mice for 10 weeks following 30 
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weeks of a high fat (HF) diet. This strategy was used to mimic the effects of endogenously 

formed AGEs. The effects of intraperitoneal AGEs were compared to those of dietary 

AGEs by feeding mice with the HF diet for the first 30 weeks, followed by a diet 

containing high AGEs for the next 10 weeks. The high AGE diet was prepared by baking 

the HF diet at 160o C for 1 hour. To further evaluate the contribution of endogenous 

AGEs, HF fed mice were made diabetic by two consecutive daily injections of 

streptozotocin after 15 weeks of HF diet. RAGE knockout mice were used to evaluate the 

role of RAGE in AGE-induced effects. We also explored therapeutic strategies targeting 

the AGE/RAGE pathway in NAFLD progression. Since we found that vinegar marination 

of HF diet prior to baking reduces AGE content in the diet, in a series of studies we fed 

diabetic mice with a vinegar marinated baked diet for 40 weeks. Moreover, we used 

therapeutic drugs that are known to inhibit AGE formation and have been used in phase 

II clinical trials for other diseases but have not been tested for their therapeutic effects on 

AGE-induced NAFLD progression. This included the administration of aminoguanidine 

and pyridoxamine to diabetic or high AGE fed mice via drinking water during the last 10 

weeks of the 40-week NAFLD model. In addition, we investigated the effects of 

alagebrium, an AGE-crosslink breaker, administered by daily gavage injection during the 

last 10 weeks to mice fed the high AGE diet for 40 weeks. Moreover, an AGE trafficking 

study was performed by gavaging fluorescent labelled-AGEs to high AGE fed mice 

treated with alagebrium in the last 2 weeks of a 4-week study. 

Dietary AGE content, gene expression of pro-inflammatory and pro-fibrotic cytokines, 

collagen 1, endotoxin responsive genes and RAGE in the liver and liver injury, oxidative 

stress and fibrosis were determined. Moreover, to elucidate mechanisms we performed 

cell culture experiments using two immortalised cell lines, murine Kupffer cells (KUP5 

cells) and human hepatic stellate cells (HSCs) (LX2 cells). Gene expression of pro-

inflammatory cytokines, ROS generation and HSC activation were determined in cells 

exposed to AGEs in the presence and absence of RAGE antagonists or alagebrium. 

We found that baking the HF diet increased its AGE content by several fold. Whilst the 

effects of intraperitoneal AGEs on pro-inflammatory and pro-fibrotic cytokine expression 

and liver fibrosis were not significant, diabetic mice fed the HF diet showed elevated 

circulating AGE levels which were accompanied by increased liver expression of RAGE, 

cytokines, endotoxin responsive genes, collagen 1, oxidative stress and liver fibrosis 
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compared to the HF diet. There was also a positive and strong correlation between 

circulating AGEs and liver RAGE expression. Similarly, high dietary AGE intake in non-

diabetic mice was also associated with an increased expression of the genes measured 

above, oxidative stress and liver fibrosis compared to HF diet, with diabetic mice fed the 

high AGE diet showing an additive effect on some parameters such as circulating AGEs, 

RAGE and oxidative stress. This suggests that increased AGEs formed in diabetes may 

be responsible for NAFLD progression to liver fibrosis. The concept that AGEs impart 

their effects by binding to RAGE is supported by the findings that AGE-induced up-

regulation of pro-inflammatory cytokines was completely prevented by RAGE blockade 

in Kupffer cells. Importantly, the finding that liver fibrosis was worse in high AGE fed 

non-diabetic mice than diabetic mice fed the HF diet suggests that dietary AGEs are more 

harmful in NAFLD progression to liver fibrosis than endogenous AGEs. 

The AGE inhibiting drugs aminoguanidine and pyridoxamine failed to affect NAFLD 

progression to liver fibrosis in diabetic or high AGE fed mice. In fact, these drugs were 

apparently enhanced liver fibrosis in HF fed mice, at least under our experimental 

conditions. On the other hand, we found that dietary intervention with vinegar marination 

prior to baking the HF diet had a profound inhibitory effect on liver injury, liver 

expression of RAGE, pro-inflammatory and pro-fibrotic cytokines and HSC activation, 

leading to a marked improvement in liver fibrosis in diabetic mice fed the marinated high 

AGE diet compared to diabetic mice fed the high AGE diet without vinegar marination. 

Pharmacological intervention with the AGE-crosslink breaker alagebrium produced 

profound inhibitory effects on all of above parameters, leading to a marked improvement 

in NAFLD progression. The finding that an alagebrium-induced marked reduction in 

circulating AGEs in high AGE fed mice was supported by AGE-trafficking study which 

showed that alagebrium apparently promotes AGE clearance. Moreover, cell culture 

experiments showed that alagebrium directly inhibits AGE-induced pro-inflammatory 

cytokine secretion and ROS generation by Kupffer cells and thereby reduced the exposure 

of HSCs to these cytokines and thus, indirectly inhibited HSC activation. Thus, 

alagebrium in addition to promoting AGE clearance and other than its designated role as 

an AGE-crosslink breaker, may also have a direct effect on AGE/RAGE signalling. 

In summary, the studies in this thesis demonstrate that AGEs could be considered as a 

second hit that drives NAFLD progression to liver fibrosis. These findings also suggest 
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that diabetes which is an important source of the circulating pool of AGEs, exacerbates 

NAFLD progression to liver fibrosis. Moreover, we conclude that dietary AGEs which 

appear to act directly on liver AGE/RAGE signalling and indirectly via the gut/liver 

AGE/RAGE axis are more harmful and stronger stimulant than endogenously derived 

AGEs in driving NAFLD progression. Thus, dietary modifications and changes to food 

preparation such as vinegar marination provide a feasible strategy to reduce dietary AGE 

intake and associated liver injury in NAFLD. We also conclude that AGEs directly act on 

Kupffer cells, leading to indirect activation of HSCs. We also show that alagebrium, a 

drug considered to be an AGE-crosslink breaker, may also have a direct effect on 

AGE/RAGE signalling in Kupffer cells. We also provide evidence that alagebrium is a 

potential therapeutic drug for NAFLD patients that could be trialled in a phase II study 

since the drug has been trialled in patients with other conditions such as heart failure and 

diabetic nephropathy.
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PREAMBLE 

 

The prevalence of chronic liver diseases is rising worldwide and approximately 1.7 

million deaths due to liver disease are reported annually.1 The aetiology of these  diseases 

is multifactorial and the causative agents vary depending on ethnic groups and 

geographical area.2 Among them, non-alcoholic fatty liver disease (NAFLD) is the most 

common liver disease in Australia as well as in the world. It affects up to 40% of adult 

Australian population and is a major cause of morbidity and mortality in Australia.3 The 

main risk factors for developing NAFLD are central obesity, type 2 diabetes, 

dyslipidaemia and insulin resistance.4 Currently, there is no established drug therapy, and 

treatments are largely based on lifestyle modification which are difficult to achieve in 

most patients. Therefore, there remains a major need to identify potentially modifiable 

factors that exacerbate liver injury and NAFLD progression to liver fibrosis and to 

develop therapies that can prevent or treat fibrosis in this condition. 

A two-hit hypothesis has been proposed to explain the establishment and progression of 

NAFLD.5 In this hypothesis, the first hit is the accumulation of excess fat in the liver 

causing fatty liver. There are several factors that have been considered as the second hit 

that drives NAFLD progression to liver fibrosis. We hypothesized that advanced 

glycation end products (AGEs) that have been implicated in the progression of many 

chronic diseases,6,7 are one factor responsible for NAFLD progression to liver fibrosis. 

AGEs are formed by the non-enzymatic reaction between reducing sugars and proteins 

or lipids and are found in large amounts in the Western diet where high temperatures are 

applied during food processing. AGEs can also be formed in the body during aging, and 

the rate of synthesis can be accelerated in conditions such as diabetes due to elevated 

blood glucose levels.8  

The accumulation of circulating and/or tissue AGEs may result in the activation of pro-

inflammatory and pro-fibrotic pathways which lead to changes in extracellular matrix 
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structure and function. It has been shown that AGEs impart their effects via two pathways; 

1) a direct effect independent of receptor binding where crosslinks are formed between 

AGEs and molecules on the basement membrane, 2) an indirect effect by interaction with 

their receptors. Most of the harmful effects of AGEs in a wide range of pathological 

conditions including liver disease have been shown to be mediated via their receptors.9 

To date, at least 8 candidate molecules have been identified which are capable of binding 

to AGEs. The most characterised receptor among them is known as the receptor for AGEs 

or RAGE.10 RAGE is a 35 kDA pattern recognition multiligand receptor and is a member 

of immunoglobulin super family of cell surface molecules.10 

The primary approach to manage hepatic fibrosis is concerned with the removal of the 

causative agent while managing the complications. Fibrosis can eventually result in liver 

cirrhosis or hepatocellular carcinoma. Liver transplantation is the only curative treatment 

for end-stage liver disease in patients with cirrhosis. Therefore, it is important to explore 

strategies that can prevent NAFLD progression to liver fibrosis. Emerging evidence 

suggests that the AGE-RAGE axis contributes to the progression of many diseases, 

including cardiovascular disease and diabetic complications.11-13 Therefore, in this thesis, 

we investigated the role of the AGE-RAGE axis in the progression of NAFLD to liver 

fibrosis with special emphasis on the contribution by different sources of AGEs, and 

dietary and therapeutic interventions.   

The central hypothesis of this thesis is that the AGE-RAGE axis plays an important role 

in NAFLD progression and targeting this axis provides an effective strategy of disease 

prevention and treatment. The hypothesis was addressed in three main aims. 

1) To investigate and compare the effects of dietary versus endogenous AGEs on the 

progression of NAFLD to NASH and liver fibrosis. 

2) To elucidate the role of RAGE in mediating AGE-induced signalling and NAFLD 

progression using RAGE antagonists and RAGE knockout (RAGE-/-) mice. 

3) To explore the benefits of dietary modification, and therapeutic role of inhibitors 

of AGE formation (aminoguanidine and pyridoxamine) and an AGE-crosslink 

breaker (alagebrium) in NAFLD mice fed a diet high in AGEs. 

 

This thesis is comprised of a brief introduction (preamble), background with literature 

review (chapter 1), methods and protocols (chapter 2) and experimental chapters 
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(chapters 3 to 6), followed by chapter 7 with general discussion, conclusions and future 

directions. Each of the experimental chapters contains a brief introduction, experimental 

design, study-related specific methods/protocols, results, discussion and a summary.  

This thesis commences with chapter 1, which is the literature review, with details of liver 

anatomy and function and the current understanding of the pathogenesis of NAFLD and 

liver fibrosis. The structure and formation of AGEs that potentially drive NAFLD 

progression are also outlined, including RAGE structure and possible interactions of 

AGE/RAGE. Moreover, current and proposed therapies targeting the AGE/RAGE axis 

are discussed. 

Chapter 2 describes the general experimental methods and protocols used to explore the 

role of the AGE/RAGE axis in NAFLD and to target this axis to prevent NAFLD 

progression. In addition, the chapter also discusses statistical methods employed for data 

analysis.   

Chapter 3 is the first experimental chapter which provides the outcome of aim 1 of the 

thesis. A series of studies presented in this chapter investigated and compared the effects 

of endogenous (i.e. intraperitoneally administered AGEs) and dietary AGEs on NAFLD 

progression and demonstrates that dietary AGEs are more harmful than endogenous 

AGEs. 

Chapter 4 describes the effects of diabetes and potentially AGEs formed during 

hyperglycaemia and compares these with oral AGEs. The latter part of this chapter 

investigated the role of RAGE in mediating AGE effects, which is related to aim 2 of this 

thesis. This leads to the next chapters which described the effects of several therapeutic 

strategies targeting the AGE/RAGE axis in NAFLD. 

Chapter 5 addresses aim 3 of this thesis. In this chapter, strategies that can inhibit AGE 

formation were studied using two approaches. The first was to inhibit endogenous AGE 

formation using two drugs, aminoguanidine and pyridoxamine. Neither of the two drugs 

was effective in ameliorating NAFLD progression. The second strategy employed was to 

inhibit the formation of AGEs in the diet by vinegar marination which showed promising 

results with improvement of NAFLD progression. 
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Chapter 6 is the last experimental chapter which described the effects of the AGE-

crosslink breaker alagebrium. The studies described in this chapter convincingly showed 

that alagebrium is an effective drug which ameliorates NAFLD progression. Moreover, 

they provide evidence that other than its designated mode of action, alagebrium may also 

have a direct effect on the AGE/RAGE axis in Kupffer cells and indirect effects on hepatic 

stellate cells. 

Chapter 7 contains the general discussion and conclusions where the results from chapters 

3, 4, 5 and 6 are discussed. Future directions are also mentioned, to guide future 

investigations related to the present findings and potential of manipulating the 

AGE/RAGE axis in formulating future therapies in both diabetic and non-diabetic 

patients with NAFLD. 
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CHAPTER 1 

Background and aims 

 

1.1 Introduction 
The liver is the heaviest and largest internal organ in the human body and is the most 

important metabolic organ. The wide range of metabolic, secretory and endocrine 

functions explain its complexity in structure. These functions include synthesis and 

secretion of bile, excretion of bilirubin, excretion of other toxins and waste products, 

synthesis of plasma proteins (including clotting factors, albumin and acute phase 

proteins), gluconeogenesis, and storage of triglycerides, some vitamins and glycogen. 

 

1.1.1 Macroscopic structure of liver 

The healthy human liver weighs around 1.5 kg and is located in the upper right quadrant 

of the abdomen, below the diaphragm, on top of several structures, with imprints showing 

on the inferior surface. It is divided into eight functionally independent segments; with 

each segment having its own independent vascular and biliary pedicle and venous 

drainage (Fig. 1.1). The capsule of the liver, known as Glisson’s capsule, is a fibrous 

connective membrane mainly composed of collagen and elastin fibres. It encompasses 

the hepatic parenchyma which contributes mechanical support to the liver.14  

Mouse liver has 4 lobes: the median (or middle), left, right and caudate and all, except 

the left are further subdivided into 2 or more parts.15 The large medial lobe is subdivided 

into left and right portions. The right lateral lobe is divided horizontally into anterior and 

posterior portions and the caudal lobe subdivided into two leaf shaped dorsal and ventral 

portions.16  
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Unlike other organs, the liver receives its blood supply from two sources, the hepatic 

artery and the portal vein. The portal vein supplies the major portion (approximately 75%) 

of the liver’s blood supply. It carries blood from the digestive tract and is therefore rich 

in compounds which have been absorbed from the gut. After entering the liver, the portal 

vein divides into increasingly smaller branches, portal venules. The remaining supply 

(approximately 25%) is from the hepatic artery and it perfuses the liver with highly 

oxygenated blood. Upon entering the liver, like the portal vein, the hepatic artery divides 

into increasingly smaller branches, hepatic arterioles. This blood then flows into sinusoids 

before emptying into hepatic veins, then to the inferior vena cava.15 

The biliary system in the liver is responsible for the excretion of bile and other products. 

It begins with small tributaries which fuse together to form increasingly larger branches, 

hence it is called the biliary tree. These larger branches eventually come together to form 

two large bile ducts, the left and right hepatic ducts. These two then join to form the 

common hepatic duct, which is later joined to the cystic duct to form the common bile 

duct. 

 

Figure 1.1 Macroscopic anatomy of liver  

The liver can be divided into 8 vascular segments, with each subserved with a separate 

branch of portal vein, hepatic artery and bile duct (Adapted from Ref17). 
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1.1.2 Microanatomy of liver  

The classic lobule was defined as the structural and functional unit of the liver for more 

than a century. It is a hexagonal lobule with portal tracts at the corners of the hexagon 

and a hepatic vein at the centre. A parallel concept of a lobule based on the portal tract 

has been described by Mall with a portal tract in the centre and central venules at the 

periphery and called the portal lobule. In 1954, Rappaport et al. described the liver acinus, 

defining the functional unit based on the microcirculatory flow within the liver (Fig. 1.2). 

The concepts of classic lobule, portal lobule, and acinus have never been completely 

accepted, neither have they been completely discarded. A single concept might not 

successfully explain all the pathological and physiological processes in the liver, but 

every concept is useful in explaining some of them.18 

Both hepatic artery and the portal vein divides into small branches and eventually empty 

their flow into a system of small vascular channels which is different from capillaries 

anywhere else in the body. These channels, called ‘hepatic sinusoids’, are 10-30 µm in 

diameter. These are lined by endothelial cells with spaces, or fenestrations, between them 

and are directly contacted on each side by hepatocytes which are arranged in one cell 

thick plates. The narrow, plasma filled region between hepatocytes and sinusoidal 

endothelial cells is called the ‘space of Disse’ through which solutes are exchanged. It 

contains both extracellular matrix (ECM) and hepatic cells. 

A terminal branch of the portal vein, a terminal branch of the hepatic artery and a bile 

ductule is collectively called a portal triad (or portal tracts) (Fig. 1.2), which is surrounded 

by a small amount of connective tissue and a layer of hepatocytes. Within the portal tract, 

there is also a lymphatic channel, but these are difficult to identify on sections as their 

thin walls are often collapsed.  
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Figure 1.2 Hepatic lobule  

Concepts of functional units of the liver. The hepatic lobule is roughly hexagonal in shape 

with the portal tract located at the angles of the hexagon and a hepatic vein located 

centrally. Central vein and portal triad belonging to the hepatic acinus are located at each 

angle of the rhombus (Adapted from Ref19). 

 

 

1.2 Cell types in the liver 

The total cell population in the liver can be divided into two; parenchymal cells and non-

parenchymal cells. 

  

1.2.1 Parenchymal cells - Hepatocytes 

Hepatocytes which are the main functional cells of the liver, constitute of 65% of total 

liver cell population,20 and 70-85% of liver volume.21 They are irregular in shape and 

variable in dimensions depending on their age, location and the regenerative capacity. 

The hepatocytes are polarised cells which are joined to one another in anastomosing rows 

or plates. Each cell has three functional membrane domains; the basolateral domain, 

canalicular and the lateral domain with each domain having distinct functions.22 The 

hepatocytes have abundant rough and smooth endoplasmic reticulum (ER) , reflecting the 

fact that they execute most of the liver’s synthetic, endocrine and metabolic functions.  
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1.2.2 Sinusoidal endothelial cells (SEC) 

Sinusoidal endothelial cells (SECs) constitute the surfaces of the sinusoids, also called 

endothelium, or endothelial lining. They differ from the endothelial cells present 

elsewhere in the body, by having open pores or fenestrations within and between them. 

A group of fenestrate acts as a dynamic filter, which allows free exchange of 

macromolecules between sinusoidal blood and hepatocytes and protects the hepatocyte 

from the trauma of passing blood flow. SECs have other important roles, including 

endocytosis/clearance of endotoxin, bacteria and other compounds, as well as regulation 

of inflammation and leukocyte recruitment.23  

 

1.2.3 Kupffer cells (KC) 

Kupffer cells are resident macrophages in the liver and constitute of up to 15% of the cells 

in the liver.15 They lie within the walls of liver sinusoids, in between or on top of 

endothelial cells but are capable of penetrating the endothelial barrier. These cytoplasmic 

extensions allow direct cell contact with hepatocytes facilitating their signalling function. 

These cells form a part of the reticuloendothelial system (Fig. 1.3). 

Kupffer cells are important in responding to the local changes. The role of Kupffer cells 

in mediating signalling may have led to alternate roles as damage mediator versus 

protector.24 Protective roles include the modulation of immune responses via antigen 

presentation and suppression of cell activation and proliferation of T-cells, and immune 

surveillance of the host and regulation of hepatic physiological homeostasis. However, 

activated KCs can be a damage mediator as they produce many cytokines and release 

them into the local environment. These cytokines are capable of modulating the 

metabolism behaviour and integrity of other liver cell types, including hepatocytes which 

can aggravate liver damage 

 

1.2.4 Hepatic stellate cells (HSC) 

Hepatic stellate cells (HSCs) make up 5-8% of cells in the normal liver and are located in 

the space of Disse.25 These cells were previously known as lipocytes, Ito cells or 

perisinusoidal cells. Morphologically, they are characterised by long cytoplasmic 
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extensions or processes allowing for the cell signalling with a large number of cells, 

including other HSCs, hepatocytes, endothelial cells and nerve endings. 

HSCs are quiescent under normal physiology, with a cytoplasm containing lipid droplets 

rich in vitamin A playing an important role in vitamin A storage and homeostasis.26 These 

cells are not clearly distinguishable in routine histological sections, but can be identified 

under electron microscope. However, there are other markers for identifying these cells, 

including cytoskeletal proteins.27,28 α-smooth muscle actin (α-SMA) is often used as a 

marker for HSCs which is expressed on activated cells.29 

There is evidence to suggest that HSCs play an important role in liver development and 

regeneration through the hepatocyte mitogen, hepatocyte growth factor (HGF). These 

growth factors provide the necessary signalling to neighbouring cells for cell division and 

transformation. Another major function is immunoregulation, with HSCs being capable 

of secreting several chemokines including monocyte chemoattractant protein-1 (MCP-1). 

They also appear to be involved in the regulation of sinusoidal vascular tone.30 In response 

to tissue injury, the HSCs undergo a dramatic phenotypic change and transdifferentiate 

into myofibroblast-like cells (activated HSCs) that produce ECM.31 

 

1.2.5 Cholangiocytes 

Cholangiocytes are cuboidal epithelial cells that line the intrahepatic biliary ductules and 

canals of Hering. They are also referred to as bile duct cells and bile duct epithelial cells. 

The major function of cholangiocytes is to regulate ductal bile secretion.32 The other 

functions include absorption and secretion of water, organic anions and cations, lipids 

and electrolytes and regulate localised immune responses by interacting with immune 

cells through expression of adhesion molecules and secretion of cytokines.33 It has been 

shown that under pathological conditions these cells may be involved in liver fibrosis via 

epithelial-to-mesenchymal (ETM) transition suggesting that this could be possible 

mechanism that contributes to chronic cholestatic liver disease. 
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1.2.6 Hepatic dendritic cells (DC) 

Hepatic dendritic cells (DCs) constitute less than 1% of the nonparenchymal cells in the 

liver and are found in the periportal and pericentral space. DCs are derived from 

hematopoietic progenitor cells in the bone marrow.34 Although these are antigen 

presenting cells, they are poor initiators of immunity in a normal liver, but enhance the 

immunogenicity upon liver injury such as fibrosis.35 They can internalise antigen by 

phagocytosis, receptor mediated endocytosis, or pinocytosis. Like any other DC in other 

peripheral sites, they are able to efficiently capture, process, and transport antigen to 

regional lymphoid tissues.36 In 2009, Connolly et al showed that DCs govern the 

upregulation of numerous inflammatory mediators by activation of neighbouring cell 

types and crosstalk with HSCs.35 

 

 

 

Figure 1.3 Cell types in the liver 

Different cell types located differently according to their function in the liver (Adapted 

from Ref37 &38) 
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1.3 Extra cellular matrix (ECM) 

1.3.1 Molecular composition of the ECM 

ECM is a 3-dimensional scaffold mainly produced by HSCs which determines the shape 

of the cell and defines its microenvironment. It’s a mesh of proteins and protein 

components that constitutes less than 3% of relative area39 and approximately 0.5% of the 

liver weight.40 There are 10 types of matrix proteins found in the liver and, the 

predominant forms of collagen are types I (36%) and type III (36%) in normal liver, 2) 

structural glycoproteins (fibronectin, laminin, nidogen/entactin, tenascin, osteopontin), 3) 

proteoglycans (heparin sulphate, etc.) and 4) free glycosaminoglycan hyaluronan. 

 

1.3.2 Function of ECM 

The primary function of ECM is to provide a scaffold that maintains the structure of the 

tissue. However, emerging evidence suggests that in addition to this mechanical support, 

ECM is now considered as an active component of the liver that can sustain inflammation 

and fibrosis by its direct signals to cells, i.e. it controls cell phenotype through ECM-cell 

interactions mediated by receptors and in addition by providing potent signalling 

fragments. It also serves as a storage site for multiple soluble cytokines and growth 

factors.41 

 

1.3.3 Sources of ECM 

Hepatic stellate cells are the major cell type that is responsible for the deposition of ECM 

in liver, both under normal circumstances and in pathological conditions. Other cell types 

such as mesenchymal cells and epithelial cells also may play a role in fibrogenesis (Fig. 

1.4). There is evidence from studies suggesting that portal mesenchymal cells,42 bone 

marrow derived cells43 and epithelial cells (hepatocytes and cholangiocytes) through the 

process of ETM transition contribute to the fibrogenesis. The contribution of these 

different cell populations to fibrogenesis may vary depending on the nature of the 

underlying liver injury. 
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Figure 1.4 Sources of ECM 

HSCs are the major cell type contribute to ECM deposition following activation by 

various other signals (Adapted from Ref44). 

 

 

1.3.4 ECM in liver pathologies 

There is constant turnover and remodelling of the ECM with both tissue forming and 

tissue degradation. A balance between these two processes keeps the quantity and quality 

of matrix maintained. Fibrosis is a condition with accelerated ECM turnover resulting in 

increased pathological protein deposition and altered matrix metalloproteinases (MMPs) 

expression.45 Activation of HSCs (into myofibroblast like cells) due to tissue injury and 

inflammation disrupts the normal pattern of ECM leading to deposition of excess ECM. 

It primarily acts as a wound healing reaction, however, with continuous inflammatory 

insult excess ECM becomes dominated by fibrillary collagen I and collagen III which 

generates scar tissue eventually.  
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1.3.5 Resolution of ECM 

Resolution of ECM can be carried out by enzymes, especially, matrix metalloproteinases 

(MMPs). Different MMPs have specific substrates, and MMP-1 is the main enzyme 

responsible for degradation of type I collagen, the most abundant form of collagen in 

hepatic fibrosis. The activity of MMPs is regulated by other enzymes, i.e. MMPs can be 

activated by factors including membrane-type 1 matrix metalloproteinase (MT1-MMP) 

or plasmin and inhibited by a family of molecules known as TIMPs (tissue inhibitors of 

metalloproteinases).46 Hence, ECM quantity in a system, reflects relative amounts of 

activated MMPs and their inhibitor TIMPs. 

 

1.4 Chronic liver diseases 

There are a large range of chronic liver diseases some of which are discussed below, 

which can lead to liver fibrosis. Fibrogenesis leads to cirrhosis, a condition which is 

characterised by the loss of functional parenchymal cells with increased deposition of 

scar tissue, resulting in distorting of liver structure and the development of parenchymal 

regenerative nodules. Once cirrhosis is established, it may progress to hepatocellular 

carcinoma (HCC) and patients with both cirrhosis and HCC have reduced life expectancy 

and significant morbidity. Therapeutic options for these conditions are limited apart from 

liver transplant. 

 

1.4.1 Alcoholic liver disease (ALD) 

Alcoholic liver disease (ALD) may be the oldest form of liver injury known to us and 

remains a major cause of liver diseases worldwide. In Australia, 6825 deaths due to ALD 

were estimated to occur from 1992 to 2001.47 ALD ranges from simple steatosis to 

cirrhosis.48 The risk of developing cirrhosis increases with the ingestion of >60-80 g/day 

of alcohol for 10 years or longer in men, and >20 g/day in women49 and mortality is 

significantly correlated with alcohol consumption.50  Other factors such as type of 

alcohol, ethnicity, obesity, iron overload, concomitant infection with viral hepatitis, and 

genetic factors may affect the severity. The diagnosis of ALD is based on liver biopsy 

and history of significant alcohol intake. Biochemical tests are less sensitive for the 
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screening.51 Long term management of the disease mainly involves abstinence 

rehabilitation and nutritional therapy.  

 

1.4.2 Viral hepatitis  

A collective group of viruses, which can cause liver diseases are called hepatitis viruses. 

There are six types which can infect humans, Hepatitis A, B, C, D, E and GB viruses.52 

Hepatitis B (HBV) and C (HCV), both  transmitted parentally are the most common in 

Australia, with a prevalence of 1.1% HCV in 200253 and 1% HBV in 2012 (Department 

of Health, Australia). Age (>40-55 years), male sex, HIV co-infection and other liver 

diseases may accelerate the disease progression54 and lead to decompensated cirrhosis or 

hepatocellular carcinoma and death. The initial management includes a complete history 

and physical examination to assess for signs of cirrhosis, alcohol and metabolic risk 

factors. Even though multiple highly effective drug treatments have been approved, 

prevention remains the cornerstone of Australia’s response to viral hepatitis.55 

 

1.4.3 Hereditary Haemochromatosis (HFE) 

The prevalence of HFE was 0.36% in Australia in 1990.56 This is also known as ‘iron 

storage disease’ due to iron overload in parenchymal cells in major organs such as liver, 

heart and pancreas, due to genetic mutations.57 There are many complications associated 

with HFE including hepatomegaly, cirrhosis or hepatocellular carcinoma.58 Therapeutic 

management involves venesection mainly, with rarely used erythocytapheresis and iron 

chelation.59   

 

1.4.4 Primary Sclerosing Cholangitis (PSC) 

Primary Sclerosing Cholangitis is a rare disease with a low prevalence (4-16/100,000) in 

adults60 with estimated 872 cases in 2012, in Australia. A broad range of abnormalities, 

with narrowing and obstruction of intra- and extra-hepatic bile ducts occur in PSC.61 Even 

though the aetiology remains unclear, the genetic background seems to play a significant 

role in global distribution of the disease.62 Liver transplantation is the only established 
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treatment on PSC. Antibiotic and antifibrotic agents have shown beneficial effects in 

some studies,63 although the mechanism is unclear. 

 

1.4.5 Primary Biliary Cholangitis (PBC) 

The prevalence of PBC was 51 cases per million in 2004 in Australia.64 It is an 

autoimmune liver disease characterized by biliary destruction, progressive cholestasis, 

and potentially liver cirrhosis. Serologically, PBC is characterized by presence of 

antimitochondrial antibodies, which are present in 90–95 % of patients.  

Ursodeoxycholic acid was the only accepted therapy until obeticholic acid received FDA 

approval recently. However, like PSC, the ultimate treatment for end-stage PBC is liver 

transplantation.65 

 

1.4.6 Non-alcoholic Fatty Liver Disease (NAFLD) 

This will be discussed in detail in section 1.6 of this thesis.  

 

 

1.5 Pathophysiology of liver diseases 

1.5.1 Fibrosis 

As mentioned above, fibrosis is the excessive accumulation of extracellular matrix 

proteins including collagens that occurs in most types of chronic liver diseases. It is an 

essential wound healing response to repeated injury from a wide variety of aetiologies. 

Regardless of the stimuli, the most advanced stage of fibrosis, cirrhosis is same. In most 

of diseases, it takes up to 15-20 years for cirrhosis to develop.37   

 

1.5.1.1 Histological definition  

The degree and the pattern of liver fibrosis is one of the most important diagnostic and 

prognostic assessments in chronic liver disease. Liver biopsy related histological 

assessment is recognised as the best standard for the evaluation of fibrosis. It provides 
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information on fibrosis, inflammation, necrosis and steatosis.66 There have been several 

scoring systems introduced by a number of investigators.67 However, most current studies 

use well validated Metavir score system, comprised of five progressive stages; F0, 

normal; F1, portal fibrosis; F2, few fibrotic septae; F3, numerous septae and bridging 

fibrosis; and F4, cirrhosis (Fig. 1.5A).68 

Different patterns of the deposition of fibres have been observed depending on the 

aetiology. For example, in chronic viral hepatitis and chronic cholestatic disorders, the 

fibrotic tissue is initially located around portal tracts, causing bridging fibrosis. In 

alcohol-induced liver disease, ECM deposited in the space of Disse, pericentral and 

perisinusoidal areas, giving a ‘chicken-wire’ pattern.69 Biliary fibrosis incorporates the 

proliferation of bile ductules and periductular myofibroblasts, which leads to the 

formation of portal-portal fibrotic septa surrounding liver nodules. Conditions that alter 

venous outflow are the main cause of centrilobular fibrosis, which is characterized by 

central-central fibrotic septa. In comparison, NASH histology show a great heterogeneity 

depending on age, but is predominantly centrilobular giving a river-delta pattern.70 

 

 

 

 

 

 

 

 

(A) 
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Figure 1.5 Fibrosis score systems 

(A) Proportion (%) of area of illustrated section showing sirius red staining for collagen 

(collagen proportionate area) (Adapted from Ref67) 

(B) Fibrosis stage according to Metavir score system (Adapted from Ref71)  

 

1.5.1.2 Pathogenesis of fibrosis 

Liver parenchymal hepatocytes regenerate and replace necrotic and apoptotic cells after 

an acute injury with an inflammatory response and a limited ECM deposition. It is a 

complex, dynamic process in which deposited fibres are removed by fibrolytic enzymes. 

However, if the injury persists, the dynamic balance is tipped in favour of matrix 

accumulation, eventually the liver regeneration fails, and hepatocytes are substituted with 

abundant ECM, including fibrillar collagen. As disease advances, fibrosis progresses 

(B) 
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from collagen bands to bridging fibrosis to cirrhosis.37 Overall, the cirrhotic liver contains 

approximately six times more ECM overall than normal liver.72  

Both the quality and quantity of ECM is largely altered during fibrogenesis. In a normal 

liver, the sub endothelial space of Disse separates hepatocytes from the sinusoidal 

endothelium and contains a low-density, or ‘basement membrane-like matrix’. It contains 

a defined lattice-like meshwork, mainly composed of collagens IV and VI, and other 

proteins such as collagen I, hyaluronan, undulin, elastin, and laminin. Its function is to 

provide cellular support while allowing unimpeded transport of solutes and growth 

factors.68 During liver injury, this matrix is disrupted and replaced with fibrillar collagens 

including collagen I, III and IV. Although all three types of collagens are increased, type 

I increases most and its ratio to types III and IV therefore increases.73 Hyaluronan is 

increased more than eightfold,74 accompanied by increases in other minor proteins.75 

These quantitative and qualitative changes in ECM composition alter the matrix 

microenvironment and create a functional and physical impediment to the bidirectional 

flow of plasma between sinusoidal lumen and hepatocytes.39 After injury, ECM not only 

modulates the activation and proliferation of HSC and angiogenesis, but also provides 

signals for sinusoidal endothelial cells and hepatocytes. With progressive injury, ECM 

spurs link the vascular structures, ultimately resulting in the architecturally abnormal 

nodules that characterise cirrhosis.76 

 

1.5.1.3 Role of hepatic stellate cells (HSCs) 

There is overwhelming evidence that activated HSCs are the major producers of the 

fibrotic neomatrix, although other cells and processes can make significant 

contributions.77 Activated HSCs produce a wide variety of collagenous and non-

collagenous ECM proteins upon wound healing.76 Activation of HSCs consist of two 

steps; early events called initiation and followed by perpetuation.26 

 

Initiation: Initiation is also called the “pre-inflammatory stage” referring to the early 

changes in gene expression and phenotypical changes of HSCs, when exposed to the 

various cytokines and stimuli including the interaction of other cells as well. Death of 

hepatocytes following an injury releases cellular contents such as DNA and reactive 
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oxygen species (ROS) which promotes HSC initiation. In addition to injured hepatocytes, 

hepatic macrophages, endothelial cells, and lymphocytes also drive HSC activation. The 

dead cells can upregulate the expression of pro-inflammatory factors secreted by Kupffer 

cells.  

 

Perpetuation: Perpetuation is the next stage of stellate cell activation and, it involves at 

least seven discrete changes in cell behaviour: proliferation, chemotaxis, fibrogenesis, 

contractility, matrix degradation, retinoid loss, and white blood cell 

chemoattractant/cytokine release.26 Platelet derived growth factor (PDGF),78 vascular 

endothelial cell growth factor (VEGF), thrombin and its receptor, epidermal growth factor 

(EGF), transforming growth factor α (TGF-α), keratinocyte growth factor and fibroblast 

growth factor (FGF) have been studied in perpetuation.79 This increase in both the cell 

numbers and matrix production per cell, results in fibrogenesis.80 The best-studied 

component of hepatic scar is collagen type I and the most potent stimulus is transforming 

growth factor beta1 (TGF-β1). Signals downstream of TGF-β1 include a family of 

bifunctional molecules known as Smads. Connective tissue growth factor (CTGF/CCN2) 

is also another potent fibrogenic signal.81  

Contractility of HSCs may be a major determinant of early and late increases in portal 

resistance during liver fibrosis. Large number of HSCs impede portal blood flow by 

constricting individual sinusoids and by contracting the cirrhotic liver. Endothelin-1,nitric 

oxide82 and angiotensin II83 are major counter regulators controlling stellate cell 

contractility, hence regulators of local microcirculation. As stellate cells activate, the 

expression of the cytoskeletal protein α-SMA is increased, which confers increased 

contractile potential.29 ECM degradation and remodelling  is a key event in fibrosis. The 

matrix remodelling requires matrix-metalloproteinases, and HSCs are the principal source 

of most of these proteinases. Studies have suggested that stellate cells contain most, if not 

all, of the molecules necessary to either activate or inhibit metalloproteinases.84 

 

Resolution: Despite the earlier belief was that liver fibrosis is irreversible, emerging 

evidence from biliary obstruction,85 hepatitis B and C,86,87 alcoholic liver disease,88 

autoimmune hepatitis89 and non-alcoholic steatohepatitis (NASH)90 suggests that even 

advanced liver fibrosis is potentially reversible. Natural killer (NK) cells can induce 
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apoptosis of HSCs.91 In non-recovering liver fibrosis, activated HSCs might persist as a 

result of a “memory” effect which either promotes HSC activation or protect them from 

apoptotic stimuli.76 

 

 

1.5.2 Portal hypertension (PHT) 

Portal hypertension is the main complication of cirrhosis characterized by hepatic venous 

pressure gradient (HVPG) of 10 mmHg or greater.92 It initially results from increased 

intrahepatic vascular resistance to portal inflow93 and later, an increase in portal blood 

flow resulting from splanchnic vasodilatation.83,94 It can cause the development of ascites 

and some other syndromes.95  

 

  

1.6 Non-alcoholic fatty liver disease (NAFLD) and its 

pathogenesis 

1.6.1 Introduction 

NAFLD is an emerging medical problem worldwide, with a gradually increasing 

prevalence. It is the most prevalent liver disease in the world (25.24%) and in Australia 

(<40% of adults over 50 years) (GESA, 2012). NAFLD is defined as either excessive fat 

accumulation with more than 5% of hepatocytes containing visible intracellular 

triglycerides or steatosis affecting at least 5% of the liver volume or weight in patients 

consuming less than 30 g of alcohol per day for men and less than 20 g of alcohol per day 

for women.96 The main risk factors for developing NAFLD are central obesity, type 2 

diabetes and elements of the metabolic syndrome.4,97  

 

1.6.2 Defined by histology 

The non-alcoholic form of fatty liver was first reported by Ludwig et al.98 It is classified 

into two categories. Simple steatosis, in which only hepatocellular steatosis is observed, 

which generally follows a benign clinical course. However, there is second and more 

severe form, non-alcoholic steatohepatitis (NASH), in which both necro inflammatory 
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reactions and hepatocellular steatosis occur. This can be present in one third of NAFLD 

cases, and is a progressive disease that can advance to liver cirrhosis and HCC.99 

However, the risk factors for this progression remain unclear.4 

Histological evaluation and pathological assessment remain the gold standard for 

diagnosis of NAFLD, despite the limitations of the liver biopsies due to sampling errors 

and differences in the left and right lobes.100,101 In 2002, the NASH clinical research 

network (NASH CRN) designed a NAFLD activity score (NAS) which can be used for 

the full spectrum of NAFLD in three arms; steatosis (0-3), lobular inflammation (0-3), 

and ballooning (0-2) (Table 1.1). In the same year, the American Association for the 

Study of Liver Diseases (AASLD) summarised histopathological abnormalities of 

NASH. In this report, steatosis, lobular inflammation and hepatocellular ballooning were 

identified as the necessary components for the diagnosis of NASH. Fibrosis is not 

necessarily a component for the diagnosis of NASH, although it is usually present. 

Currently, most pathologists use these criteria, although a complete consensus has not 

been reached. 

Steatosis should be > 5% to be considered as clinically significant NAFLD102 and is 

typically macrovascular.103 Early in the disease course, the steatosis is most prominent in 

zone 3, but with progression of disease or severity, the steatosis may spread evenly 

throughout the hepatic acinus or become irregularly distributed.104 

The hepatocellular injury seen in NASH can range from ballooning, degeneration and 

apoptosis to less-well characterized reactive changes. A mixture of infiltrating 

lymphocytes and scattered Kupffer cells are distributed in lobules. Brunt et al concluded 

that the diagnosis of definite NASH or the absence of NASH does not always correlate 

with the threshold values of NAS. Moreover, Kleiner et al developed a semi quantitative 

scoring system and validated using only two stains (haematoxylin & xylene and Masson 

trichrome stains) and they used “borderline NASH” when the histological patterns are not 

sufficient to make a diagnosis.105 

Paediatric NAFLD exhibits different histological features than adult NAFLD and serum 

diagnosis (alanine aminotransferase) does not reflect the severity of the disease.106 It can 

develop to advanced fibrosis without the typical features of NASH.107 A different 

diagnostic categorization has been proposed in a paediatric study.108  
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Table 1.1 NAFLD activity score (NAS)  

Item Definition Score 

Steatosis <5% 0 

 5%-33% 1 

 >33%-66% 2 

 >66% 3 

Lobular inflammation No foci 0 

 <2foci per x200 field 1 

 2-4 foci per x200 field 2 

 >4 foci per x200 field 3 

Ballooning None 0 

 Few balloon cells 1 

 Many cells 2 

 

 

1.6. 3 Two hit hypothesis of NAFLD pathogenesis  

NAFLD is the hepatic manifestation of metabolic syndrome and the presence and severity 

are closely related to insulin resistance (IR). However, the relationship between insulin 

resistance and NAFLD is complex and the pathogenic mechanisms involved in mediating 

liver damage in this setting are still not fully understood. In 1998, Day and James 

proposed a mechanism to explain why some NAFLD patients never progress to NASH 

or more severe forms and they called this model ‘two hit hypotheses. In this model, they 

described the deposition of fat in the liver or simple steatosis as the first hit, where the 

development of steatosis into steatohepatitis requires the involvement of other factors. 

There is a broad range of these factors which can act as the ‘second hit’.109 
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1.6.3.1 Genetic factors 

Genetic composition inherited by an individual plays an important role in individual 

disease onset or the severity. This is supported by clinical studies which have shown 

familial clustering of NAFLD and the difference of the prevalence of NAFLD in different 

racial and ethnic groups.110 Studies have focused on genetic factors such as mutations, 

especially single nucleotide polymorphisms (SNPs) in both classical and novel contexts 

such as genome-wide association studies (GWAS).111 For example, Patatin-like 

phosholipase domain-containing 3 gene variant I 148M (PNPLA3) has been clearly 

identified as a major player in NAFLD progression.112 Recently, transmembrane 6 

superfamily member 2 E167K variant has been identified as a relevant contributor in 

progressive NASH.113  

PNPLA3 appears to function as an acylglycerol hydrolase and as a lysophosphatidic acid 

acetyltransferase. It correlates with increased hepatic lipid content and predisposes to 

steatohepatitis, cirrhosis and HCC.114 Overexpression of the I 148M variant of PNPLA3 

results in a loss of function mutation which promotes hepatic intracellular lipid 

accumulation by reducing the lipidation of VLDL.115 Multiple other genetic changes have 

been identified that correlate with progressive NAFLD. These include possible genes 

involved with oxidative stress, glucokinase regulatory protein, ectoenzyme nucleotide 

pyrophosphate phosphodiesterase 1 and insulin receptor substrate-1.116,117 Furthermore, 

numerous case-control studies have been performed to elucidate the potential role of 

candidate genes in the pathogenesis and progression of fatty liver, although findings are 

sometimes contradictory.118 

 

1.6.3.2 Epigenetic factors 

Clinical studies investigating epigenetic reprogramming are just beginning to emerge.119 

Although most epigenetic irregularities are transient, some are heritable120 and epigenetic 

modifiers are involved in lipid metabolism, ER stress, mitochondrial damage, oxidative 

stress, and inflammation which can induce NAFLD.121 The most described epigenetic 

modifications related to NAFLD are DNA methylation and microRNAs.122 
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DNA methylation: DNA methylation is the addition of a methyl group on cytosine with 

guanine as the next nucleotide, also known as CpG sites or islands. The effects of DNA 

methylation have been reported on HSC activation123,  susceptibility to NASH 

development124 and severity of NASH.125,126 Furthermore, HSC activation has been 

inhibited both in vitro and in vivo by small molecule epigenetic inhibitors that can alter 

DNA methylation and histone modifications.127  

 

Micro RNA (miRNA): Micro RNAs are small, highly conserved noncoding RNAs of 

approximately 18–25 nucleotides in length that modulate translation and transcription of 

target genes. These miRNAs are stable in body fluids and resistance to RNases, therefore, 

suggested as suitable biomarkers in diagnosis of liver diseases.128 miR-34a, miR-146b 

and miR-335 are some miRNAs associated with NAFLD parameters,129 while miR-122 

is the most abundant.123  

 

1.6.3.3 Reactive Oxygen Species (ROS) generation and oxidative stress   

Impaired fat homeostasis in the liver leads to an overproduction of reactive oxygen 

species (ROS) via a number of mechanisms involving mitochondria, peroxisomes, 

cytochrome P-450, reduced nicotinamide adenine dinucleotide phosphate oxidase 

(NADPH), cyclooxygenase and lipoxygenase130 which leads to oxidative stress 

generating free reactive radicals. In addition, fat oxidation in the liver also contributes to 

oxidative stress and reduction of antioxidants triggers NASH by lipid peroxidation.131 

Oxidative stress may cause damage at a cellular level, such as membrane lipid 

peroxidation, cell degeneration and necrosis, cell death by apoptotic proinflammatory 

cytokine expression, HSC activation and fibrogenesis.132 

 It has been shown that increased mitochondrial ROS generation is associated with 

impaired activity of mitochondrial respiratory chain which is reported to act as a second 

hit in the development of NAFLD in rodents133,134 and in human patients.135 It has also 

been reported that increased activity of membrane bound NADPH oxidases or NOX are 

equally important in ROS generation and oxidative stress in the liver.136 Furthermore, 

NASH livers are reported to have  more than 40% ultrastructural mitochondrial alterations 

and impaired hepatic adenosine 5′-triphosphate (ATP) synthesis.137 Moreover, NASH is 

associated  with impaired ATP generation capacity.138 The decreased electron transport 
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chain reactions increase TNF-α expression, which then forms a positive loop, leading to 

a vicious cycle with worsening mitochondrial function.139 These events enhance the lipid 

peroxidation in the liver which leads to liver cell injury, consequently to NASH and 

fibrosis together with increased cytokine secretion. 

 

 

1.6.3.4 Adipokines 

Adipose tissue was thought to be an inert energy storing tissue until leptin was discovered 

in 1994.140 It is  now recognized as a major and possibly the largest endocrine organ 

which, synthesizes and releases adipokines. Adipokines play a role in disease 

development,141 but the relationship between the adipose communication network and 

NAFLD is complex.142 Adiponectin and leptin are the two major adipokines associated 

with the development of NASH.143 Adiponectin is a beneficial adipokine, identified in 

1995144 and it improves hepatic and peripheral insulin resistance and has anti-

inflammatory and hepato-protective activities.119 Leptin is suggested to participate in both 

the first and second hit of NASH development by contributing to the development of 

insulin resistance and activating HSCs.145 Resistin,146 chemerin147 and visfatin143 are 

some other adipokines  which play a role in NAFLD.                                                                                                                                       

 

1.6.3.5 Microbiome 

There is emerging evidence suggesting the dysregulation of the microbiota (known as 

dysbiosis) contributes to the development of NAFLD and the metabolic syndrome.148 

This is endorsed by the fact that 70% of hepatic blood supply is from intestine through 

the portal vein, and therefore, liver is the first organ to expose to gut derived toxins such 

as bacteria and bacterial by-products.149  

SCFA synthesis and energy harvest: Some bacteria use short chain fatty acids (SCFA) 

as substrates for glucose synthesis (intestinal gluconeogenesis), inducing a signal to the 

brain that influences food intake and affects satiety, thereby altering the food intake150 

and contributing to NAFLD progression.151 
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Gut permeability, inflammation and immune imbalance: Alterations in intestinal 

permeability and tight junctions in the gut has been reported in NAFLD patients.152,153 

Leaky gut allows the translocation of  lipopolysaccharides (LPS)154 and bacterial derived 

products into the liver and systemic circulation.155,156 These translocated substances act 

mainly via the toll-like-receptor-4 (TLR-4), a prominent receptor involved in innate 

immune responses, which triggers a signalling cascade, leading to inflammation, 

suggesting gut barrier malfunction may act as a promotor of NASH.157,158 

Choline and methylamine metabolism: Diets deficient in choline, which is an essential 

phospholipid cell membrane component159 lead to increased hepatic steatosis and 

fibrosis.136 The intestinal microbiota converts dietary choline into toxic methylamine 

which can induce hepatic inflammation.160 Also, the intestinal microbiota converts dietary 

phosphatidylcholine to choline and to hepatotoxic methylamine. Reduced availability of 

dietary choline inhibits VLDL excretion from the liver, allowing the accumulation of 

triglycerides causing steatosis. In addition, bacterial biomarkers associated with fatty liver 

have been identified that respond to choline deficient diet.161 

Bile acid metabolism: Bile acids have antimicrobial activity162 and reciprocally, bacteria 

are capable of modulating bile acid metabolism, thereby changing the composition of the 

bile acid pool. Bile acid receptor, FXR stimulation not only suppresses nuclear factor κβ 

(NF-κβ) resulting in decreased hepatic inflammation163, but also regulates lipogenesis.164 

Moreover, bile acid receptor agonists are currently in clinical trials which have been 

shown to improve NASH.165,166 

 

1.6.3.6 Dietary factors 

Diet is an important contributor to the pathogenesis of many diseases. Both the daily 

energy intake167 and per capita food consumption has been risen,168 including  significant 

modifications of diet composition, as well as of frequency and timing of energy and 

nutrients intake in the last 3 to 4 decades. NAFLD patients tend to have a dietary pattern 

characterized by a higher consumption of SFAs, cholesterol, and fructose, and lower 

ingestion of polyunsaturated fatty acids (PUFAs) and antioxidants (vitamin C and E).169 
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Carbohydrates/ Sugars: Carbohydrates, in particular sugars like fructose have been 

implicated in NAFLD pathogenesis. Even though a healthy diet must provide no more 

than 5% of total energy intake as simple sugars, currently, 13% of the American 

population consumes over 25% of their daily energy intake as simple sugar.170 Results 

from both animal and clinical studies have confirmed that the sugar added to foods and 

beverages add considerable excess calories without any beneficial effects and may take 

place of other nutrients in the diet.171 Clinical studies with NAFLD patients have shown 

the consumption of a high carbohydrate diet increases the risk factors for cardiovascular 

diseases and hepatic inflammation,172 visceral adiposity and lipids in overweight 

subjects,173 circulating insulin, thereby decreased hepatic insulin sensitivity, and elevates 

inflammation by inducing small intestinal bacterial over-growth (SIBO) and bacterial 

translocation resulted in concomitant increase in endotoxin levels in the portal vein.174  

This LPS can bind to receptor complexes present on Kupffer cells leading to activation 

of many harmful signalling pathways.148 

In addition, genome-wide studies have identified several polymorphisms that contribute 

to increased liver fat accumulation, with some of these genes relating to dietary 

carbohydrate and sugar consumption.175 Although, direct effects of fructose remain to be 

proven, NAFLD patients are recommended to have simple sugar restrictions in their 

diet.176 

 

Fat/ saturated fatty acids (SFA)/ unsaturated fatty acids (UFA): Increased fat intake 

and the Western diets have been linked to IR, impaired postprandial lipid metabolism, 

and the development or progression of NAFLD.177 Dietary SFA and dietary cholesterol 

interact synergistically to induce the metabolic and hepatic features of NASH in mice178 

and high-cholesterol diets (1%–2% w/w) have been reported to increase hepatocyte-free 

cholesterol accumulation in mitochondria and results in glutathione depletion, increased 

susceptibility to TNF-α and TNF receptor superfamily, member 6-mediated apoptosis, 

macrophages recruitment, and liver fibrosis.179 Moreover, SFA enhances transcriptional 

activity in lipogenic genes, fatty acid synthase, and diacylglycerol acyltransferase and the 

expression of the unfolded protein response (UPR)-related components and caspase 3 

activity, all elicited by ER stress.180 
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However, diets containing 8–10% SFA are likely to be beneficial, whereas extreme 

reductions in SFA (< 6%) may have deleterious effects on plasma lipid levels.181 Both 

monounsaturated and polyunsaturated fatty acids (MUFA & PUFA) on the other hand, 

are beneficial for the health.182 

Proteins: There are limited number of studies addressing the association between protein 

and NAFLD. These studies show beneficial effects in the pathogenesis or progression of 

NAFLD.176,183 However, conclusive evidence is lacking to make a definitive statement 

regarding the effect of dietary protein on NAFLD.177 

Micronutrients/metals/ antioxidants/ fibres and other food supplements: Deficiency 

of some nutrients such as choline,136,184 iron,185 copper180 and vitamin D186 has been 

shown to induce NAFLD. 

 

 

1.6.4 Role of liver cell types in NAFLD 

1.6.4.1 Kupffer cells 

KCs constitute the largest liver tissue specific macrophages, representing 80–90% of all 

tissue macrophages in the body.187 188 They express adhesion molecules and secrete 

chemokines which can attract and retain non-resident cells such as neutrophils, natural 

killer T lymphocytes and blood monocyte-derived macrophages. Once KCs recognize an 

antigen, they engulf, ingest and eliminate solid particles and present antigens to attract 

cytotoxic and regulatory T cells, thereby contributing to adaptive immunity.189  Hence, 

liver damage from KCs may either result from the inability to properly recognize and 

eliminate danger molecules or from excessive activation of cytotoxic mechanisms and 

failure to halt inflammation.190 Emerging evidences confirms the hypothesis that KCs are 

involved in both initiation and progression of NAFLD.191 In the early stages of the 

disease, hepatic macrophages expand rapidly and secrete cytokines and chemokines 

contributing to a paracrine activation of protective or apoptotic signalling pathways in 

hepatocytes and the recruitment of other immune cells.192 

KCs hyper-react to LPS193 attempting to prevent it spreading to the peripheral circulation. 

TLR-4190 and CD-14194 recognize LPS and signal to adaptor proteins leading to the 
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activation of NF-κβ and C-Jun N-terminal kinase (JNK).195 Furthermore, they are 

involved in free fatty acid activated NF-κβ pathways196 resulting in oxidative stress and 

ER stress197 which triggers the progression of NAFLD dramatically. Rapid release of 

ROS in response to LPS and other microbial stimuli in KCs occurs through NOX-2  

activation.198 Imbalance in antioxidants and peroxide in KCs eventually drives the 

activation of fibrogenesis.199  

KCs initiate insulin resistance (Duarte et al., 2015) by activating insulin receptor substrate 

1 (IRS-1) and IRS-2 through the JNK pathway200 and diminish uncoupling protein-2 

(UCP2).201  

 

 
 

Figure 1.6 Schematic representation of dysfunctional activation of Kupffer cells in 

NAFLD  

Pattern recognition receptors of KCs such as TLR-4 may be increasingly exposed to 

exogenous and endogenous danger signals (e.g., LPS, excess fatty acids, modified 

lipoproteins) via the portal circulation. Pattern recognition pathways may intensify due to 

altered sorting and signalling, impaired inhibitory circuits, or amplification of redox-

sensitive signalling loops. Adipokine imbalance may contribute to these events including 

low adiponectin levels that fail to suppress intracellular ROS generation. Fat-laden 
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hepatocytes may compromise sinusoid microcirculation leading to entrapment of 

inflammatory cells. Finally, steatosis may shift away KCs from alternative activation. 

Solid lines: pro-inflammatory effects, dotted lines: anti-inflammatory mechanisms. 

Malfunction at one or more steps may promote ‘second hit’ responses, while cellular 

targeting of these checkpoints has the potential for identifying novel treatment strategies 

in NAFLD (Adapted from Ref190). 

 

1.6.4.2 Hepatic stellate cells 

The role of HSCs is linked primarily to NASH and fibrosis, rather than initial stages of 

NAFLD and have been discussed in detail in section 1.5.2.3.   

 

1.6.4.3 Hepatocytes   

Hepatocytes exert metabolic and detoxifying functions and prompt the acute phase 

response. The TLR-4 receptor found on the cell surface needed a high dose of LPS to 

become activated.202  They also express TLR-2, CD-14 and myeloid differentiation-2 

receptors which act in inflammatory conditions. These cells can clear LPS from the 

systemic circulation, through its uptake and release into the bile.203 In NAFLD, 

hepatocytes accumulate a single large vacuole of lipid (mostly triglyceride) that almost 

fills the entire cell, displacing the nucleus to one side, which is called  macrovesicular 

steatosis, enlargement of these cells then leads to hepatomegaly.199 

 

1.6.4.4 Dendritic cells 

Dendritic cells are immature and tolerogenic. However, in an environment of chronic 

inflammation, these cells are transformed to potent inducers of immune responses.204 The 

mature proinflammatory DCs facilitate the deposition of monocytes, increase in IL-6 and 

TNF-α with the activation of HSCs.34  
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1.6.4.5 Sinusoidal endothelial cells 

Sinusoidal endothelial cells injury appeared to be necessary for the activation of both KCs 

and HSCs in NAFLD, which in turn results in the perpetuation of fibrosis.205 Another 

study suggested that the changes in SEC phenotype are one of crucial events in human 

NASH progression.206 Moreover, endothelial cells subjected to microarray showed 

different profiles in rats induced NAFLD compared to control rats.207 

 

1.6.4.6 Hepatic progenitor cells 

Hepatic stem/progenitor cells constitute an adaptive response of the liver to oxidative 

stress and are activated during NAFLD and involves in ductular reaction correlated with 

progressive portal fibrosis.208 Studies in both mice and humans have confirmed that PCs 

are activated when oxidative stress inhibits the regenerative capacity of more mature 

hepatocytes of NAFLD, suggesting that PC expansion is a component of the liver’s 

adaptive response to oxidative stress.209 

 

 

 

1.7 Advanced glycation end products 

1.7.1 Introduction 

There is accumulating evidence which suggests that in NAFLD, advanced glycation end 

products (AGEs) play a role as a ‘second hit’ that triggers progression from steatosis to 

NASH. Studies published by our laboratory showed that AGEs exacerbate liver injury in 

rodents with NAFLD by pathways which include ROS generation and lipid 

peroxidation.210-212 

AGEs are a chemically heterogeneous and biologically active group of compounds. They 

are formed as a result of the non-enzymatic reaction between reducing-sugars with 

proteins, lipids and nucleic acids. This process was named as the ‘Maillard reaction’ after 

its first discovery in 1912, by a French biochemist Louis Camille Maillard.213 Maillard 

noticed a characteristic yellow colour when proteins are heated in the presence of 
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reducing sugars. This process can be taken place inside the body (endogenous AGEs) or 

outside the body, mainly as a result of food processing (exogenous AGEs). 

 

1.7.2 Structure and formation 

The structure of AGEs are heterogenous in nature, depending on the reactive groups 

attending in the reaction. The Maillard reaction begins with nucleophilic addition reaction 

of the aldehyde group in a reducing sugar with the amino group in a protein to release a 

water molecule, producing early glycation products (Schiff base). This reaction is 

reversible, and the product may undergo hydrolysis again or further rearrange into more 

stable Amadori products. The rate of rearrangement of Schiff bases to Amadori products 

varies depending on the protein type, but, approximately one sixth of the hydrolysis 

reaction.8 

Amadori products may undergo a further series of dehydration and rearrangements, 

forming advanced glycation end products (AGEs). This may include both oxidative and 

non-oxidative pathways, both being irreversible; therefore, AGEs are more stable and 

accumulate with time (Fig. 1.7). 

The rate of formation of AGEs depending on various factors. Early glycation rate depends 

on the concentration of the reactants such as reducing sugars or proteins.  It also depends 

on the life time of the protein; proteins with longer half-life tend to glycate more than a 

protein with a shorter life-time. The reaction can be catalysed in the presence of some 

transitional metal ions.213  

 

Figure 1.7 Formation of AGEs  

Glucose nonenzymatically react with amino acids to form AGEs through a series of 

intermediates (Adapted from Ref214). 
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1.7.3 Reactive intermediate products 

One important by-product of Maillard reaction is reactive carbonyl species (RCS) which 

are formed in each step of the reaction and are commonly known as α-dicarbonyls or 

oxoaldehydes.215 These can be formed by either degradation of glucose or Schiff bases or 

non-oxidative hydrolysis/ rearrangement of Amadori products. Glyoxal, methylglyoxal, 

glycolaldehyde and 3-deoxyglucosone are some commonly found oxoaldehydes.216  

There is a limited work has been done in controlling the generation of RCS in food 

processing. In 2014, Kokkinidou and Peterson have developed a quantitative method to 

monitor RSCs. Moreover, they have used some phenolic compounds (off-flavours) to 

reduce the RSC formation in pasteurised milk.216 RSC generated during Maillard reaction 

can react with other available amino acid residues and AGEs in the media.217 Moreover, 

the presence of protein- RCS is an excellent marker of oxidative stress.218  

 

1.7.4 Endogenous AGEs 

AGEs are formed at a low rate in healthy individuals.219 However, the rate can be 

accelerated in certain conditions due to the high availability of reactants, especially 

sugars, for example, in subjects with diabetes220 and in aging. 

Glycaemic index (GI) is the scale that ranks foods according to how much they raise the 

blood glucose level after consumption221 which depends on both the quantity and the 

quality (proportion of simple and complex carbohydrates) of carbohydrates present in 

food. Consumption of sugar-sweetened food has increased in the last couple of decades 

and is positively co-related to the metabolic syndrome,222,223 dyslipidaemia and insulin 

resistance.173,224 Food with high GI can result in elevated circulating glucose, acting as a 

substantial source of endogenous AGEs.171 Moreover, low GI food lower the AGE levels 

in both animals and humans.225-227 However, more work need to be done to confirm the 

association between the accumulation of AGEs in the body and the intake of high-GI 

foods.228  

Diabetes can accelerate AGE formation due to hyperglycaemia. Elevated glucose 

concentration shifts the equilibrium towards the right facilitating the forward reaction of 

Schiff’s base formation. A variety of diabetic complication such as atherosclerosis, 
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nephropathy, neuropathy and retinopathy can be exacerbated due to the involvement of 

AGEs.213,220,229 

Oxidative stress can accelerate the glycation reaction.230 It has been demonstrated that the 

AGEs can be generated by activating the myeloperoxidase pathway in neutrophils.231 

More importantly, the interaction of AGEs with its receptors can generate further 

oxidative stress forming a positive loop.232 A study with healthy, non-diabetic twins 

showed that the correlation for the most common AGE marker, Nε-

(carboxymethyl)lysine (CML) levels in serum were much higher in monozygotic 

compared with di-zygotic twins.233 This suggests that the formation or accumulation of 

AGEs is influenced by genetic factors as well. 

 

1.7.5 Exogenous AGEs 

Although the formation of AGEs is usually endogenous, it can also be formed in the diet 

during preparation of food. Despite the bioavailability of orally ingested AGEs is as low 

as 10%,234 emerging evidence demonstrates the deleterious effects of AGEs on health,228 

suggesting a significant proportion of dietary AGEs is absorbed by the gut. As mentioned 

above, the glycation reaction was first observed when reducing sugar was heated in the 

presence of amino acids demonstrating the heat treatment of food can cause non-

enzymatic glycation, forming a characteristic golden-brown colour.  

Temperature and time are two key factors that determine the rate and the extent of 

exogenous AGE formation. Other factors that influence the rate include, type of reactants, 

pH and the water activity.235,236 Applying high temperatures, usually above 160o C 

accelerate glycation whereas food cooked in watery environment (e.g. boiling and 

steaming) tend to have low levels of AGEs; i.e. the Western diet where dry heat is applied 

has a large amount of AGEs compared to the Asian diet where slow cooking is involved. 

The amount of AGEs produced during cooking varies as grilling/barbeque > oven frying 

> deep frying and broiling > roasting > boiling.237 Microwaving does not increase AGE 

content dramatically, as it applies for a short time. Marination of food with vinegar prior 

processing significantly reduces glycation. Lemon juice has the same effects. Baking with 

sodium bicarbonate (baking soda) on the other hand, increases the pH of the mixture, 

enhancing the glycation associated browning.238 Types of reactants present in the 
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glycation process also determine the rate. For example, pentose sugars are more reactive 

than hexoses and monosaccharides are more reactive than disaccharides.239   

 

Table 1.2 shows AGE levels present in commonly consumed food. Although in this study 

AGE levels were measured by ELISA237 it gives a general idea about the content of AGEs 

present in commonly consumed food. 

 

Table 1.2 Advanced glycation end products (AGE) content of selected foods 

prepared by standard cooking methods  

Food Item 

AGEs (kU/g or /mL of 

food) 

Butter 265 

Olive oil 120 

Mayonnaise 94 

Cheese, American 87 

Almonds, roasted 66.5 

Chicken breast, fried_15 min 61 

Beef, broiled_15 min 60 

Chicken breast, broiled_15 min 58 

Cheese, Brie 56 

Tuna, broiled_10 min 51 

Tofu, Broiled 41 

Egg, fried 27 

Beef, boiled_1 h 22 

Egg yolk, boiled 12 

Pancake, homemade 10 

Tofu, Raw 8 

Tuna, roasted_40 min 6 

Enfamil (infant formula) 4.86 

Bread, whole-wheat centre 0.54 

Green Beans 0.18 

Apple 0.13 

Carrots 0.1 

Milk, cow, whole 0.05 

Milk, human, whole 0.05 

Banana 0.01 

(Adapted from Ref237). 

 

 

Smoking is also considered as a source of exogenous AGEs.213 Upon curing, tobacco 

products dry in the presence of sugar which can initiate the Maillard reaction.  The AGE 
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species are volatilized during combustion and are inhaled. These glycotoxins (termed by 

Koschinsky et al in 1997) can then be absorbed through the lungs and conjugate with 

proteins. Studies have shown higher serum AGE levels in smokers than non-smokers240 

and especially in diabetic smokers, high AGE levels in arteries and ocular lens241 have 

been found. 

 

1.7.6 Metabolism of AGEs 

The metabolism of AGEs in the body is not fully understood, despite several mechanisms 

having been proposed in number of organs. It is estimated that the daily average 

consumption of AGEs in New York city (USA) is 15000kU. Only 10% of this is absorbed 

through gut and about 30% excrete via urine.234 The fate of the remaining percentage is 

unclear. 

Studies conducted over the past few decades led to identification of a complex system of 

specific AGE receptors present in specific organs which are involved in AGE clearance. 

It is proposed that macrophages expressing AGE receptors can degrade larger AGE 

molecules into small soluble AGE peptides242 which are and then cleared by kidneys.243 

Reduction in kidney function can cause accumulation of circulating AGE levels. Liver 

sinusoidal endothelial cells and Kupffer cells play an important role in clearing AGEs 

from the system244 and this was supported by the finding of patients who have impaired 

hepatic function have higher AGE accumulation than healthy controls.245  

  

1.7.7 AGEs in diseases 

The accumulation of AGEs inside the body may results in activation of pro-inflammatory 

and pro-fibrotic pathways which lead to changes in ECM structure and function. This 

may be mediated through two pathways; 1) interaction with receptors, 2) independent of 

receptors-via forming crosslinks between molecules in the basement membrane.246  

AGEs appear to contribute to a wide range of disease states acting through both 

mechanisms.247 Most studied has been diabetes (animals/patients), as it can result in 

accelerated endogenous AGE formation, due to elevated sugar concentration. Increased 

accumulation of AGEs in serum have been linked to the development of nephropathy, 
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retinopathy, and coronary artery disease in patients with type 2 diabetes.248 The formation 

and accumulation of AGEs have also been implicated in the pathogenesis of a number of 

seemingly disparate conditions. 

The effects of AGEs on biological systems, independent of receptors, are mainly due to 

the formation of crosslinking during the process of AGE formation. Consequently, 

structural and functional properties of a protein can be significantly altered.213 Crosslinks 

formed between protein backbones makes them less malleable and more resistant to 

proteolysis and this may lead to entrapment of proteins, lipoproteins and 

immunoglobulins.249 A number of clinical studies have shown that this crosslinking can 

affect tissue structure and function.250-252 Moreover, it is shown AGE adducts residing in 

vessel walls can directly inactivate nitric oxide mediated vasodilatation independent of 

its receptors.253  

 

Renal dysfunction and diabetic nephropathy: Numerous studies have demonstrated 

the role of both dietary and endogenous AGEs in the development of renal diseases. High 

AGE diets were associated with exacerbated renal dysfunction in mice254 and 

development of glomerular sclerosis and albuminuria in rats.255 In addition to animal 

studies, there are numerous clinical studies that have demonstrate the engagement of 

AGEs in the pathogenesis of diabetic nephropathy.256-260 

 

Cardiovascular diseases (CVD), atherosclerosis and cardiomyopathy: AGEs also 

appear to be involved in the development of other microvascular complications of 

diabetes.261 Most of these effects appear to act through arterial crosslinks,250 however it 

can also be due to receptor dependent pathways262 or nitric oxide mediated 

pathways.246,263 AGE/RAGE pathway plays a pivotal role in the pathophysiology of CVD 

in patients with chronic kidney disease.264 Moreover, AGEs are suggested as a good 

biomarker to evaluate the association between diabetes and atherosclerotic disorders.265  

 

Other diseases: Deleterious effects of AGEs have been studied in various other diseases 

including retinopathy and neuropathy. They also determines the effects of calorie 

restriction on oxidant stress, age related diseases and life span.266 AGEs are a key player 

in skin aging219 and development of retinopathy in patients with type 1 diabetes,267 

impaired wound healing,268 development of neuropathy269 and Alzheimer’s disease .270  
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In the amyloid deposits found in patients with haemodialysis-associated amyloidosis, 

AGE-modified β2-Microglobulin is abundant.243 They are involved in erectile 

dysfunction271 which was managed to reverse with AGE inhibitors,272,273 early ovarian 

aging274 and might contribute to the polycystic ovary syndrome.275 Additionally, they 

may contribute to the diabetic GI dysfunction,276 inflammation232,239 and oxidative 

stress.232,277 

 

1.7.8 AGEs in liver diseases 

Despite many studies carried out to investigate the involvement of AGEs in other 

diseases, studies investigating the role of AGEs in liver disease commenced recently.278 

Sebekova et al first showed a positive correlation between the CML levels and the 

severity of liver disease and showed improvement after liver transplantation.245 This was 

followed by a few similar studies to investigate the relationship between AGE levels and 

liver disease which demonstrated similar results.279,280  

Animal studies from our laboratory showed that AGEs can augment NAFLD and liver 

fibrosis. In these studies it was shown that the effect of intraperitoneally injected AGEs 

augmented hepatic fibrosis in a cholestatic model of bile-duct ligated rats.210 Moreover, 

dietary AGEs in mice fed a high fat (HF) diet aggravated NAFLD.212 In both studies, it 

was suggested that AGEs play a role in steatotic liver acting as a second hit. Similar 

findings were reported by another study with short-term feeding (4 weeks).281 Another 

study, which used oral gavage of mice with different doses of CML for 28 days, 

corroborated the hypothesis that CML might induce liver injury.277 Similarly, oral gavage 

of rats with CML for 12 weeks, significantly increased protein-bound CML in the liver.282 

However, another similar study carried out by the same group showed contrasting results 

with no significant protein-bound CML in the liver following CML gavage compared to 

the high-fat fed rats.283 

It has been shown that liver sinusoidal endothelial cells and sinusoidal resident 

macrophages Kupffer cells are responsible for 90% of AGE elimination from the liver.244 

Removal of AGEs from by these cells is a slow process which declines with age.284 

Nevertheless, many in-vitro studies investigating possible mechanisms of AGEs effects 

have focused on HSCs, as these cells play a pivotal role in fibrogenesis.278 The first 
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evidence of the involvement of myofibroblastic HSCs in the rat liver was shown by 

Fehrenbach.285  HSCs express five different types of AGE receptors: Galectin-3, CD-36, 

SR-AI, SR-BI and RAGE and four of them were appeared to be up-regulated during HSC 

activation upon AGE induction.286 AGEs enhance α-SMA, a marker of HSC activation 

and the profibrotic cytokine TGF-β1 expression and increase proliferation of HSCs, 

which is associated with increased ROS generation287 and autophagy.288 Increased ROS 

generation by AGEs activated HSCs suggest a role for AGEs in NAFLD 

pathophysiology. Moreover, this might also lead to upregulation of several key signalling 

pathways as shown by the upregulation of Rac1, PKCδ and p47phox.286 

 

 

1.8 Advanced glycation end products receptors 

1.8.1 Introduction 

Most of the harmful effects of AGE on liver pathology appeared to be mediated via its 

receptors. To date, there have been at least 8 candidates identified which are capable of 

binding to AGEs. The most characterised receptor among them is known as the receptor 

for AGEs or RAGE. Other common receptors are the AGE receptors AGE-R1, AGE-R2, 

AGE-R3. Some other AGE receptors which have not been studied well include CD-36, 

as well as newly identified AGE-binding proteins, Nglycans, ezrin, and megalin, 

macrophage scavenger receptor Type I and II.289 Some studies suggest that the role of 

these receptors are more complex and different receptors might interact or influence each 

other.290 

  

AGER-1: AGER-1 (OST-48) is a 48 kDa protein and functions as part of the 

oligosaccharyltransferase complex.291 Unlike RAGE, AGER-1 is an AGE-specific 

receptor that appeared to be a negative regulator of the inflammatory response in 

mesangial cells.292  

 

AGER-2: AGER-2 was initially referred to as 80K-H protein (80 kDa) which is 

expressed in vascular endothelial cells and kidney cells. It participates in a RAGE 

recognizing complex289 in diabetic complications and breast cancers.293  
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AGER-3: AGER-3 (Mac-2 or galectin-3) is a 32 kDa protein shown to play a role in the 

development of acute inflammation,294 myofibroblast proliferation and activation,295 cell 

migration, adhesion, growth and differentiation.296 Recently it was shown that in diabetes, 

AGER-3 (galectin-3) contributes to increased insulin resistance by transactivating insulin 

receptor.297 

 

1.8.3 RAGE 

1.8.3.1 Introduction 

RAGE is a 35 kDa, multiligand receptor protein encoded by RAGE gene localised to 

chromosome 6.290 It has been reported that RAGE is expressed in many cell types, 

including HSCs and KCs.298 As RAGE is a pattern recognition receptor, it binds to ligands 

other than AGEs including amyloid-β peptide, amyloid A and S100/calgranulins.299 

 

1.8.3.2 Variants of RAGE 

RAGE is composed of three main regions; 1) an extracellular component made up of a 

single V-type domain and two C type domains which are responsible for the ligand 

binding, 2) a short transmembrane domain and 3) a relatively long (43 amino acids) 

cytoplasmic tail which is thought to be crucial for most of the intracellular signalling. The 

RAGE isoforms can be formed in two different ways, 1) alternative mRNA splicing, and 

2) proteolytic cleavage.300 Alternative mRNA splicing forms endogenous secretory 

RAGE (esRAGE)301 while proteolytic cleavage forms cRAGE or simply soluble RAGE 

(sRAGE) (Fig. 1.8). It has been proposed that these soluble isoforms bind to AGEs prior 

to binding with membrane-bound RAGE and thereby have a protective role. There is also 

another functionally inactive isoform due to deletion of V-type domain known as delta 

RAGE isoform or variant 2.302 
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Figure 1.8 Structure and the isoforms of the receptor for advanced glycation end 

products (RAGE)  

RAGE is a multiligand receptor of the immunoglobulin superfamily. The extracellular 

domain consists of a V domain and two C domains. There is a short transmembrane 

domain, and a cytosolic tail which confers intracellular signalling. RAGE exists in a 

soluble form (sRAGE) which lacks the transmembrane and cytosolic domain and can be 

produced by either 1) alternative mRNA splicing at exon 9 resulting in endogenous 

secretory RAGE (esRAGE) or 2) proteolytic cleavage of membrane RAGE, which gives 

rise to cleaved RAGE (cRAGE) (Adapted from Ref303). 

 

 

 

1.8.3.3 RAGE induced cellular activation 

Binding of RAGE to its ligands produces signals from its cytosolic tail which then leads 

to activation of many signal transduction pathways resulting in altered gene expression 

in many different cell types. Activation of signalling cascades including ERK 1/2 

(p44/p42) MAP kinases,304 p38 and SAPK/JNK MAP kinases, JAK/STAT pathway305 

and NF-κβ pathway.306 NF-κβ activates transcription of number of genes under its 

control290 such as TGF-β1, CTGF,307 VEGF,308 MCP-1,309 TNF-α and members of the 

interleukin family.243,299,310  
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The most important consequences of NF-κβ activation is ROS generation and subsequent 

upregulation of RAGE itself, setting up a positive feedback loop via binding to the 

promoter region of RAGE gene (Fig. 1.9).287 A number of in vitro studies have shown 

that blockade of RAGE can improve mitochondrial damage and reduces oxidative 

stress.311,312  

 

 

Figure 1.9 A model of RAGE induced cellular activation in liver  

Consequences of RAGE activation. Both dietary and endogenous AGEs bind to RAGE 

expressed by liver cells. RAGE activation causes increased ROS production and gene 

transcription, including that of RAGE itself, thus inducing a positive feedback loop which 

forms a vicious cycle.  

 

1.8.3.4 RAGE in diseases 

Numerous studies have been carried out to demonstrate the involvement of RAGE in a 

range of diseases. Most of these involvements appeared to be via its cell signalling upon 

activation, to influence cell survival, cell proliferation, oxidative stress and inflammatory 

responses.313 Deleterious effects of RAGE have been studied in diabetes mellitus, 

atherosclerosis, neurodegenerative disorders (including Alzheimer’s disease), 

rheumatoid arthritis, chronic renal disease, and inflammatory bowel diseases.290 
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1.9 Therapies targeting AGE/RAGE axis 

1.9.1 Introduction 

As discussed above, AGEs and RAGE are involved in liver pathology or other diseases 

or the development of diabetic complications via different mechanisms. It is therefore 

possible to inhibit the AGE/RAGE axis using several strategies (Fig. 1.10). First, 

preventive measures can be employed to lower AGE production. Second is to inhibit 

endogenous AGE formation, and thirdly, break AGEs that have been already formed. 

Lastly, AGE/RAGE interaction could be disrupted or inhibited.  

 

 
 

Figure 1.10 Therapies targeting AGE/RAGE axis  

In the treatment and prevention of AGEs-induced NAFLD progression, three strategies 

could be adapted; 1) Lowering dietary AGE and precursors of glycation reaction, 2) 

Inhibition of endogenous AGE formation and 3) Inhibition of AGE/RAGE interaction. 
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1.9.2 Dietary restrictions 

1.9.2.1 Endogenous AGEs 

Hyperglycaemia contributes to AGE formation by providing excess reducing sugar to 

participate in the Maillard reaction. Therefore, it is logical that a reduction in glucose 

levels will result in less AGE formation. Glycaemic control reduces AGE accumulation314 

and hypoglycaemic drugs or insulin sensitizers such as metformin and pioglitazone 

reduce blood glucose levels and AGE formation. In addition, these particular drugs appear 

to inhibit AGE formation independent of their effects on blood glucose.315 This appears 

to be through their ability to trap reactive carbonyl groups.316  

 

1.9.2.2 Exogenous AGEs 

The food with high fat, sugars and protein contents and those cooked at high temperatures 

have highest AGE content.237 High levels of AGEs are found in many commonly 

consumed foods such as toasted breads, biscuits, potato chips, toasted breakfast cereals 

and meats that are grilled, fried or roasted. Although intestinal absorption of AGEs is 

poor, high AGE diets increase circulating AGE levels and levels fall in response to low 

AGE diets.220,234 Animal models of diabetes have demonstrated that reducing the intake 

of dietary AGEs results in prevention of diabetic nephropathy.254 In humans with 

diabetes, a low AGE diet for 6 weeks resulted in decreased serum AGE levels and 

decreased inflammatory markers such as C reactive protein.229 The lowered AGE content 

of the food can be achieved by cooking the food for less time and at lower temperatures. 

Low AGE diets have also been shown to have benefits in non-diabetic animal disease 

models. For example, in apolipoprotein-E knockout mice, a low AGE diet prevented 

intimal proliferation after arterial injury.317 

 

 

 

1.9.3 Inhibition of AGE formation 

There have been number of inhibitors of the glycation reaction. Aminoguanidine and 

pyridoxamine are two of the well-studied inhibitors that prevent the conversion of early 

glycation end products to AGEs. Even though their mode of action has been proposed 
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differently in different studies, clinical trial has been successfully completed using these 

drugs.318 Thiamine and benfotiamine, lipid soluble derivatives of thiamine have been 

studied in clinical trials.319  LR-90 inhibits AGE formation320 and their interaction with 

ROS321 and has anti-inflammatory effects.322 Metformin is an oral anti-diabetes agent 

which has been studied in human patients323 and in-vitro models.324 OPB-9195 has 

different modes of anti-AGE actions including anti-oxidant activity,325 entrapping or 

reacting with reactive carbonyl compounds.326,327 

 

1.9.4 AGE-crosslink breakers 

Accumulation of AGEs either from endogenous sources or from the diet can form 

crosslinks with proteins such as extracellular matrix proteins, connective tissue matrix 

and basement membrane proteins. The first AGE-crosslink breaker, known as PTB (N-

phencylthizolium bromide) showed promising results of decreased AGE accumulation in 

tissues,328 but was very unstable.321 A more stable derivative of PTB, alagebrium or ALT-

711 was developed and it has been successfully used in phase 2 clinical trials for diabetic 

nephropathy and atherosclerosis.319 However, some of the clinical trials have been 

terminated due to financial constraints of the drug companies, despite its safety and well 

tolerability.329 

 

1.9.5 Inhibitors of RAGE or AGE/RAGE binding 

Many of the harmful effects of AGEs are postulated to be due to the activated cell 

signalling induced by AGE/RAGE interaction. Studies with RAGE knockout (RAGE-/-) 

animals, not only demonstrated RAGE mediated effects of AGEs, but also, showed the 

blocking of RAGE or the interaction of AGE/RAGE may be beneficial in attenuating 

disease progression.  

 

sRAGE: sRAGE acts as a decoy compound by binding to AGEs without inducting cell 

signalling330,331 and therefore has protective effects against micro and macrovascular 

complications in diabetes,332 neointimal formation,333 tumour growth and metastasis,334 

colitis,299 impaired wound healing335 and associated macrophages function,336 Alzheimer 

disease-like conditions,337 neuronal dysfunction338 and lung inflammation.339 Moreover, 
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studies have also shown that adenoviral over-expression of esRAGE successfully restored 

the impaired angiogenic response in diabetic mice.340 

 

Regulation of angiotensin converting enzyme (ACE): 

Forbes et al showed that inhibition of ACE was associated with increased renal expression 

of sRAGE and decreased renal full-length RAGE protein in rats.341 Moreover, they 

showed increased plasma sRAGE levels in type 1 diabetic patients treated with an ACE 

inhibitor. Thiazolidinediones342 and statins343 have shown similar results. In addition, 

another clinical study performed with rosiglitazone intervention, resulted in significant 

increases in total sRAGE and esRAGE associated with improved diabetic parameters.247  

 

 

Conclusion: 

NAFLD is the most prevalent liver disease in Australia and the world, and effects up to 

40% of the adult population. It is the leading cause for liver transplantation in the USA 

and expected to be the leading cause in the next 10 years in Australia. NAFLD is the 

hepatic manifestation of the metabolic syndrome. It can progress to NASH and liver 

fibrosis which eventually leads to cirrhosis or HCC. The first step is the deposition of 

triglyceride in the liver, especially in obese people. The presence and severity of NAFLD 

is closely related to the insulin resistance which increases de novo lipogenesis with excess 

carbohydrate availability. There is no proven medical treatment for NAFLD except for 

liver transplantation in patients with advanced liver diseases. The management involves 

lifestyle modifications and dietary restrictions, which can be difficult to achieve in most 

patients.344,345 As a result, there remains a major need to identify potentially modifiable 

factors that exacerbate liver injury and fibrosis in NAFLD and to develop therapies that 

can prevent or slow liver scarring. 

Although the mechanism of NAFLD pathophysiology is complex and not fully 

understood, a two-hit hypothesis has been proposed. In this model, whilst the deposition 

of fat in the liver or simple steatosis is the first hit, factors that involved in the progression 

of steatosis to steatohepatitis is the second hit. For example, triglyceride accumulation is 

the first hit, and their metabolites result in increased oxidative stress and apoptosis as a 

second hit. There are many other factors which contribute to progression to NASH which 
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have been discussed such as genetic factors, epigenetic factors, ROS generation and 

oxidative stress, adipokines, microbiota and diet.  

Diets rich in simple sugars and AGEs have been studied in a range of diseases and AGEs 

have been proposed as a second hit in the progression of NAFLD to NASH. AGEs are 

the end product of non-enzymatic glycation reaction between reducing sugars and 

proteins, lipids or nucleic acids. This reaction takes place in the body under normal 

physiological conditions, but the rate can be accelerated dramatically in pathological 

conditions such as diabetes due to the elevated sugar levels. AGEs can be formed in the 

diet when sugars are exposed to high temperatures and/or longer cooking time with 

proteins. Cooking methods applying high, dry temperature such as roasting, grilling, 

barbequing and broiling have been found to elevate dietary AGEs. Hence the Western 

diets prepared using these cooking methods have higher AGE content compared to Asian 

diets, where slow cooking with lots of moisture is applied.  

AGEs are cleared by the body via binding to its receptors. RAGE is the best characterised 

of the 8 receptors identified to date. Interaction of AGEs with RAGE has been shown to 

induce several signalling pathways downstream of NF-κβ, leading to many deleterious 

effects including increased generation of ROS and RAGE expression itself.  

AGE/RAGE has been studied in a vast range of diseases including diabetic nephropathy, 

retinopathy, cardiovascular diseases and Alzheimer disease. However, there is only a few 

studies to demonstrate the effects of AGEs on liver diseases, and even those studies which 

have been carried out are in short term animal models which may not reflect the 

pathogenesis of human NAFLD. In fact, pathogenesis of NAFLD in diabetes has not been 

studied. Therefore, in this thesis, I investigated the effects of both endogenous and dietary 

AGEs on NAFLD in the presence and absence of diabetes using a long-term model that 

closely mimics the natural progression of the disease in human. Moreover, I have focused 

on therapeutic agents that have already been used in clinical trials for other diseases but 

have not been used to investigate their therapeutic effects in liver diseases. The 

importance of using these drugs is that if these are found to be effective in NAFLD, the 

findings could be used to justify a clinical trial in the future as these drugs have already 

been tested for safety in humans.  
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1.10 Hypotheses of the thesis 

1) Dietary AGEs play a prominent role as a second hit in the progression of NAFLD 

to NASH and liver fibrosis. 

2) Effects of AGEs on NAFLD progression are mediated via RAGE. 

3) Drugs that lower AGE formation or inhibit AGE/RAGE signalling could be useful 

in targeting AGE/RAGE axis in NAFLD progression to liver fibrosis. 

 

 

1.11  Aims of the thesis 

1) To investigate and compare the effects of dietary versus endogenous AGEs on the 

progression of NAFLD to NASH and liver fibrosis. 

2) To elucidate the role of RAGE in mediating AGEs-induced signalling and 

NAFLD progression using RAGE antagonists and RAGE knockout (RAGE-/-) 

mice. 

3) To explore the benefits of dietary modification, and therapeutic role of inhibitors 

of AGE formation (aminoguanidine and pyridoxamine) and an AGE-crosslink 

breaker (alagebrium) in NAFLD mice fed a diet high in AGEs. 
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CHAPTER 2 

General Methods 

2.1 Introduction 

In this chapter, the general methods followed through-out the thesis will be described. 

The first section will be about the animal models and procedures. In the second section, 

sample collection and analysis methods will be described. The last section describes the 

cell culture analysis and statistical analysis. 

 

2.2 Animal procedures 

2.2.1 Animal housing and welfare 

All animal experiments were approved by Austin Health Animal Ethics Committee and 

conducted in accordance with the National Health and Medical Research Council of 

Australia Guidelines for Animal Experimentation. 

For all animal experiments, 6 weeks old male mice in C57BL/6 background were used. 

The mice were obtained from two sources; the RAGE knockout (RAGE-/-) mice were 

provided by an in-house breeding colony at bio resource facility at Austin Health, while 

the wild-type (WT) mice were obtained from Walter and Eliza Hall institute for medical 

research (WEHI) animal facility, Victoria, Australia. They were housed at the bio 

resource facility at Austin Health and maintained under a 12-hour light/dark cycle and 

controlled temperature (21±2° C). Animals had ad libitum access to water and different 

types of diets. Animals were allowed to acclimatise for a week prior to the 

commencement of any experiment. Mice were caged in groups of 5 in a single cage. 
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2.2.2 Animal models 

There are two types of rodent diets used through-out this thesis. Those are Standard mouse 

chow and high fat (HF) diet. This is a novel dietary model combining amounts of 

saturated fat and fructose to mimic unhealthy Western diets. Two percent cholesterol was 

incorporated as this has been shown to be a critical driver for fibrosis in murine dietary 

models of NASH. 

 

2.2.2.1 Composition of high fat (HF diet) 

Table 2.1 Ingredients in HF diet 

 

 

Table 2.2 Macro nutrient percentage in HF diet 
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Table 2.3 Micronutrients in HF diet 
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2.2.2.2 Composition of mouse standard chow  

Table 2.4 Ingredients in standard chow 

 

 

 

Table 2.5 Macro nutrient percentage in standard chow 
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Table 2.6 Micronutrients in standard chow 
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2.2.3 RAGE Knockout mice 

The RAGE knockout mice used in experiments detailed in chapter 4 were kindly provided 

by Professor Josephine Forbes at the Mater Institute, University of Queensland.  

These mice have a homozygous deletion of RAGE. They appear phenotypically normal 

with a retained ability to reproduce. RAGE-/- mouse line was generated in mice with a 

C57BL/6 background using the Cre-Lox system.346 Briefly, the elements encoding the 

extracellular domain of RAGE (exons 2–7) were flanked by two loxP sites. Exposure to 

Cre recombinase resulted in the genomic sequences between the loxP sites being deleted, 

generating a knockout allele. Mice heterozygous for Cre recombination were bred to 

homozygosity to generate the RAGE-/- mouse line. 

 

2.2.4 Diabetic model 

In order to provide endogenous AGEs, thereby to produce severe liver scaring and 

fibrosis, some of the mice were induced diabetes after 15 weeks of special diet feeding. 

Diabetes was induced by destructing ~50% of the pancreatic beta cells using 

streptozotocin (STZ), (Sigma Aldrich, Australia). STZ was given with a dose of 65 mg/kg 

of body weight (bw) via intraperitoneal injections in two consecutive days.347,348 Personal 

protective equipment including long sleeves lab gowns, face mask, gloves, goggles and 

covered shoes is a must when handling STZ, as it is being categorized under S4 drugs. 

 

Streptozotocin injection in mice 

The baseline blood glucose levels (blood glucose monitoring in mice will be explained in 

a separate section) were recorded in the previous day of first STZ injection. Since the 

diabetogenic action of STZ is influenced by the nutritional state, all animals were fasted 

from solid foods overnight with free access to water before receiving each single bolus 

injection to attain maximal efficiency in the induction of diabetes. 

STZ is delivered as a powder as it decomposes rapidly in solutions. Therefore, it was 

dissolved in acetic medium just before the injection and kept on ice immediately after 

dissolving. The maximum stability of STZ can be achieved round pH 4, hence, it was 

dissolved in a sodium citrate buffer with the pH adjusted to 4.5.  
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Sodium citrate buffer 

• 0.147 g tri sodium citrate (Univar, Australia) 

• 50 mL 0.9% sodium chloride (NaCl) (Sigma Aldrich) 

• Adjust pH to 4.5  

• Store at 4o C  

 

Calculation and preparation of STZ (dose in mice: 65 mg/kg) 

• The drug should be dissolved just before the injection. Therefore, only the amount 

that is required for the number of animals in a single cage (n=5) was dissolved at 

the time of injection.  

• The weight of fasted animals was recorded.  

• The weights of animals to be injected with STZ was added up and then, the 

heaviest weight was added to total and was rounded up to the nearest hundred 

grams.  

• This was the volume (µL) of buffer required.  

• STZ dose (65 mg/kg) was multiplied by the volume, which gives the amount of 

STZ required (mg).  

• This amount of STZ was carefully weighed out into a sterile container.  

• The required volume of sodium citrate buffer was added to STZ and mixed gently 

to ensure all STZ is dissolved to produce a light-yellow coloured solution. The 

drug should be dissolved in a fume hood to prevent any inhalation to the users. 

• A separate U-100 fixed needle syringe was used for each animal in the cage. The 

correct volume (amount in microliter which equals to the body weight of each 

mouse in grams) of STZ solution was solution was intraperitoneally injected to 

mice with utmost care. 

 

• The same procedure was carried out the following day. 
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Post injection monitoring 

The animals were closely monitored for any discomfort due to the injection. Diabetic 

animals with polyuria were housed in larger cages to provide more space. Home cages 

contained normal bedding and facial tissue to absorb urine and the bedding and tissues 

were replaced frequently to ensure a warmer and dryer home cage. Diabetic animals have 

excessive hunger and thirst (together with urination) and hence, cages were provided with 

ad-libitum water and feed. All the animals were monitored twice daily though out the 

experimental period with weekly body weight and blood glucose measurements. 

 

Blood glucose measurement 

• Five days after the second STZ injection, blood glucose levels were measured to 

confirm the presence of diabetes in animals. 

• Mice were heated under heat lamp for 2-3 minutes.  

• Then a single mouse at a time was restrained in mouse restrain device.  

• The tail was wiped with 80% ethanol, and the tail vein was pricked using a 26 ½” 

G needle.  

• A drop of blood was collected onto glucometer strip and blood glucose was 

recorded.  

• The tail was wiped with a tissue and made sure no bleeding from the tail before 

putting back in the cage.  

• Diabetes was confirmed if blood glucose level was greater than 15 mmol/L. 

 

2.3 Preparation of advanced glycation end products (AGEs) 

2.3.1 For intraperitoneal injection and oral gavage 

AGEs conjugated rat serum albumin (AGE-RSA) was prepared using Fraction V Rat 

Serum Albumin (RSA) (Sigma Aldrich, Australia). First, 40 mg/mL RSA solution was 

prepared using 0.2 M phosphate buffered saline (PBS) as the solvent. Ideally, it would be 

better to use mouse serum albumin (MSA) in mice rather than rat serum albumin (RSA). 

However, commercially available MSA is extremely expensive, and others have used 

bovine serum albumin (BSA) in rat studies. 
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10 X Phosphate buffered saline 

• 80 g NaCl (Sigma Aldrich) 

• 2.0 g KCl (BDH Chemicals, Australia) 

• 7.1 g Na2HPO4 (BDH Chemicals, Australia) 

• 2 g of KH2PO4 (BDH Chemicals, Australia) 

• Dissolve in 1 L of autoclaved distilled water 

• Adjust pH to 7.2 

• Dilute as required  

To this RSA solution, 90 g/L of D-glucose (Ajax Pharmaceuticals, Australia) was added, 

giving a final glucose concentration of 0.5 M. The solution was filtered using a 0.22 μm 

micropore filter into a 50 mL falcon tube in a sterile fume hood. The tubes were then 

incubated at 37o C for 6 weeks followed by dialysis against 0.2 M PBS using dialysis 

flasks (Thermo Fisher Scientific, Australia) at 4o C for 48 hours, to remove any free 

glucose. The buffer was changed several times. The solution was then filtered through 

0.2 μm micropore filter and pH was adjusted to 7. To ensure the solution was free of 

endotoxin, it was passed through an endotoxin column. Disposable polypropylene 

columns (Thermo Fisher Scientific, USA) were prepared prior to use by addition of firstly 

degassed water, and secondly, degassed gel slurry (Pierce detoxi gel resin, Thermo Fisher 

Scientific, Australia). The columns were then washed with 5 column volumes of 1% 

sodium deoxycholate (BDH chemicals, Australia) followed by 10 column volumes of 

pyrogen free water (Thermo Fisher Scientific, Australia). The samples were then passed 

through the columns, and samples were collected from the bottom to pyrogen free falcon 

tubes, aliquoted into 1.5 mL eppendorfs and then stored at -80o C until further use. 

 

Control RSA (without AGEs) was treated in exactly the same way, without inclusion of 

D-glucose. All the solutions were detected for endotoxin levels and only the solutions 

with endotoxin levels <5 U/L were used for the experiments. 

 

2.3.2 Preparation of AGEs in the diet 

Dietary AGE content was increased by baking the HF diet at 1600 C for 1 hour. We have 

previously shown that baking HF diet at these conditions increases Nε-(1-

Carboxymethyl)lysine (CML) by 4 folds.212  Nε-(1-Carboxyethyl)lysine (CEL) and 
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methylglyoxal derived hydroimidazalone-1 (MG-H1) content in the diet was assessed by 

gas chromatography/mass spectrometry (GC/MS). Work from our laboratory showed that 

this particular temperature and time do not alter the micronutrient composition including 

the vitamins in the diet. 

Dietary AGE content was reduced using vinegar in some of the experiments. In this, 1.5 

kg of HF diet was fully submerged in 1 L of vinegar (Coles home-brand, Australia) for 

15 minutes and allowed to marinate. Then, the vinegar was strained for another 15 

minutes, so that excess vinegar could be removed. After that, it was baked under the same 

conditions as mentioned above.  

 

2.4 Plasma collection for Biochemistry 

Mice were anaesthetised using pentobarbitone (Boehringer Mannheim, Germany) at a 

dose of 60 mg/kg intraperitoneal injection. Blood was obtained via intracardiac puncture 

and collected into 1.5 mL eppendorf tubes added 0.02 mL lithium heparin. Blood was 

centrifuged (6,000 g, 4° C, 10 min; Beckman Optima LE-80K centrifuge, Beckman 

Coulter, USA) and the separated plasma was stored at -20° C until the time of assay. 

Plasma alanine amino transferase (ALT), bilirubin, alkaline phosphatase (ALP), aspartate 

aminotransferase (AST) and gamma-glutamyl transpeptidase (GGT) were measured by 

Austin pathology, Heidelberg, Australia. 

 

2.5 Liver Collection 

Following blood collection, the liver was dissected out and weighed. It was sectioned, a 

portion from the left lateral lobe was partitioned and collected into RNAse free eppendorf 

tubes, then immediately snap frozen in liquid nitrogen and stored at -80° C for RNA and 

protein extraction. The right lobe of the liver was fixed in 4% paraformaldehyde (PFA) 

(24 g of PFA (Sigma Aldrich, Australia) was dissolved in 600 mL of 1 X PBS and heated 

below 60o C and pH was adjusted to 7.2) for 24 hours at 4° C, and then transferred to 10% 

sucrose in 1 X PBS and stored at 4° C until paraffin embedding and histological analysis. 
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2.6 Quantification of gene expression 

2.6.1 Total RNA isolation from the liver 

Small sections of liver tissue (that had been snap frozen in liquid nitrogen and stored at -

80o C) weighing approximately 50-100 mg were homogenised for 60 seconds in 1 ml of 

Tri-Reagent (Sigma Aldrich). It was allowed to rest at room temperature for 5 minutes 

allowing the dissociation of nucleoprotein complexes. Samples were centrifuged at 

12,000 g for 15 minutes at 4o C (Beckman Optima LE-80K centrifuge, Beckman Coulter, 

Fullerton, CA, USA) to remove any cell debris. 0.2 ml of chloroform was added to the 

supernatant, with 15 seconds of vigorous shaking, followed by incubation at room 

temperature for 3 minutes. It was again centrifuged using the same conditions, resulting 

in three distinct phases within the Eppendorf, a lower red phenol-chloroform phase, an 

interphase, and a colourless upper aqueous phase containing RNA, and this colourless 

phase was gently pipetted and transferred into a fresh 1.5 mL RNase free eppendorf. To 

this, 0.5 mL of molecular grade isopropyl alcohol (Sigma Aldrich) was added and allowed 

to rest at room temperature for 10 minutes. The samples were then centrifuged again at 

12,000 g at 4o C for 10 minutes. After this spin, the RNA was visible at the bottom of the 

eppendorf as a small white pellet. The supernatant was removed and the pellet was 

washed with 1 ml of 75% molecular grade ethanol (Sigma Aldrich), followed by another 

centrifugation at 7,500 g for 8 minutes. Then, the pellet was briefly air-dried and re-

suspended in 0.05 ml of sterile water treated with 0.1% Diethylpyrocarbonate (DEPC) 

(Invitrogen, USA). The concentration and quality of RNA was assessed using a Nanodrop 

(Thermo Fisher Scientific, Australia) at wavelength of optical density (OD) of 260 nm 

and 280 nm. RNA samples with a ratio from 1.8 to 2.0 indicates a high degree of purity, 

were stored at -80o C for downstream processing. 

 

2.6.2 rDNase treatment 

Following extraction, 2.0 µg of RNA was diluted up to 8 µL with autoclaved milli-Q 

water. It was treated with 1 µL of DNase buffer and 1 µL of recombinant DNase I (Life 

technologies, Australia) at 37o C for 25 minutes to remove any contaminating genomic 

DNA. Then, it was treated with 1.2 µL of DNase inactivation reagent (Life technologies, 
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Australia) by brief vortexing. Finally, it was centrifuged at 10600 g for 2 minutes prior 

freezing at -80o C. 

 

2.6.3 cDNA synthesis 

Complementary DNA (cDNA) was then synthesized using this DNase treated RNA, 

which act as the template mRNA for reverse transcriptase reaction. One microgram of 

mRNA (5 µL of rDNsae treated mRNA prepared in 2.6.2 section) was incubated with 

100 ng of random hexamers (Life Technologies) in DEPC treated milli-Q water (total of 

10.9 µL) at 70° C for 5 minutes, followed by rapid cooling on ice (at least 1 minute). 

After cooling it was incubated in room temperature for 5 minutes with a mix containing 

2 µL of 0.1 M dithiothreitol (DTT), 2 µL of 10 mM dNTP, 4 µL of 5X RT buffer and 0.1 

µL of RNase OUT (Life Technologies). cDNA was synthesized by incubating the 

samples with 1 μL of Malony murine leukaemia virus reverse transcriptase (M-MLVRT) 

enzyme (Life Technologies), first at room temperature for 10 minutes, then at 42° C for 

50 minutes and finally for 15 minutes at 70° C to stop the reaction. The resulting cDNA 

was then used for amplification by quantitative real-time PCR (Q-PCR).  

 

2.6.4 Quantitative real-time polymerase chain reaction (q-PCR) 

All q-PCR reactions were carried out using multiplexing where both the target and the 

endogenous reference genes are amplified in a single well of 96 or 384 wells plate. All 

probes and primers were designed using the software program Primer Express (PE 

Applied Biosystems, Foster City, CA, USA). The DNA sequences of the probes, forward 

and reverse primers are shown in Table 2.4. 

For each gene of interest, a reaction was set up with a total volume of 25 μL. The reaction 

contained 50 ng of cDNA (volume of 1 μL), 1.25 μL each of probe (100 nmol/L), forward 

primer (500 nmol/L) and reverse primer (500 nmol/L), 12.5 μL of Platinum Quantitative 

PCR SuperMix-UDG with ROX (Invitrogen, Australia), 0.6 μL of 18S VIC pre-

developed endogenous control reagent (Applied Biosystems, USA) and 7.2 μL of 

autoclaved milli-Q water. For 384 gene expression assay, a reaction was set up with a 

total volume of 5 μL containing 5 ng of cDNA (volume of 1 μL), 0.25 μL of pre-
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developed Taqman assay probe and primer mix (Thermo Fisher Scientific), 2.5 μL of 

Platinum Quantitative PCR SuperMix-UDG with ROX (Invitrogen), 0.2 μL of 18S VIC 

pre-developed endogenous control reagent (Applied Biosystems) and 1.05 μL of 

autoclaved milli-Q water. 

Samples were amplified on a 7500 Real-Time PCR machine (Applied Biosystems). PCR 

thermal cycling conditions were as follows: 95° C for 10 minutes, then 45 cycles at 95° 

C for 15 seconds for denaturing and extension at 60° C for 1 minute. Results were 

expressed relative to control values, which were arbitrarily assigned a value of 1. 

 

 

Table 2.7 Sequence of probes and primers for mouse qPCR analysis 

Gene Genebank 

Accession 

Probe/ 

Primer 

Sequence 

 

ColA1 

 

NM_0077

42 

 

Probe 5’-ATCGACCCTAACCAAG-3’ 

Primer-F 5’-GACTGGAAGAGCGGAGAGTACTG-3’ 

Primer-R 5’-CCTTGATGGCGTCCAGGTT-3’ 

TGF-β1 

 

NM_0115

77 

 

Probe 5’-AAAGCCCTGTATTCCGT-3’ 

Primer-F 5’-GCAGTGGCTGAACCAAGGA-3’ 

Primer-R 5’-GCAGTGAGCGCTGAATCGA-3’ 

α-SMA 

 

NM_0073

92 

 

Probe 5’-TGCCAGATCTTTTCC-3’ 

Primer-F 5’-GACGCTGAAGTATCCGATAGAACA-3’ 

Primer-R 5’-GGCCACACGAAGCTCGTTAT-3’ 

CTGF 

 

BC006783 

 

Probe 5’-ACTGCCTGGTCCAGAC -3’ 

Primer-F 5’-CTTAGAACAGGCGCTCCACTCT-3’ 

Primer-R 5’-ACAGGGTGCACCATCTTTGG-3’ 

IL-6 

 

NM_0311

68 

 

Probe 5’-ACAGGGTGCACCATCTTTGG-3’ 

Primer-F 5’-ACAGGGTGCACCATCTTTGG-3’ 

Primer-R 5’-ACAGGGTGCACCATCTTTGG-3’ 

MCP-1 

 

NM_0113

33 

 

Probe 5’-AATGGGTCCAGACATAC-3’ 

Primer-F 5’-GTCTGTGCTGACCCCAAGAAG-3’ 

Primer-R 5’-TGGTTCCGATCCAGGTTTTTA-3’ 
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RAGE 

 

NM_0074

25 

 

Probe 5’-CTACCAGATTCCTGGGAAGCCAGAAATTG 

-3’ 

Primer-F 5’-GGGAAGGAGGTCAAGTCCAACTA-3’ 

Primer-R 5’-TGAGTTCAGAGGCAGGATCCA-3’ 

TNF-α 

 

NM_0136

93 

 

Probe 5’-TCACCCACACCGTCAG-3’ 

Primer-F 5’-GGCTGCCCCGACTACGT-3’ 

Primer-R 5’-TTTCTCCTGGTATGAGATAGCAAATC-3’ 

IL-1β M15131 

 

Probe 5’-CTGAAAGCTCTCCACCTC- 3’ 

Primer F 5’-TCGTGCTGTCGGACCCATA- 3’ 

Primer R 5’-TTGTTGGTTGATATTCTGTCCATTG- 3’ 

p47phox NM_0108

76 

 

Probe 5’-CCCAGCCTTCTGCAGAT-3’ 

 Primer F 5’-CCGGCTATTTCCCATCCAT-3’ 

 Primer R 5’-TCGCTGGGCCTGGGTTAT-3’ 

NOX-1 NM_0722

03 

 

Probe 5’-CTAGAATAGCTACTGCCCACC-3’ 

 Primer F 5’-GACCAATGTGGGACAATGAGTTT-3’ 

 Primer R 5’-CCCCCACCGCAGACTTG-3’ 

NOX-4 NM_0157

60 

 

Probe 5’-CATTTTGCTATTTCATCAAA-3’ 

 
Primer F 5’-AAAAATATCACACACTGAATTCGAGACT-

3’ 

 Primer R 5’-TGGGTCCACAGCAGAAAACTC-3’ 

gp91phox U43384 

 

Probe 5’-CAACTGGACAGGAACCT-3’ 

 Primer F 5’-AGTGCGTGTTGCTCGACAAG-3’ 

 Primer R 5’-CCAAGCTACCATCTTATGGAAAGTG-3’ 

 

Note: Predeveloped probe/primer kits of TLR-4 and CD-14 were purchased from Thermo 

Fisher Scientific, Australia. 

 

 

2.7 Histological techniques 

Liver samples that had been collected for histology were mounted in specimen cassettes 

and then embedded in paraffin blocks by Austin pathology, Heidelberg, Australia. Then 

the samples were sectioned into 4 μm sections (Leica bio systems, Germany) and then 
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mounted onto silane coated glass slides (Thermo Fisher Scientific) for use in histological 

or immunohistochemical techniques. 

 

 

2.7.1 Picrosirius red staining and morphometric assessment of collagen 

content 

Liver sections (4 μm in size) were deparaffinised twice in xylene (Australia Biostain, 

Australia), 5 minutes each time. It was dehydrated through descending concentrations of 

ethanol (100%, 100%, 100%and 95%) for 3 minutes each and washed thoroughly under 

running tap water for 30 minutes. Next, the sections were stained with 0.1% picrosirius 

red (Sigma Aldrich) for 2 hours and 30 minutes. Slides were then rinsed thoroughly in 

running tap water and rapidly dehydrated through graded ethanol (95%, 100%, 100% and 

100%), followed by xylene for twice, 5 minutes each time. The slides were then mounted 

with cover slips using DPX mounting medium (Sigma Aldrich). Total collagen was 

quantified by analysing liver sections under a standard light microscope (Olympus BX50 

Microscope, Japan; magnification x200). Collagen volume fraction was determined by 

measuring the area of stained tissue (red) within a randomly selected field. A total of 10 

fields per section were analysed per animal using computerized image capture (MCID) 

(Imaging Research, Canada). The mean value was calculated and results were expressed 

as a percentage of the area positively stained red. 

 

2.7.2 Haematoxylin and Eosin staining 

Liver sections were deparaffinised twice in xylene (Australia Biostain), 5 minutes each 

time, then dehydrated using graded ethanol (100%, 100% and 95%) and washed under 

running tap water. Slides were immersed in haematoxylin (Merck, Australia) for 8 

minutes, and then washed intensively. Then, those were immersed in Scott’s blue 

(AMBER Scientific, Australia) solution for exactly 30 seconds, followed by intensive 

washing in running tap water for about 45 minutes. Then, it was dipped in 95% ethanol 

for 10 times, followed by immersion in alcoholic Eosin (Sigma Aldrich) for 10 minutes. 

The slides were then dehydrated three times using 100% ethanol, 3 minutes each time 
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followed by twice in xylene, 5 minutes each time. Finally, the slides were mounted with 

cover slips using DPX mounting medium (Sigma Aldrich).  

 

2.7.3 4-Hydroxy-2-nonenal (4-HNE) immunohistochemistry 

Superoxide anion and ROS are key mediators of liver injury and cellular dysfunction 

associated with the progression of fatty liver disease. 4-HNE is a marker of lipid 

peroxidation which can result in ROS generation. Immunohistochemistry was performed 

on 4 μm sections of paraffin embedded mouse liver tissue mounted on silane-coated glass 

slides. First, specimens were de-waxed in xylene (100% for 5 minutes each) and 

dehydrated in graded ethanol as described in 2.7.2 and followed by running tap water for 

15 minutes. The slides were then washed in dH2O followed by 3 times with 1 X PBS for 

5 minutes each on a rocker at RT. The antigens of the tissues were retrieved by incubating 

sections in boiling 10 mM trisodium citrate buffer (contained 0.05% Tween 20 adjusted 

to pH 6) for 2 minutes. The washing step with dH2O and 1 X PBS was repeated as outlined 

above. Endogenous peroxidase activity was removed with 3% hydrogen peroxide in PBS 

at RT for 20 minutes and washed as described above. Non-specific proteins were blocked 

with 10% normal goat serum (NGS) in PBS for 30 minutes at RT and after the incubation 

period the excess blocking solution was removed using blotting paper. Then, the primary 

anti-rabbit 4-HNE antibody (Alpha Diagnostic International, USA) diluted in 1 X PBS 

(1:100 dilution) in 0.1% NGS was applied and incubated overnight at 4º C in a box locally 

designed for immunohischemistry. On the following day, sections were rinsed using 

dH2O for 5 minutes and PBS with 0.1% Tween 20 for 5 minutes on a rocker at RT. The 

slides were then incubated with biotinylated secondary goat anti-rabbit antibody (Dako, 

Agilent Technology, 1:100) in 3% BSA and 3% NGS for 10 minutes at RT. It was rinsed 

in dH2O for 5 minutes and PBS with 0.1% Tween 20 for 5 minutes on a rocker at RT. 

Next, the slides were incubated with avidin-biotin complex (ABC kit) (Dako, Agilent 

Technology) for 30 minutes at RT and rinsed using dH2O and PBS as described above.  

Peroxidase conjugates were subsequently localised using diaminobenzidine 

tetrahydrochloride chromogen (DAB) (Sigma Aldrich) for 8 minutes. Finally, the slides 

were counterstained with haematoxylin (Merck) for 8 minutes followed by washing in 

running tap water for 10 minutes. It was washed in blue Scott tap water (AMBER 

Scientific) for 15 seconds to clear the background and washed in running tap water for 40 
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minutes. The relative positive staining in each group was determined by computerised 

quantification (MCID, Imaging Research) at x200 magnification (10 fields per sample). 

 

 

2.8 IVIS Imaging and dye preparation 

In order to determine how ingested AGEs in the diet traffic through the gastrointestinal 

tract and body as well as organ exposure to AGEs, a near-infrared tracking approach was 

used. Tissues have a lower absorption coefficient in the near infrared region and this 

allows for deeper penetration into mice and a decreased interference from tissue auto-

fluorescence.  

 

2.8.1 Preparation of dye conjugated AGEs 

1 mg/mL AGE-protein solution was prepared as previously described in section 2.3. It 

was labelled with IRDye 800CW protein labelling kit-High MW (LI-COR, Lincoln, 

USA). First, the pH of the protein solution was adjusted to 8.5 using the potassium 

phosphate buffer provided in the kit. The total volume of labelled AGEs was determined 

based on the number of mice in the study, and the volume of dye needed was calculated 

according to the molecular weight of the protein (i.e. dye volume needed for 1 mL of 65 

kDA protein is 17.9 µL (1:1 = dye: protein), thereby the total number of dye vials needed 

was calculated). The protein and the dye were warmed to room temperature without 

exposing the dye to light (carried out in a dark room) and 1 vial of dye was dissolved in 

25 µL of ultrapure water provided in the kit and vortexed until the dye is completely 

dissolved. The appropriate volume was added to protein vials and mixed thoroughly by 

inversion and incubated at room temperature for 2 hours.  

 

2.8.2 Separation of conjugate from unreacted free dye 

To avoid false signals due to free dye moieties, the conjugate was purified from its free 

dye moieties using Zebra spin desalting column kits (Pierse Biotechnology, USA) which 

remove more than 95% free dye from the sample.  
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First the bottom caps of the columns were loosened and placed in 15 mL collection tubes 

and centrifuged at 1000g for 2 minutes to remove storage solution. Columns were washed 

with 2.5 mL of 1 X PBS and centrifuged as given above for 3 times. Then, the caps were 

removed, and the columns were placed in new sterile collection tubes and the sample was 

added (approximately 1 mL) and centrifuged in the same conditions. The conjugate free 

from unreacted dye was collected in the collection tube and the resin was discarded.  

 

2.9 Cell culture experiments 

As described in the background, Kupffer cells are the major cell type involved in NAFLD 

progression and stellate cells are the major cell type responsible for ECM secretion. In 

addition to that, these two are the major cell types in the liver that present RAGE receptor. 

Therefore, in vitro experiments using immortalised cell lines of these two cell types were 

carried out to explore mechanistic insight. Immortalised Mouse Kupffer cells (KUP5) 

were developed using C57BL/6 background mice by Dr Hiroshi Kitani, Japan and kindly 

provided to us.349 Immortalised Human hepatic stellate cells (LX2) have been extensively 

characterised and used in literature and provided to us by Associate professor William 

Sievert and Jorge Tchongue from the Monash Medical Centre, Clayton, Victoria.  

 

2.9.1 Maintaining and growing cells 

Both cell types were grown and maintained routinely as monolayer cultures in DMEM 

high glucose (4.5 g/L L-Glucose) media (Thermo Fisher Scientific) supplemented with 

10% fetal bovine serum (FBS) (Sigma Aldrich) with 5% CO2 at 37o C. In addition to that, 

for Kupffer cells 10 µg/mL bovine insulin (Sigma Aldrich) and 250 µM monothioglycerol 

(Sigma Aldrich) were added as supplements. For LX2 cells 1% penicillin and 

streptomycin (Thermo Fisher Scientific) was added. 

Cells were passaged once they reached approximately 80% confluency.  

 

KUP5 cells: First the cells were washed twice with 1 X HBSS (Thermo Fisher Scientific) 

and then, 0.5 mL to 2 mL of 10 X trypsin (Invitrogen) was added depending on the size 

of the flask. The flask was incubated at 37o C for 2-3 minutes and tapped to detach the 

cells from the plastic surface.  
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LX2 cells: First, the cells were washed twice with 1 X PBS (Thermo Fisher Scientific) 

and then, 0.5 mL to 2 mL 1 X trypsin (Invitrogen) was added depending the size of the 

flask. The flask was tapped to detach the cells from the plastic surface and if necessary, 

it was incubated at 37o C for 1 minute to facilitate cell detachment. 

 

Once the cells were detached, they were collected to a falcon tube by adding media into 

the flask. Cell suspension was centrifuged, and the pellet was resuspended in fresh media. 

The cells were used for experiments or passaged depending on the number of cells 

required for the experiments. The media was refreshed as required and subsequent 

passages were performed every 2-3 days for KUP5 cells and 5-7 days for LX2 cells. 

 

 

 

2.9.2 Counting the cells 

Cells were counted manually using a microscope and a haemocytometer (Weber 

Scientific International). 10 µL of cell supernatant was mixed thoroughly with equal 

volume of trypan blue and carefully filled into the haemocytometer. The cells were 

counted using 4 sets of 16 squares of the haemocytometer (Fig. 2.1) and average cell 

count was considered for the calculation of total number of cells in the cell suspension. 

Trypan blue stains the dead cells with blue colour, therefore, blue stained cells were not 

counted. 

Number of cells/mL of cell suspension = N X dilution factor X 104 

Where, N = average cell count obtained from 4 sets of 16 squares 

Dilution factor in trypan blue is 2. 

 



CHAPTER 2 

69 

 

 

Figure 2.1 Haemocytometer gridlines 

Cells in 16 squares of each A, B, C and D (outlined in brown colour) sets were counted 

and average was calculated for the determination of number of cells present in the cell 

supernatant.  

 

 

 

2.9.3 Cell harvest 

At the end of each experiment, cells were harvested for analysis of supernatant 

components, protein and RNA. Firstly, the supernatant from each well was aspirated 

(with care taken not to aspirate any cells adherent to the base of the well) into sterile 1.5 

mL eppendorfs and immediately frozen at -80o C. Prior to analysis, the samples were 

centrifuged at 10,000 g for 15 minutes at 4o C to remove debris.  

Once the supernatant was removed, cells were collected for q-PCR using Tri-reagent 

(Sigma Aldrich). Firstly, the wells were washed twice with 1 mL ice-cold 1 X PBS (LX2) 

or HBSS (KUP5). Then, 0.5 ml Tri-reagent was added to each well, followed by multiple 

aspirations to mix thoroughly and break up any adherent cells. The Tri-reagent/cell mix 
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from each well was then collected into 1.5 mL eppendorf tubes and immediately frozen 

at -80o C until the time of RNA extraction as outlined in section 2.6.  

 

 

2.11 Statistical Analysis 

Results are expressed as mean ± standard error of means (SEM) unless otherwise stated. 

Data were analysed by one-way or repeated measures analysis of variance (ANOVA) 

with Tukey’s post-hoc and Student’s two tailed, unpaired t-test where appropriate. A p 

value of less than 0.05 was considered statistically significant. Statistical analyses were 

performed using GraphPad Prism 7 software (GraphPad Software, CA, USA). 
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CHAPTER 3 

The effect of endogenous and exogenous advanced 

glycation end products (AGEs) on non-alcoholic 

fatty liver disease 

 

3.1 Introduction 

Advanced glycation end products are formed via a series of reversible and irreversible 

reactions as outlined in section 1.7.2. The rate of each reaction varies on the substrate 

availability.213 Hence, the rate of endogenous formation of AGEs is accelerated in 

diabetic conditions due to both elevated sugar level and increased oxidative stress.247 

We have previously shown in our laboratory that AGEs did not induce liver injury, 

oxidative stress or fibrosis in normal liver, i.e. coexisting liver injury is required to induce 

hepatic injury by AGEs. Therefore, all the animals used for the experiments in this thesis 

were fed on a high fat (HF, 21% of fat) diet to induce fatty liver or non-alcoholic fatty 

liver disease (NAFLD). This diet, as discussed in general methods, has comparable fat 

and fructose percentage to unhealthy Western diet, but a relatively higher percentage of 

cholesterol to induce mild fibrosis.350 Moreover, as discussed in chapter 1, the deleterious 

effects of AGEs are induced via activation of the receptor for AGEs (RAGE), resulting 

in the release of cytokines and growth factors and producing oxidative stress. We have 

recently shown that deleting RAGE gene protects the liver from fibrosis in animals fed 

on the HF diet with a high AGE content induced by baking.212  

AGEs plays a role in the pathogenesis of many diabetic complications213 and it has been 

suggested that high AGE levels in diabetic subjects may directly contribute to liver 

disease. However, it is not possible to determine the quantity of AGEs which are produced 

in the circulation in diabetic subjects or diabetic animals. Therefore, this chapter aimed 
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to investigate the effect of exogenously administered AGEs to mimic the effect of 

endogenous AGEs on NAFLD progression. Mice fed the HF diet were intraperitoneally 

(i.p.) injected with in vitro prepared AGEs daily, thus modelling endogenous AGEs 

formed as a result of diabetes. The objective of this experiment was therefore, to 

determine the effect of endogenous AGEs on NAFLD progression and compare these 

effects to the effect of dietary AGEs. Although this may not represent a full spectrum of 

changes that take place in diabetic subjects or animals, the objective of the study was to 

examine the effect due to AGEs alone. 

 

3.2 Materials and Methods 

3.2.1 Experimental design 

Six to eight weeks old male C57BL/6 mice were randomized into 6 groups as follows.  

1)Standard chow  

2)High fat (HF) diet 

3)HF + (HF Baked/ HF+B) diet 

4)HF+ AGE (20 mg/kg/day) 

5)HF + AGE (40 mg/kg/day)  

6)HF + AGE (60 mg/kg/day) 

 

A group of mice was fed on standard chow for 40 weeks (control group). Another 4 

groups of mice were fed on the HF diet for 40 weeks. In vitro prepared AGEs (see section 

3.2.2) were intraperitoneally (i.p.) injected daily in varying doses for 10 weeks 



CHAPTER 3 

73 

 

commenced at 30 weeks of the HF diet. Similar to this, a group of mice was fed the HF 

diet for the first 30 weeks, followed by baked-HF diet (HF+B) to increase dietary AGE 

content during the remaining 10 weeks for comparison between endogenous AGEs (i.p. 

injected AGEs for 10 weeks) vs dietary AGEs. 

 

3.2.2 Preparation of AGEs for i.p. injection 

AGEs for i.p. injections were prepared as outlined in section 2.3.1. In brief, 40 mg/mL 

RSA (Sigma Aldrich, Australia) solution was prepared using 0.2 M phosphate buffered 

saline (PBS) as the solvent. To this RSA solution, 90 g/L of D-glucose (Ajax 

Pharmaceuticals, Australia) was added, giving a final glucose concentration of 0.5 M. 

This mixture was incubated at 37o C for 6 weeks followed by dialysis against 0.2 M PBS 

using dialysis flasks (Thermo Fisher Scientific, Australia) at 4o C for 48 hours, to remove 

any free glucose. The pH was adjusted to 7. The control was treated the same way without 

adding glucose. At the end CML levels were measured by ELISA (Jomar Life Research, 

Australia) 

 

3.2.3 Preparation of AGEs in the diet 

Dietary AGE content was increased by baking at 1600 C for 1 hour. CML, CEL and MG-

H1 content in the diet was assessed by gas chromatography/mass spectrometry (GC/MS). 

 

3.2.4 Tissue harvesting and storage 

The animals were sacrificed at 40 weeks using pentobarbitone (120 mg/kg bw) as 

described in chapter 2. Blood and livers were collected from the mice as described in 

chapter 2. 

 

 

 



CHAPTER 3 

74 

 

3.2.5 Biochemical assessment of liver function 

Liver function testing was carried out in plasma that had been stored at -20o C, using 

Beckman Coulter LX20 autoanalyzer (Beckman Coulter) at Austin Pathology, Austin 

Health. 

 

3.2.6 Liver gene expression 

Total RNA was extracted from snap-frozen liver samples stored at -80o C as described in 

chapter 2.6. cDNA was synthesized from this RNA and qPCR reactions were carried out 

using multiplexing to assess the expression of RAGE, LPS-binding receptors, pro-

inflammatory and pro-fibrotic genes. The details of dual fluorescent-labelled 

oligonucleotide probes and primers are given in Table 2.4 in chapter 2. 

 

3.2.7 Histological assessment of liver injury and fibrosis 

Haematoxylin and Eosin (H&E) staining 

Haematoxylin and Eosin (H&E) staining was performed in 4 µm liver sections as 

described in chapter 2.7.2.  

 

Picrosirius red staining 

Picrosirius red staining was performed in 4 µm liver sections as described in chapter 2.7.1. 

Briefly, total collagen was quantified by analysing liver sections under a standard light 

microscope (Olympus BX50 Microscope, Japan; magnification x200). Collagen volume 

fraction was determined by measuring the area of stained tissue (red) within a randomly 

selected field. A total of 10 fields per section were analysed per animal using 

computerized image capture (MCID) (Imaging Research, Canada). The mean value was 

calculated per section/animal before analysis, and results were expressed as a percentage 

of the area positively stained red. 
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3.2.8 Cell culture Experiments 

Immortalised murine Kupffer cells (KUP5) were kindly provided us to by Dr Hiroshi 

Kitani (REKEN cell bank, JAPAN).349 These cells were seeded for 24 hours and exposed 

to three different doses of AGEs, 25 g/mL, 50 g/mL, 100 g/mL for 3 hr, 6 hr, 12 hr, 

24 hr, 48 hr and 72 hr. At the end of the experiment 0.5 mL of tri-reagent (Sigma Aldrich) 

was applied to cells to harvest total RNA for gene expression analysis as outlined in 

chapter 2. Lipopolysaccharide (LPS) was used at three different doses, 1 ng/mL, 5 ng/mL 

and 10 ng/mL as the positive control. 

Since using this protocol, we could not observe any changes in gene expression and there 

was a possible cell death on 24-hour seeding, the cells were seeded for 6 and 12 hours 

and exposed to 200 g/mL of AGEs for 6 and 12 hours. Gene expression of RAGE and 

pro-inflammatory cytokines was analysed. 

Immortalised human hepatic stellate cells (HSCs/LX2) were exposed to 200 g/mL of 

AGEs for 6 hr, 12 hr, 24 hr, 48 hr and 72 hours and gene expression of RAGE and -

SMA was determined. LX2 cells were also exposed to conditioned medium collected 

from KUP5 cells treated with AGEs for 6 hours and harvested for gene analysis. LX2 

cells activated by TGF-β1 at 10 ng/mL was used as the positive control. 

 

3.2.9 Statistical analysis 

Results are expressed as mean ± SEM and analysed by one-way analysis of variance 

(ANOVA) and Tukey’s comparison test or calculated by Student’s two-tailed unpaired t 

test where appropriate using Prism 7 software (GraphPad Software, San Diego, United 

States). p< 0.05 was considered significant. 
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3.3 Results 

3.3.1 AGE content in the baked diet and injectable AGEs 

Baking at 160o C for 1 hour dramatically increased 3 common AGE types, CML, CEL 

and MG-H1 (Fig. 3.1A) as measured by GC/MS. CML concentration in injectable AGEs 

was significantly (p<0.01) higher compared to that in the control RSA (Fig. 3.1B) as 

measured by CML ELISA. Note: no statistical analysis was performed as food samples 

were pooled across before GC/MS analysis. 

 

 

  

 

 

 

Figure 3.1 AGE content in the diet and injectable AGEs  

(A) 

(B) 
CML concentration in injectable solution 
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Standard chow contains the least amount of all three AGE types. High fat (HF) diet has 

higher CML and CEL levels compared to standard chow, however MG-H1 content is 

similar in the two diets. In contrast to this, all three AGE types in the baked diet were 

dramatically increased compared to HF diet (A). CML concentration in AGE-RSA 

solution was significantly (p<0.01) higher compared to RSA solution (B). Each bar in (B) 

represents the mean ± SEM profile of 2 samples per group as calculated by Student’s 

two-tailed unpaired t test. CML: N-(Carboxymethyl)lysine, CEL: N-

(Carboxyethyl)lysine, MG-H1: methylglyoxal-derived hydroimidazolone 1, HF: high fat, 

B: baking, RSA: rat serum albumin. 

 

3.3.2 Effect of high fat and AGEs on weight gain and liver   

Feeding high fat for 40 weeks caused a massive increase in body weight and epidydimal 

fat mass compared to the mice fed on the standard chow for 40 weeks. Intraperitoneal 

injections of AGEs or feeding diet high in AGEs did not affect food or water intake (data 

not shown) or body weight gaining (Table 3.1). Non-fasting blood glucose concentration 

was similar (8.2 ± 2.10 mmol/L) between HF and AGE administered mice suggesting 

that these mice do not develop insulin resistance.   

 

Table 3.1 Body, liver and epididymal fat weight and physical appearance of mice 

and macroscopic appearance of livers at 40 weeks of the experiment 

Animal group Body weight (g) Liver weight (g) Epididymal fat 

weight (g)  

Standard chow 39.0 ± 1.5

 

1.4 ± 0.0

 

0.75 ± 0.1 
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HF 44.1 ± 1.8

 

3.2 ± 0.2

 

Not measured 

HF + AGE (20 mg/kg bw) 45.9 ± 1.2

 

3.3 ± 0.2

 

1.59 ± 0.1 

HF + AGE (40 mg/kg bw) 46.8 ± 1.3 

 

3.1 ± 0.0

 

1.43 ± 0.2 

HF + AGE (60 mg/kg bw) 43.8 ± 1.3 

 

3.0 ± 0.0

 

1.34 ± 0.1 

HF + (HF+B) 46.4 ± 1.7

 

3.3 ± 0.2 

 

1.36 ± 0.1 
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3.3.3 Effect of high dietary AGEs on liver injury  

Liver injury determined by liver function test showed standard chow fed mice had alanine 

aminotransferase (ALT) (Fig. 3.2A) and alkaline phosphatase (ALP) (Fig. 3.2B) in the 

normal range. However, mice fed the HF diet showed significantly (p<0.05) elevated 

ALT and ALP levels compared to standard chow fed mice. In the Figure, because the 

effect of three doses of AGEs on LFT’s represented by green colour-bars was not 

different, they are indicated within brackets for clarity. Plasma ALT (Fig. 3.2A), but not 

ALP (Fig. 3.2B), levels were significantly (p<0.05) elevated in AGE injected mice 

compared to HF group. Importantly, mice fed the diet containing high AGEs (HF+B) in 

the last 10 weeks showed highest levels of ALT and ALP levels in plasma compared to 

HF group. Moreover, the enzyme levels were significantly (p<0.05) more elevated in the 

AGE (HF+B) fed mice than AGE injected mice. There were no significant differences in 

plasma AST, bilirubin and GGT levels between groups (data not shown).  

 

 

Figure 3.2 Plasma concentration of ALT and ALP in mice  

Forty weeks of high fat feeding significantly (p<0.05) increased ALT (A) and ALP (B) 

enzyme concentration in plasma compared to those fed a standard chow diet. ALT levels 

were further increased (p <0.05) by i.p. injections (three doses are indicated within 

brackets for clarity) of AGEs compared to HF fed mice (A). In contrast, ALP 

concentration was not elevated by AGE injections compared to HF fed mice (B). 

However, the highest concentration of both ALT and ALP was found in the plasma of 

mice fed the high AGE (HF+B) diet for the last 10 weeks of the experiment with ALT 

showing a significance (p<0.05) compared to the IP treated group. Each bar represents 

the mean ± SEM profile of 10 mice per treatment group as calculated by one-way 

(A) (B) 
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ANOVA with Tukey’s comparison test. Std chow: standard chow, HF: high fat diet, 20-

60 mg AGEs: different AGE doses injected into HF fed mice, ALP: alkaline phosphatase, 

ALT: alanine aminotransferase. 

   

3.3.4 Effects of AGEs on RAGE and LPS binding receptors  

Whilst AGE injections did not increase RAGE, CD-14 and TLR-4 expression compared 

to the HF diet, mice fed the diet containing high AGEs showed the highest levels of the 

expression of these genes (Fig. 3.3). Whilst HF failed to up-regulate the expression of 

RAGE compared to std chow fed mice, it was significantly (p<0.05) up-regulated by i.p. 

AGEs compared to std chow fed mice, however, was not different from HF fed mice. 

Similar to ALT and ALP levels, RAGE expression was highest in HF+B fed mice which 

was significantly (p<0.05) more elevated than AGE injected mice (Fig. 3.3A).  

Endotoxin responsive gene CD-14 was significantly (p<0.01) upregulated by HF feeding 

(Fig. 3.3B). However, endotoxin responsive gene TLR-4 was not significantly increased 

by HF diet compared standard chow fed mice. Although both i.p. and dietary AGEs 

increased RAGE, CD-14 and TLR-4 expression compared to standard chow fed mice, 

only TLR-4 showed a significantly (p<0.0001) elevated level compared to HF group (Fig. 

3.3C).  

 

  

 

(A) 
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Figure 3.3 Liver gene expression of RAGE and LPS binding receptors 

High fat feeding failed to increase RAGE (A) and TLR-4 (C), however, significantly 

increased endotoxin responsive gene CD-14 expression (B) compared to standard chow 

fed mice. Although AGE injections showed a significant increase in all three genes 

compared to standard chow fed mice, they were not significantly different from those of 

HF fed mice (three doses are indicated within brackets for clarity). However, dietary 

AGEs caused the highest expression of these genes with RAGE and TLR-4 being 

significantly (p<0.05) higher in dietary AGE group than standard chow and HF fed 

groups. The data have been normalised to endogenous control gene, 18S and std chow 

control group was given an arbitrary value of 1. Each bar represents the mean ± SEM 

profile of 10 mice per treatment group as calculated by one-way ANOVA with Tukey’s 

comparison test. Std chow: standard chow, HF: high fat, 20-60 mg AGEs: different AGE 

doses injected into HF fed mice. 

 

3.3.5 Effects of AGEs on pro-inflammatory cytokines and histology   

Pro-inflammatory genes TNF- (Fig. 3.4A) and MCP-1 (Fig. 3.4B) were significantly 

(p<0.05) increased by HF diet. Importantly, the expression of these genes was further 

elevated (p<0.05) by high dietary AGEs but not by i.p. AGEs compared to HF group (Fig. 

3.4A, B). Evaluation of steatosis and inflammation using H&E staining showed normal 

histology at 40 weeks in standard chow fed animals (Fig. 3.4C). Compared to this, HF 

fed mice showed dramatic changes in histology with small (arrows) and large (arrow 

heads) fat vesicle formation representing steatosis. Hepatocyte ballooning was observed; 

(C) (B) 
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however, no inflammatory cell infiltration could be identified in HF diet fed mice livers 

(Fig. 3.4D). Liver histology showed some inflammatory cell infiltration (area marked by 

red line) and hepatocyte degeneration (area marked by green line) in AGE injected mice 

(data not quantified). However, despite the dose difference, there was no difference in 

histological changes in the liver between different doses of AGE injection (Fig. 3.4E-G). 

Most importantly, as reflected by elevated liver enzyme and gene expression profiles, 

there was an apparent and greater inflammatory cell infiltration in high AGE fed mice 

(HF+B) in the last 10 weeks (data not quantified) (Fig. 3.4H), suggesting these mice had 

worse liver injury compared to other groups. 

 

 

   

 

    

     

 

Std chow HF HF + 20 i.p. AGE 

(D) (E)

0 

(C) 

(A)

111 

(B) 
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Figure 3.4 Liver gene expression of pro-inflammatory genes and H&E stained 

histological assessment of liver 

High fat feeding significantly increased pro-inflammatory gene expression of TNF- (A) 

and MCP-1 (B). Intraperitoneal injections of AGEs did not cause further increase (three 

doses are indicated within brackets for clarity). However, dietary AGEs showed the 

highest gene expression of TNF- (A) and MCP-1 (B). The data have been normalised 

to endogenous control gene, 18S and std chow control group was given an arbitrary value 

of 1. Each bar represents the mean ± SEM profile of 10 mice per treatment group as 

calculated by one-way ANOVA with Tukey’s comparison test. Inflammation determined 

by H&E staining did not show any change or inflammatory cell infiltration in standard 

chow fed mice (C). Forty weeks of HF feeding caused fat vesicle formation (steatosis) as 

well as hepatocyte ballooning but did not cause inflammatory cell infiltration (D). Ten 

weeks of AGE injections (E-G) showed all above changes including hepatocyte 

degeneration as well as small patches of inflammatory cell infiltration (data not 

quantified). However, there was an apparent and greater inflammatory cell infiltration in 

high AGE fed mice (HF+B) (data not quantified) (H). Arrows: small fat vesicles, arrow 

heads: large fat vesicles, area marked by red line: inflammatory cell infiltration, area 

marked by green line: hepatocyte degeneration. Magnification x200. Std chow: standard 

chow, HF: high fat diet, 20-60 mg AGEs: different AGE doses injected into HF fed mice. 

 

 

HF + 40 i.p. AGE HF + 60 i.p. AGE HF+ dietary AGEs 

(H) (G) (F) 
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3.3.6 Effects of AGEs on pro-fibrotic cytokines and HSC activation 

Gene expression of HSC activation marker -SMA was significantly (p<0.05) increased 

by AGE injection but not by HF feeding compared to standard chow fed mice (Fig. 3.5A), 

suggesting AGEs activate HSCs. However, mice fed the high dietary AGEs (HF+B) 

showed the highest -SMA gene expression which was significantly (p<0.05) higher than 

that in the AGE injected mice. Activated HSCs secrete large amount of pro-fibrotic 

cytokines such as TGF-1 and extracellular matrix proteins such as collagen. Although 

HF feeding significantly (p<0.05) increased the expression of TGF-1 and collagen 1 

genes compared to standard chow fed mice, i.p. AGEs did not further increase their 

expression (Fig. 3.5B, C). Importantly, similar to the expression of pro-inflammatory 

genes (see Fig. 3.4) and -SMA, high AGE fed mice showed significant (p<0.05) 

increases in the expression of TGF-1 and collagen 1 compared to HF group and AGE 

injected groups (Fig. 3.5B, C). 

 

     

 

 

Figure 3.5 Gene expression of HSC activation marker and pro-fibrotic and fibrotic 

genes 

(C) 

(A) (B) 
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Hepatic stellate cell activation marker -SMA was not upregulated in HF fed mice 

compared to std chow fed mice. Although both i.p. and dietary AGEs significantly 

(p<0.05) increased its expression compared to std chow fed mice, AGE injections did not 

up-regulate -SMA expression compared to HF fed mice (A). Both TGF-1 (B) and 

collagen 1 (C) were significantly (p<0.05) increased in HF fed mice compared to std chow 

fed mice and did not further increase in AGE injected mice (three doses are indicated 

within brackets for clarity) compared to HF fed mice. Importantly, high dietary AGE fed 

mice showed the highest expression of -SMA, TGF-1 and collagen 1 which was 

significantly (p<0.05) higher than all other groups. The data have been normalised to 

endogenous control gene, 18S and std chow control group was given an arbitrary value 

of 1. Each bar represents the mean ± SEM profile of 10 mice per treatment group as 

calculated by one-way ANOVA with Tukey’s comparison test. Std chow: standard chow, 

HF: high fat diet, 20-60 mg AGEs: different AGE doses injected into HF fed mice. 

 

3.3.7 Effects of AGEs on liver fibrosis 

Collagens are a major ECM protein in the fibrotic liver. Standard chow fed mice did not 

show any collagen deposition as reflected by no positive staining of picrosirius red 

staining of liver sections (Fig. 3.6A). Moreover, as discussed in the previous section, 

standard chow fed mice did not show fat vesicles. Livers of HF fed mice showed red 

fibres and enlarged hepatocytes to some extent (Fig. 3.6B). However, mouse livers after 

AGE injections showed a greater extent of fibrosis with river-delta pattern, but similar to 

HF fed mice and between different i.p. AGE doses (Fig. 3.6C-E). Importantly, as reflected 

by gene expression and liver enzyme profiles, mice fed the high AGE diet (HF+B) for the 

last 10 weeks of the experiment showed the highest positive staining (Fig. 3.6F) with 

significant (p<0.05) increase of fibrosis compared to AGE injected mice (Fig. 3.6G).  
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Figure 3.6 Quantification and comparison of liver fibrosis between endogenous and 

dietary AGE fed mice using picrosirius red staining 

HF Std chow HF +20 i.p. AGE 

HF + dietary AGEs 

(A) (C) (B) 

HF +60 i.p. AGE 

(F) (E) (D) 

HF +40 i.p. AGE 

(G) 
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Standard chow fed mice (A) did not show any sign of fat accumulation or fibrosis while 

HF (B) feeding caused mild fibrosis but this was not significant compared to std chow 

fed mice (G). All three doses of i.p. injections of AGEs (C-E) increased fibrosis, which 

was significantly (p<0.01) higher than that of std chow fed mice. However, high dietary 

AGE (F) feeding showed the highest positive staining with a significant (p<0.05) increase 

compared to AGE injected mice (G). Each bar represents the mean ± SEM profile of 10 

mice per treatment group as calculated by one-way ANOVA with Tukey’s comparison 

test. Arrows: pericellular fibrosis. Magnification x200. Std chow: standard chow, HF: 

high fat, 20-60 mg AGEs: different AGE doses injected into HF fed mice. 

 

3.3.8 Effects of AGEs on RAGE and pro-inflammatory gene expression 

by Kupffer cells (KUP5) 

We conducted a time course study with different doses of AGEs and LPS (a positive 

control), to investigate appropriate incubation time for RAGE, TNF-α and IL-1β gene 

expression induction. KUP5 cells grown for 24 hours and treated with AGEs for 6, 12, 

24, 48 or 72 hours did not show RAGE, IL-1β (data not shown) or TNF-α up-regulation 

at any time point in response to AGEs (Fig. 3.7). However, LPS at 5 and 10 ng/mL doses 

increased TNF-α and IL-1β gene expression compared to untreated cells (UT) within the 

first 12 hours (Fig. 3.7A and B show TNF-α as an example); however, their expression 

was diminished beyond 12 hours, likely due to dying KUP5 cells. Moreover, LPS did not 

up-regulate RAGE gene expression at any time point (data not shown). 

 

        

 

(A) (C)

111 

(B) 
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Figure 3.7 Time course study to investigate gene expression of TNF- by KUP5 cells 

exposed to AGEs and LPS at varying doses over different time points 

Gene expression of TNF- did not up-regulate by AGEs at any treated doses whereas 

LPS showed an increased expression up to 12 hours (A, B). The data have been 

normalized to endogenous control gene, 18S and UT control was given an arbitrary value 

of 1. Each bar represents the mean ± SEM profile from 1-3 independent experiments as 

calculated by one-way ANOVA with Tukey’s comparison test. UT: untreated cells, RSA: 

rat serum albumin, LPS: lipopolysaccharide. 

 

Since KUP5 cells did not respond to AGEs at any dose or at any time point, we then 

evaluated the effect of AGEs on RAGE and TNF- gene expression by changing cell 

growing time and treatment duration. First, we reduced the growing time of the cells to 

12 hours and treated cells with AGEs for 6 and 12 hours at 50 µg/mL and 200 µg/mL 

doses. In this experiment we found that the positive control LPS (5 ng/mL) treatment 

increased TNF-α gene expression at both time points (data not shown). However, AGEs 

still failed to induce the gene expression of RAGE or TNF-  (data not shown). We then 

employed 6 hour growing time and treatment with AGEs at two different doses; 50 µg/mL 

and 200 µg/mL for 6 and 12 hours. 

We found that KUP5 cells, grown for 6 hours and exposed to AGEs for 6 hours, showed 

a significant (p<0.01) increase in RAGE expression (Fig. 3.8) at 200 µg/mL dose. 

However, treatment with AGEs at 50 µg/mL did not up-regulate RAGE gene expression. 

Therefore, we selected 6 hours growing time, 6 hours treatment time with 200 µg/mL 

dose of AGEs for further experiments. 

(D) (E) 
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Figure 3.8 Gene expression of RAGE by KUP5 cells exposed to AGEs for 6 hours 

Gene expression of RAGE was significantly (p<0.01) increased after exposing KUP5 

cells to AGEs at 200 g/mL dose for 6 hours compared to untreated or RSA treated cells. 

Positive control LPS indicated at right Y axis did not affect RAGE gene expression. The 

data have been normalized to endogenous control gene, 18S and UT control was given an 

arbitrary value of 1. Each bar represents the mean ± SEM profile from 3 independent 

experiments as calculated by one-way ANOVA with Tukey’s comparison test. UT: 

untreated cells, RSA: rat serum albumin, LPS: lipopolysaccharide. 

 

Similar to up-regulated RAGE expression, gene expression of pro-inflammatory 

cytokines also increased in KUP5 cells exposed to AGEs for 6 hours. Thus, the expression 

of TNF-α (Fig. 3.9A), MCP-1 (Fig. 3.9B), IL-1β (Fig. 3.9C) and IL-6 (Fig. 3.9D) genes 

was significantly (p<0.05) increased in response to AGE treatment compared to UT or 

RSA treated cells. Moreover, there was a massive up-regulation of cytokine expression 

by KUP5 cells in response to the positive control LPS and is plotted on the right Y axis 

(Fig. 3.9 A-D).  
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Figure 3.9 Gene expression of pro-inflammatory cytokines by KUP5 cells exposed 

to AGEs for 6 hours 

Pro-inflammatory gene expression (A-D) were significantly (p<0.05) increased after 

exposing KUP5 cells to AGEs at 200 g/mL dose for 6 hours compared to untreated or 

RSA treated cells. Positive control LPS induced gene expression is indicated on the right 

Y axis in a different scale as cytokine expression in response to LPS was dramatically 

increased. The data have been normalized to endogenous control gene, 18S and UT 

control was given an arbitrary value of 1. Each bar represents the mean ± SEM profile 

from 3 independent experiments as calculated by one-way ANOVA with Tukey’s 

comparison test. UT: untreated cells, RSA: rat serum albumin, LPS: lipopolysaccharide. 

 

3.3.9 Effects of AGEs on ROS generation by Kupffer cells (KUP5) 

Reactive oxygen species (ROS) generated by NADPH oxidase or NOX activity function 

as key secondary messengers in numerous downstream signalling pathways in liver 

inflammation and fibrosis. We therefore assessed gene expression of the regulatory 

subunit p47phox which translocates to the cell membrane for enzyme activity, thus acting 

(B)

) 

(A)

) 
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(D)
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as a rate limiting subunit, and membrane-bound catalytic subunit gp91phox/NOX-2 and 

vascular isoforms paralogs to NOX-2, NOX-1 and NOX-4.351 Both NOX-2 and NOX-4, 

as well as regulatory subunit p47phox were significantly (p<0.05) upregulated in KUP5 

cells treated with AGEs (Fig. 3.10A- C), however, the expression of NOX-1 was not 

affected (Fig. 3.10D). 

We then investigated real-time ROS generation by Kupffer cells exposed to AGEs for 

150 minutes and found ROS generation was increased in the first 10 minutes and then 

decreased with time (Fig. 3.10E). Importantly, we found that AGE exposure significantly 

(p<0.05) increased ROS generation in KUP5 cells compared to untreated or RSA treated 

cells and the level attained with AGEs was almost similar to ROS production in response 

to LPS (Fig. 3.10F). 
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Figure 3.10 Gene expression of NOX enzyme subunits and real time ROS generation 

by KUP5 cells in the presence of AGEs 

AGEs significantly (p<0.05) increased gene expression of subunits of gp91phox/ NOX-2 

(A) NOX-4 (B) and p47phox(C) whilst it did not affect NOX-1 expression (D). The positive 

control LPS, however, increased the expression of gp91phox and NOX-1. Real time ROS 

generation measured using a 2,7-DCFDA showed the highest ROS generation by both 

AGEs and LPS in 10 minutes and then it gradually decreased over time (E). ROS 

generation analysed at 30 minutes showed that AGEs generated significantly (p<0.01) 

higher ROS compared to those generated by untreated cells or cells treated with RSA (F). 

Gene expression data (A-D) have been normalized to endogenous control gene, 18S and 

UT control was given an arbitrary value of 1. Each bar represents the mean ± SEM profile 

(E)

) 

(F)
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from 3 independent experiments as calculated by one-way ANOVA with Tukey’s 

comparison test. UT: untreated, RSA: rat serum albumin, LPS: lipopolysaccharide. 

 

3.3.10 Effects of AGEs on HSCs (LX2) 

Since LX2 cells are myofibroblastic cells that secrete ECM, we investigated the effect of 

AGE exposure on these cells. The time-course experiment with a potent activator of 

HSCs, TGF-1, showed that this pro-fibrotic cytokine activates -SMA gene expression 

by LX2 cells after 6 hours of incubation (Fig. 3.11B). In contrast, AGEs did not activate 

LX2 cells at any time point (Fig. 3.11A-D).  

 

            

 

         

Figure 3.11 Gene expression of HSC marker gene -SMA by LX2 cells exposed to 

AGEs at different time points 

(A) 

(D) (C) 

(B) 
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Hepatic stellate cell activation marker, -SMA gene expression was not up-regulated by 

AGEs, or the positive control and also a potent pro-fibrotic cytokine TGF-1 after treating 

the cells for 3 hours (A), 12 hours (C) or 24 hours (D). However, cells treated for 6 hours 

with TGF-1 showed significantly (p<0.01) increased -SMA gene expression as shown 

on the right Y axis in a different scale (B). The data have been normalized to endogenous 

control gene, 18S and UT control was given an arbitrary value of 1. Each bar represents 

the mean ± SEM profile from 3 independent experiments as calculated by one-way 

ANOVA with Tukey’s comparison test. UT: untreated cells, RSA: rat serum albumin, 

TGF-1: transforming growth factor-1. 

Since we failed to detect increased expression of -SMA in cells treated with AGEs, we 

decided to treat LX2 cells with the conditioned medium from KUP cells which had been 

treated with AGEs. In marked contrast, we found that there was an increased expression 

of -SMA by LX2 cells when these cells were treated with the conditioned media 

collected from AGE-treated KUP5 cells (Fig. 3.12), suggesting that products secreted by 

KUP5 cells, possibly the cytokines, activated LX2 cells. 

 

 

Figure 3.12 Gene expression of -SMA by LX2 cells exposed to AGEs and 

conditioned media collected from AGE-treated KUP5 cells. 

Hepatic stellate cell activation marker, -SMA gene expression was not upregulated by 

AGE treatments. However, cells treated for 6 hours with the conditioned media collected 

from AGE-treated KUP5 cells showed a significantly (p<0.01) increased -SMA gene 
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expression compared to AGE treated LX2 cells in the absence of conditioned media as 

well as conditioned media collected from UT or RSA treated KUP5 cells. Positive control 

TGF-1 induced gene expression is shown on right Y axis in a different scale. The data 

have been normalized to endogenous control gene, 18S and UT control was given an 

arbitrary value of 1. Each bar represents the mean ± SEM profile from 3 independent 

experiments as calculated by one-way ANOVA with Tukey’s comparison test. UT: 

untreated cells, RSA: rat serum albumin, TGF-1: transforming growth factor-1. 

 

3.4 Discussion 

This study was carried out to investigate and compare the effects of endogenous and 

dietary AGEs on NAFLD progression to NASH and liver fibrosis in mice and to explore 

mechanistic insights. Our group has previously shown that feeding AGEs for 33 weeks 

in fatty liver mice induces fibrosis,212 and injecting AGEs to bile duct ligated rats with 

liver injury augmented liver fibrosis.210 However, this is the first study to document the 

effects of AGEs in a 40 weeks HF model and to explore the effects of endogenous versus 

dietary AGEs. After 40 weeks, liver enzyme levels were elevated in HF fed mice 

compared to standard chow fed mice, suggesting that this diet causes liver injury in mice. 

This is in keeping with our published work which reported an elevated ALT levels in 33 

weeks model of HF feeding.212 One of the key findings of this study was that mice fed 

the high AGE diet had greater liver fibrosis compared to AGE injected mice. In keeping 

with this, administration of oral AGEs increased the expression of RAGE, liver 

inflammatory cell infiltration and pro-inflammatory cytokine expression compared to 

those of HF fed or AGE injected mice.  

Increased expression of RAGE and pro-inflammatory cytokines in the liver of mice fed 

the high AGE diet, along with our previous findings,212 are likely to be a major driving 

force for HSC activation, as reflected by increased -SMA gene expression. Activated 

HSCs led to an increased secretion of pro-fibrotic cytokine TGF-1 in high AGE fed 

mice, which is a key stimulus for ECM deposition since TGF-1 is a critical regulator of 

liver fibrosis.352 Gene expression of collagen 1, a major component of ECM, also showed 

a similar pattern to TGF-1. In contrast, even though i.p. AGEs elevated plasma ALT 

levels compared to HF fed mice, they did not affect gene expression of RAGE, pro-
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inflammatory or pro-fibrotic cytokines. In keeping with these findings, i.p. AGEs failed 

to cause a significant exacerbation in liver fibrosis compared to HF fed mice as assessed 

by picrosirius red staining, whilst mice fed the high AGE diet showed a dramatic increase 

in fibrosis which was much higher than those of AGE injected mice. This suggest that 

dietary AGEs play a more harmful role in liver inflammation and fibrosis. 

A few factors may have affected this difference between oral AGEs and i.p. AGEs. An 

obvious factor is a difference of the doses between oral and i.p. AGEs. However, we 

prepared i.p. AGEs according to the oral AGE intake of a mouse within a day, so that the 

i.p. dose of 40 mg/kg/day is roughly equal to the AGE content received from the diet. 

Since this dose of i.p. AGEs or the higher dose did not affect liver fibrosis, the dose factor 

can be eliminated. However, it has been suggested that in addition to quantity of AGEs, 

the rate of AGE accumulation is also related to the severity of the diseases.8 In this study, 

the rate of AGE accumulation was very different in mice fed the high AGE diet as AGEs 

are added to the system throughout the day whereas i.p. AGEs were added once. Dietary 

AGEs which are bound to proteins are usually digested by proteases in the gut, releasing 

modified (glycated) lysine or arginine which are then absorbed into the circulation. This 

might be a reason for the differential effects we saw between oral and i.p. AGEs. 

Most AGEs that have been parenterally administered are cleared by Kupffer cells and 

hepatic sinusoidal endothelial cells.353 However, this elimination may be different if 

intestinal permeability is elevated with oral AGEs.354 Therefore, in this experiment the 

elimination of i.p. AGEs may be more efficient than dietary AGEs. In high AGE fed mice 

this may lead to accumulation of AGEs in hepatic cells for a prolonged period of time 

before they are eliminated from the body.  

It is important to mention that dietary AGEs likely play a prominent role in NAFLD 

progression to liver fibrosis because AGEs not only have direct effects on liver cells, 

including the Kupffer cells, but may also affect the integrity of the gut and probably the 

microbiota.148 Disrupted intestinal permeability allows LPS derived from microbiota to 

translocate to portal blood stream which then stimulate the LPS binding receptors present 

on the membrane of hepatic cells, in particular, the Kupffer cells.212 In support of this, 

LPS binding receptors CD-14 and TLR-4 were significantly upregulated in mice fed the 

high AGE diet but not in mice intraperitoneally administered AGEs, suggesting that the 

livers of high AGE fed mice may have been exposed to LPS. In this experiment, mice 
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administered with AGEs via the i.p. route did not or barely showed elevated expression 

of LPS responsive receptors, suggesting that the livers of these mice are unlikely to have 

been exposed to LPS. It is therefore possible that in addition to direct effects on the liver, 

oral AGEs may also have a plethora of effects in the gut and perhaps on the integrity of 

the microbiota whilst i.p. AGEs are unlikely to cause similar pathological changes in the 

gut as this route bypasses gut absorption.  

In vitro experiments carried out using immortalized Kupffer cell line, KUP5 cells, showed 

significant increases in gene expression of pro-inflammatory genes such as TNF-, MCP-

1 and interleukins when exposed to high AGEs compared to untreated or vehicle treated 

cells. These findings agree with published work which showed the interaction of AGEs 

with its receptors promotes the transcription of genes that control inflammation.355,356 One 

of the most important consequences of RAGE activation by binding to AGEs is the 

generation of ROS which in turn affect the rate of formation of AGEs in the body.357 In 

keeping with published work by others and our laboratory using primary Kupffer cells212 

as well as HSCs,286 in the present studies we showed that AGEs generate large amounts 

of ROS in cultured Kupffer cells. ROS generation was a rapid response to AGEs or LPS 

but gradually reduced with time. The NOX enzyme consists of membrane-bound catalytic 

subunits, and cytosolic regulatory subunits that need to be translocated into the membrane 

for enzyme assembly and activity. The NOX enzyme plays an important role in the 

defence mechanism and is abundantly expressed in macrophages such as the Kupffer 

cells, the liver resident macrophages as well as in other liver cell types.37,351 The findings 

show gene expression of membrane-bound catalytic subunits of NOX-2 and NOX-4 as 

well as the cytosolic regulatory subunit p47phox of NOX enzyme was increased in response 

to AGEs treatment compared to untreated or vehicle treated cells. In line with this, 

positive control LPS caused upregulation of membrane-bound NOX-2 and cytosolic 

regulatory subunit p47phox. However, the expression of NOX-1 subunit, which was 

increased in response to LPS, was not affected by AGEs, suggesting a differential 

regulation of NOX subunit expression and ROS generation. Nevertheless, we show that 

AGEs are a potent stimulant of ROS generation and oxidative stress, forming a vicious 

cycle of RAGE upregulation, which could be a key mechanism that propagates liver 

inflammation and NAFLD progression to liver fibrosis. 
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Despite the effects of AGEs in stimulating pro-inflammatory gene expression and ROS 

generation by Kupffer cells, they failed to directly activate myfibroblastic HSCs. This 

contrasted with published work by other investigators, who reported that AGEs increased 

the activation of HSCs.287,358 However, in these studies they used different types of 

immortalised and primary HSCs and this may have led to the differences between the 

current study and those published previously. Another possible reason may be that the 

cells in these published works were pre-activated by cell culture medium and/or culture 

on plastic plates and this may have caused the cells to become responsive to exogenous 

AGEs. In marked contrast, in the present study, the HSCs which did not directly respond 

to exogenous AGEs, were activated by the addition of conditioned media collected from 

AGEs-treated KUP5 cells as reflected by increased expression of -SMA. This 

phenomenon fits nicely with the hypothesis that Kupffer cells, which highly express 

RAGE and are the first line of defence in the liver, react with AGEs, causing widespread 

inflammatory milieu and oxidative stress.359 This in turn activates myofibroblastic HSCs 

which then begin to secrete pro-fibrotic cytokines such as TGF-1 (see Figure 3.12), a 

potent cytokine that activates and perpetuates activated HCS phenotype causing 

uninterrupted liver fibrosis. We could not see this effect in AGE injected mice, perhaps 

because the injected dose was not able to induce Kupffer cells without an additional 

stimulation for example by cytokines and LPS derived from a leaky gut. 

 

Figure 3.13 Proposed mechanism by which AGE-induced Kupffer cells activate 

HSCs 
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In conclusion, dietary AGEs play a critical role in the progression of NAFLD to liver 

fibrosis. The major cell type which is responsible for AGE elimination is liver resident 

macrophages known as Kupffer cells and therefore, these cells appear to act as the first 

line of defence against AGEs. However, by binding to its cell surface receptor RAGE, 

AGEs cause the activation of Kupffer cells, leading to the generation of ROS and 

oxidative stress which in turn leads to the secretion of large amounts of pro-inflammatory 

cytokines. This in turn activates HSCs, which respond with a continuous deposition of 

ECM, causing NAFLD progression to liver fibrosis. 

Dietary AGEs contribute to NAFLD progression whilst i.p. AGEs have minimal effects 

on plasma ALT levels. However, it appears that dietary AGEs have more powerful effects 

in this process because unlike endogenously derived AGEs, AGEs derived from diet may 

also have detrimental effects on gut homeostasis and integrity of the microbiota, causing 

leaky gut and thus, exposing the liver to gut derived toxins in addition to direct AGE 

effects on the liver. Therefore, consumption of dietary AGEs may have more harmful 

effects on NAFLD progression to liver fibrosis than endogenously derived AGEs.
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CHAPTER 4 

Effects of advanced glycation end products 

(AGEs) on diabetic fatty liver in a mouse model of 

non-alcoholic fatty liver disease 

 

4.1 Introduction  
It was shown in chapter 3 that AGEs augment the progression of non-alcoholic fatty liver 

disease (NAFLD) to liver fibrosis where dietary AGEs having more remarkable effects 

than endogenous AGEs administered by means of intraperitoneal (i.p.) injections. In that 

study, both dietary and intraperitoneal AGEs were given to high fat (HF) fed mice from 

week 30 to week 40 for comparison and the doses of i.p. AGEs administered were in a 

range that was comparable to AGEs concentrations found in diabetic patients. However, 

unhealthy dietary habits are usually commenced at an early stage of life. Therefore, a 

series of experiments described in this chapter was designed on the basis of the results 

obtained in chapter 3 to address the next relevant question i.e. the effect of high dietary 

AGEs ingested throughout life. Therefore, in this study, mice were fed the diet containing 

high AGEs throughout the 40 weeks of the experimental period. 

Intraperitoneal injections of AGEs that were given to HF fed mice in chapter 3 were to 

mimic the endogenous AGEs that could be derived as a result of hyperglycaemia in 

diabetic subjects. AGEs are formed at a lower rate in healthy individuals, and the rate is 

accelerated in diabetic conditions due to elevated level of sugar.360 There are numerous 

studies that have used diabetic models to study the effects of AGEs in a range of diseases 

including renal deseases,361,362 cardiovascular diseases363 and neurodegenerative 

diseases.364 Most NAFLD patients have diabetes and this makes their condition worse.365 
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However, the dietary interventions for diabetic patients have focused mainly on reducing 

sugar consumption and balanced diets and paid less attention on reducing the 

consumption of AGEs.366,367 Furthermore, there are very limited studies that investigated 

the effects of a high AGE diet which would be expected to exacerbate disease progression 

in diabetes. For these reasons, it was important to study the effects of AGEs on diabetic 

fatty liver, and therefore, one of the objectives of this study was to study the effects of 

AGEs on diabetic fatty liver and compare the outcome with those of diabetes alone. 

Most of the harmful effects of AGEs are mediated via their receptors. The receptor for 

AGEs (RAGE) is the best characterized receptor among many AGE receptors described 

in chapter 1.368 RAGE is expressed on a number of cell types in the liver including 

Kupffer cells and hepatic stellate cells (HSCs),369 but usually at low levels under 

physiological conditions. However, RAGE expression is increased when its ligands 

accumulate or when its regulatory transcription factors are activated. Interaction of AGEs 

with RAGE appears to induce several signalling pathways in vast range of diseases 

including diabetic nephropathy, retinopathy, cardiovascular diseases, Alzheimer and 

other neurodegenerative disease and other inflammatory diseases,7,370-372 RAGE has been 

shown to play a role in liver disease,373 including a role in liver-transplanted patients374 

and it inhibits regeneration after massive liver injuries.375 In fibrogenesis, there have been 

a number of studies demonstrating the importance of RAGE in the pathogenesis of 

extracellular matrix (ECM) expansion in a variety of tissues, including the kidney, 

peritoneal membrane and heart.376 In addition, animal studies have shown that blockade 

of RAGE protects against acute liver injury377 as well as long term NAFLD associated 

fibrosis.212 Therefore, the second objective of this study was to investigate whether RAGE 

contributes to AGE-induced NAFLD progression and whether these AGE effects could 

be ameliorated by blocking RAGE at the cellular level. 
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4.2 Materials and Methods 

4.2.1 Experimental design 

Six to eight weeks old male C57BL/6 mice were randomized into 2 groups and fed on 

either high fat (HF) diet or HF+B (HF baked=high AGE diet) diet for 40 weeks. One 

group of mice from each diet was made diabetic at 15 weeks of the diet using 

streptozotocin (STZ) as outlined in chapter 2. 

 

1) HF (high fat fed non-diabetic mice) 

2) HF+D (high fat fed diabetic mice) 

3) HF+B (high fat baked/high AGE diet fed non-diabetic mice) 

4) HF+B+D (high AGE fed diabetic mice) 

 

 

 

Additionally, to study the role of RAGE, RAGE knockout (RAGE-/-) mice were used. 

These mice were used with kind permission of Prof Angelika Bierhaus, University of 

Heidelberg, Germany and bred in the BRF at Austin Health. Only male mice were 

allocated for the study and they were maintained in similar conditions as wild type (WT) 

mice. Since we have previously studied RAGE-/- mice in a short-term NAFLD model in 
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the absence of diabetes,212 in this study, two groups (n=10per group) of RAGE-/- mice 

were fed on either the HF or HF+B diet for 40 weeks and made diabetic similar to control 

WT mice. 

1) HF WT 

2) HF+D WT 

3) HF+D RAGE-/- 

4) HF+B+D WT 

5) HF+B+D RAGE-/- 

 

4.2.2 Induction of diabetes 

As in published studies,348 diabetes was induced using STZ (Sigma Aldrich) by 

destroying some population of pancreatic β cells as described in detail in section 2.2.4 of 

chapter 2. Briefly, blood glucose in mice was measured at 15 weeks after diet. Then, they 

were fasted overnight, and body weights were measured. STZ was injected according to 

individual body weight as per the calculation given in chapter 2. This procedure was 

repeated the following day and measurement of blood glucose was commenced after 5 

days and repeated every two weeks to confirm diabetes. 

 

4.2.3 Preparation of AGEs in the diet 

Dietary AGE content was increased by baking at 1600 C for 1 hour. CML N(1-

carboxymethyl)-L-lysin, CEL N(1-carboxyethyl)-L-lysin and MG-H1 (methylglyoxal-

derived hydroimidazolone 1) content in the diet was assessed by gas 

chromatography/mass spectrometry (GC/MS). 

 

4.2.4 Tissue harvesting and storage 

The animals were sacrificed at 40 weeks using pentobarbitone (120 mg/kg bw) as 

described in chapter 2. Blood and livers were collected from the anesthetized mice as 

described in chapter 2. 



CHAPTER 4 

104 

 

4.2.5 Biochemical assessment of liver function 

Liver function test was carried out in plasma that had been stored at -20o C, using 

Beckman Coulter LX20 autoanalyzer (Beckman Coulter) at Austin Pathology, Austin 

Health. 

 

4.2.6 Plasma CML concentration measurement 

Plasma CML concentration was measured using Cirulex anti-CML mouse antibody 

ELISA kit (MBL international) following manufacturer’s protocol. Briefly, samples were 

diluted with dilution buffer provided and added to both anti-CML-BSA and BSA coated 

microplates and incubated at room temperature (RT) for 60 minutes. The plates were 

washed and incubated with HRP conjugated antibody for 60 minutes at RT, followed by 

incubation with substrate reagent for 15 minutes at RT. Then, stop solution was added 

and the absorption was measured immediately at 450/540 nm wavelengths. The 

difference between absorption reading of CML-BSA coated microplate and BSA coated 

microplate was calculated to determine CML concentration using a standard curve. 

 

4.2.7 Liver gene expression 

Total RNA was extracted from snap-frozen liver samples stored at -80o C as described in 

chapter 2.6. cDNA was synthesized from this RNA and qPCR reactions were carried out 

using multiplexing to assess the expression of RAGE, lipopolysaccharide (LPS) binding 

receptors, pro-inflammatory and pro-fibrotic genes. The details of dual fluorescent-

labelled oligonucleotide probes and primers are given in Table 2.4 in chapter 2. 

 

4.2.8 Histological assessment of liver injury and fibrosis 

Haemotoxylin and Eosin (H&E) staining 

Haemotoxylin and Eosin staining was performed on 4 µm liver sections as described in 

section 2.7.2 in chapter 2.  
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Picrosirius red staining 

Picrosirius red staining was performed on 4 µm liver sections as described in section 2.7.1 

in chapter 2. Briefly, total collagen was quantified by analysing liver sections under a 

standard light microscope (Olympus BX50 Microscope, Japan; magnification x200). 

Collagen volume fraction was determined by measuring the area of stained tissue (red) 

within a randomly selected field. A total of 10 fields per section were analysed per section 

using computerized image capture (MCID) (Imaging Research, Canada). The mean value 

was calculated per animal and treated as one observation for statistical analysis, and 

results are expressed as a proportional positively stained (red) area. 

 

4.2.9 4-hydroxynonenal (4-HNE) immunohistochemistry for lipid 

peroxidation  

Marker of lipid peroxidation, 4-HNE was assessed using 4 µm sections of mouse liver 

tissues as described in section 2.7.3.4. Primary antibody of 4-HNE (Alpha Diagnostic 

International) was applied in 1:100 dilutions for overnight and secondary antibody (Dako, 

Agilent technology) was used in 1:100 dilution. The positive staining in each section was 

determined using MCID (Imaging Research, Canada) software at x200 magnification. A 

total of 10 fields per section were analysed per animal. The mean value was calculated 

per animal and treated as one observation for statistical analysis. The results are expressed 

as a proportional positively stained (brown) area. 

 

4.2.10 Cell culture experiments 

Immortalized murine Kupffer cell line (KUP5 cells)349 that has been used for experiments 

described in chapter 3 was used in this study. Since these cells exposed to 200 μg/mL of 

AGEs induced RAGE and pro-inflammatory cytokine expression (chapter 3), in the 

present studies, the cells were treated with two RAGE antagonists; RAGE antagonist 

peptide (RAP) (Sigma Aldrich) and FPS-ZMI (Sigma Aldrich) at the same time when 

AGEs were added. After 6 hours of treatment, the cells were tested for gene expression 

to investigate if blockade of RAGE could inhibit or reduce AGE-induced gene expression 

of the cytokines. 
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4.2.11 Statistical analysis 

Results are expressed as mean ± standard error of means (SEM) unless otherwise stated. 

Data were analysed by one-way or repeated measures analysis of variance (ANOVA) 

with Tukey’s post-hoc. A p value of less than 0.05 was considered statistically significant. 

Statistical analyses were performed using GraphPad Prism 7 software (GraphPad 

Software, CA, USA). 

 

 

4.3 Results 

4.3.1 AGE content in the baked diet and injectable AGEs 

Baking at 160o C for 1 hour increased three common AGE types, CML, CEL and MG-

H1 more than 100%, as measured by GC/MS (Fig. 4.1). Note: no statistical analysis was 

performed as food samples were pooled across before GC/MS analysis. 

 

 

Figure 4.1 AGE content in mouse diets  

All three AGE types in the diet were increased with baking. The fold change in CEL and 

MG-H1 were much dramatic compared to the increase of CML level. CML: N-

(carboxymethyl)Lysine, CEL: N-(Carboxyethyl)Lysine, MG-H1: methylglyoxal-

derived hydroimidazolone 1, HF-high fat, B-baking. 
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4.3.2 Effects of AGEs on physical parameters, liver macroscopic 

appearance and biochemistry  

The initial body weight of the mice in all groups were similar and increased in a similar 

pattern up to 15 weeks irrespective of the AGE content in the diet. However, after the 

induction of diabetes at 15 weeks, the STZ injected mice started to lose weight due to 

diabetes. The weight loss in these mice was a dramatic drop in the first 3-4 weeks after 

induction of diabetes and gradually slowed down, and about 10 weeks after diabetes 

induction, it reached a plateau (Fig. 4.2). Blood glucose levels were similar between two 

diabetic groups (HF+D and HF+B+D). Similar to body weight pattern, liver weight also 

was higher in non-diabetic mice compared to diabetic mice, with no difference between 

HF or HF+B groups (Table 4.1).  

 

 

Figure 4.2 Body weight with time in mice fed different diets in the presence and 

absence of diabetes 

Non-diabetic mice fed on both HF and HF+B gradually increased body weight and tend 

to continue until the end of the experiment, whereas diabetic mice gained body weight 

until they were rendered diabetic and then they lost body weight dramatically in the first 

few weeks but reached a level at which it was maintained till the end of the experiment. 

Each point represents the mean profile of 10-15 mice per treatment group. HF-high fat, 

D-diabetes, B-baking. 
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Table 4.1 Body weight and liver weigh of mice fed with different diets in the presence 

and absence of diabetes 

Mice group Body weight(g) Liver 

weight(g) 

Epidydimal 

fat mass (g) 

Blood glucose 

(mmol/L) 

HF 45.9 ± 1.3 

 

3.18 ± 0.3 Not 

measured 

9.9 ± 0.8 

HF+D 27.0 ± 0.9 

 

3.04 ± 0.2 Not 

measured 

>33.3 

HF+B 46.0 ± 1.3 

 

3.50 ± 0.3 1.2 ± 0.1 10.1 ± 1.0 

HF+B+D 26.8 ± 1.1 

 

4.10 ± 0.2 0.1  >33.3 

 

 

Liver injury determined by liver function tests showed that diabetes alone did not increase 

alanine aminotransferase (ALT) (Fig. 4.3A) and alkaline phosphatase (ALP) (Fig. 4.3B) 

compared to HF fed mice. In fact, ALT showed a decreased trend in HF+D mice. In 

contrast, both high AGE fed groups of mice (HF+B and HF+B+D) increased both ALT 

and ALP concentration in plasma which was significantly (p<0.05) higher compared to 

both HF and HF+D groups of mice, corroborating the findings in chapter 3. Whilst there 

was no difference in plasma ALT levels between two high AGE fed groups, plasma ALP 

levels were much higher in diabetic mice fed on the high AGE diet, suggesting an additive 

effect of diabetes on ALP levels in mice fed the high AGE diet.  
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Figure 4.3 Plasma concentration of ALT and ALP in mice  

Diabetes alone did not increase plasma concentration of liver enzymes. However, 40 

weeks of high AGE feeding significantly increased ALT (A) and ALP (B) enzyme 

concentration in plasma compared to HF fed mice. ALP (B) levels were further increased 

by diabetes in mice fed the high AGE diet. Each bar represents the mean +/- SEM profile 

of 10-15 mice per treatment group as calculated by one-way ANOVA with Tukey’s 

comparison test. HF-high fat, D-diabetes, B-baking. 

 

4.3.3 Tissue CML accumulation and RAGE up-regulation  

We also measured the plasma CML concentration in mice and found HF fed mice had the 

lowest CML concentration. Both diabetes and high AGE consumption increased 

circulating CML level in plasma which was reflected by significant (p<0.01) increase of 

CML in plasma of HF+D and HF+B mice (Fig. 4.4A). Moreover, diabetic mice receiving 

dietary AGEs (HF+B+D) showed the highest CML concentration as expected (Fig. 4.4A). 

We showed in chapter 3 that i.p. AGE administration could up-regulate RAGE gene 

expression. In this experiment, in keeping with CML concentration, gene expression of 

RAGE was up-regulated in both endogenous AGE group (HF+D) and high dietary AGE 

groups (HF+B and HF+B+D), suggesting that the liver has exposed to high AGE levels. 

Interestingly, diabetic mice fed the high AGE diet (HF+B+D) showed the highest 

expression of RAGE, suggesting that the livers of these mice were continuously exposed 

to AGEs coming from both dietary and endogenous sources (Fig. 4.4B). Moreover, we 

found that there was a strong positive correlation of plasma AGE/CML levels and liver 

RAGE expression (Fig. 4.4C). 

(A) (B) 
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Figure 4.4 Liver gene expression of RAGE and plasma CML concentration 

Both diabetes and high dietary AGEs significantly increased plasma CML concentration 

compared to HF fed mice (A). HF+B+D mice showed the highest CML concentration, 

suggesting the exposure of livers to AGEs derived from both endogenously as well as via 

the diet. Expression of RAGE showed a similar pattern to plasma CML levels (B). Plasma 

CML levels were positively and significantly correlated with liver RAGE expression (C), 

suggesting that circulating AGEs, produced in the circulation of diabetic animals as well 

as derived from high AGE diet, stimulate liver RAGE expression. The data have been 

normalized to endogenous control gene, 18S and HF control group was given an arbitrary 

value of 1. Each bar represents the mean +/- SEM profile of 10-15 mice per treatment 

group as calculated by one-way ANOVA with Tukey’s comparison test. HF: high fat, D: 

diabetes, B: baking. 

(A) (B) 

(C) 
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4.3.4 Effects of AGEs on LPS binding receptors 

In keeping with plasma CML levels and RAGE expression, the LPS binding cell surface 

molecule of CD-14 was significantly (p<0.05) up-regulated in high dietary AGE groups 

compared to the HF fed animals (Fig. 4.5A). The LPS binding receptor TLR-4 was 

increased in both diabetes and high dietary AGE groups, with no difference between 

HF+B and HF+B+D groups of mice (Fig. 4.5B). However, although not different from 

HF+D and HF+B groups, CD-14 showed the highest expression in HF+B+D mice, 

probably suggesting that the livers of mice exposed to the highest amount of CML have 

the highest CD-14 expression, suggesting that CML contributes to the leaky gut which in 

turn increase the bacterial translocation to circulation, which in turn increased liver 

exposure to LPS.  

   

       

 

Figure 4.5 Liver gene expression of LPS binding receptors 

Whilst only high AGE feeding significantly (p<0.05) increased gene expression of cell 

surface LPS binding receptor CD-14 (A) compared to HF fed mice, LPS binding receptor 

of TLR-4 (B) was significantly increased in mice exposed to both types of AGEs (HF+D, 

HF+B). However, high dietary AGEs + diabetes showed the highest expression of both 

genes. The data have been normalized to endogenous control gene, 18S and HF control 

group was given an arbitrary value of 1. Each bar represents the mean +/- SEM profile of 

10-15 mice per treatment group as calculated by one-way ANOVA with Tukey’s 

comparison test. HF: high fat, D: diabetes, B: baking. 

 

 

(A) (B) 
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4.3.5 Effects of AGEs on pro-inflammatory cytokine expression and 

inflammatory cell infiltration 

All four inflammatory genes, TNF-α (p<0.0001), MCP-1(p<0.05), IL-6 (p<0.05) and IL-

1β were significantly (p<0.0001) increased by both diabetes and dietary AGEs compared 

to HF feeding alone (Fig. 4.6). However, there were no significant differences among 

different groups of AGE exposure i.e. diabetes versus dietary AGEs. Moreover, the livers 

of mice exposed to both endogenous and dietary AGEs did not show any additive effect 

on cytokine expression.  

    

 

   

Figure 4.6 Liver gene expression of pro-inflammatory cytokines  

Diabetes and dietary AGEs significantly increased pro-inflammatory cytokine expression 

compared to HF fed mice. However, there was no difference between diabetes and dietary 

AGEs on cytokine expression. The data have been normalized to endogenous control 

gene, 18S and HF diet control group was given an arbitrary value of 1. Each bar represents 

the mean +/- SEM profile of 10-15 mice per treatment group as calculated by one-way 

ANOVA with Tukey’s comparison test. HF: high fat, D: diabetes, B: baking. 

(A) (B) 

(C) (D) 
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Evaluation of steatosis and inflammation using H&E staining showed 40 weeks of HF 

feeding caused dramatic changes in histology with numerous micro (arrows) and macro-

fat vesicle formation (arrow heads), representing steatosis (Fig. 4.7A). There was also 

noticeable of hepatocyte ballooning; however, no inflammatory cell infiltration could be 

identified in HF diet fed mice livers. There was however hepatocyte degeneration in HF 

fed mice livers (area marked by green colour). In keeping with inflammatory cytokine 

gene expression profiles (see Figure 4.6), liver histology showed inflammatory cell 

infiltration (area marked by red colour) in both diabetic (Fig. 4.7B) and high dietary AGE 

fed mice (Fig. 4.7C) with micro- and macro-vesicular steatosis similar to HF fed mice 

livers. However, although not quantified, there was apparent increase in inflammatory 

cell infiltration in mice fed the high AGE diet in the presence or absence of diabetes (Fig. 

4.7C, D) compared to diabetic mice fed the HF diet (Fig. 4.7B).    

 

              

 

               

 

Figure 4.7 H&E stained histological assessment of liver 

(A) (B) 

(C) (D) 

HF HF+D 

HF+B HF+B+D 
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Inflammation determined by H&E staining showed 40 weeks of high fat feeding caused 

micro- and macro-fat vesicle formation (steatosis) as well as hepatocyte ballooning, but 

no inflammatory cell infiltration (A). Administration of AGEs by means of both diabetes 

and diet (B to D) showed all of above hepatocyte changes including hepatocyte 

degeneration as well as inflammatory cell infiltration with the highest inflammatory cell 

infiltration noticed in mice fed the high AGE diet. Arrows: micro-vesicular steatosis, 

arrow heads: macro-vesicular steatosis, area under red margins: inflammatory cell 

infiltration, green drops: hepatocyte degeneration. Magnification x200. HF: high fat, D: 

diabetes, B: baking. 

 

 

4.3.6 Effects of AGEs on HSC activation and pro-fibrotic cytokine 

expression  

As discussed in the previous chapter, activated Kupffer cells can secrete many pro-

inflammatory cytokines, which trigger HSC activation. Activation of HSCs can be 

monitored by measuring α-SMA gene expression. We found significantly (p<0.05) up-

regulated α-SMA expression in all three high AGE groups (Fig. 4.8A) compared to HF 

fed mice and there was no difference between the three high AGE groups. Activated 

HSCs in turn produced large amounts of pro-fibrotic cytokines. TGF-β1 was significantly 

(p<0.0001) increased in all three high AGE groups of mice (Fig. 4.8B), whereas CTGF, 

another potent pro-fibrotic cytokine, was significantly (p<0.05) increased in the two 

diabetic groups compared to HF fed mice (Fig. 4.8C). Increased cytokine release is known 

to activate HSCs which in turn lead to secretion of excess amount of ECM proteins, 

including collagens. Thus, in comparison with to HF fed mice, all three high AGE groups 

showed a significantly (p<0.05) increased expression of collagen 1, a major component 

of ECM (Fig. 4.8D). The livers of HF+B+D mice, which were potentially exposed to high 

AGEs derived from endogenous production as well as from the diet, showed the highest 

expression of collagen 1, although it did not reach statistical significance. 
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Figure 4.8 Gene expression of HSC activation marker and pro-fibrotic and fibrotic 

markers secreted by HSCs 

HSC activation marker α-SMA was significantly up-regulated in all three groups, 

compared to HF fed control mice (A). Both TGF-β1 (B) and collagen 1 (D) showed a 

similar pattern with significant increase compared to HF fed mice. However, CTGF (C) 

was significantly (p<0.05) increased only by diabetes. The data have been normalized to 

endogenous control gene, 18S and HF fed control group was given an arbitrary value of 

1. Each bar represents the mean +/- SEM profile of 10-15 mice per treatment group as 

calculated by one-way ANOVA with Tukey’s comparison test. HF: high fat, D: diabetes, 

B: baking. 

 

 

(A) 

(C) (D) 

(B) 
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4.3.7 Effects of AGEs on liver fibrosis 

Collagen 1 is a major ECM protein in fibrogenesis. High fat feeding for a long period (40 

weeks) caused mild fibrosis. Histologically, this is reflected by picrosirius red stained 

collagens in liver sections with the typical ‘river delta’ appearance of lobules which is 

similar to features of human NASH (Fig. 4.9A). Moreover, as discussed in the previous 

section with H&E staining, these mice showed enlarged hepatocytes. Importantly, 

collagen deposition was exacerbated in HF+D mice implying that endogenous AGEs play 

a role in exacerbating liver fibrosis (Fig. 4.9 B). Animals fed the high dietary AGEs (Fig. 

4.9C, D) showed even worse fibrosis which was significantly (p<0.05) higher than that 

of HF+D group of mice, suggesting dietary AGEs cause severe liver fibrosis compared 

to endogenously derived AGEs i.e. diabetes. This confirms the findings reported in 

chapter 3 that dietary AGEs have more deleterious effects in NAFLD than endogenous 

AGEs. Although HF+B+D mice showed the highest level of fibrosis which was 

significantly (p<0.01) higher than HF+D mice, there was no significant difference 

between two high AGE groups (Fig. 4.9E). This suggests that diabetes may not cause an 

additive effect on liver fibrosis in diabetic mice fed the high dietary AGEs. This may also 

suggest that high dietary AGE-associated liver fibrosis has attained the maximum 

induction of fibrosis. 

 

      

 

 

 

 

(A) (B) 

HF HF+D 
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Figure 4.9 Quantification and comparison of liver fibrosis between diabetic and 

dietary AGE fed mice using picrosirius red staining 

Forty weeks of high fat feeding caused mild fibrosis (A). Both diabetes and high dietary 

AGEs significantly (B, C) increased liver fibrosis. However, diabetic mice fed the high 

dietary AGEs (D) showed the highest positive staining, although it was not significantly 

different from HF+B mice (E). Each bar represents the mean ± SEM profile of 10-15 

mice per treatment group as calculated by one-way ANOVA with Tukey’s comparison 

test. Arrows: pericellular fibrosis. Magnification x200. HF: high fat, D: diabetes, B: 

baking. 

 

(C) (D) 

HF+B HF+B+D 

(E) 
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4.3.8 Effects of AGEs on lipid peroxidation in the liver 

4-Hydroxy-2-nonenal (HNE) is an end product of lipid peroxidation and it’s adducts can 

be easily detected in the liver. Quantification of HNE protein adducts in the liver is 

considered a good marker of lipid peroxidation and thus, oxidative stress.378 Assessment 

of oxidative stress was performed through immunohistochemical detection of 4-HNE 

adducts in liver sections. Forty weeks of high fat feeding caused mild accumulation of 4-

HNE adducts, as indicated by small amount of positive staining (brown colour) in liver 

sections (Fig. 4.10A). Both high dietary AGEs and diabetes significantly (p<0.001) 

increased lipid peroxidation in the liver as reflected by high amounts of 4-HNE adducts 

compared to HF fed mice (Fig. 4.10B, C). However, in contrast to liver fibrosis, lipid 

peroxidation appeared higher in the HF+D mice compared to HF+B group of mice but it 

was not significantly different (Fig. 4.10E). In keeping with fibrosis quantification, the 

livers of HF+B+D mice (Fig. 4.10D, E) showed the highest positive staining which was 

significantly (p<0.001) higher than those of diabetic (Fig. 4.10B, E) and dietary AGE fed 

(Fig. 4.10C, E) mice.  

 

      

 

      

(A) 

(D) (C) 

(B) 

HF HF+D 

HF+B HF+B+D 
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Figure 4.10 Quantification and comparison of lipid peroxidation in the liver between 

diabetic and dietary AGE fed mice using 4-HNE immuno staining 

Forty weeks of high fat feeding caused mild lipid peroxidation (A). Both diabetes and 

high AGE diet further increased lipid peroxidation in liver tissues, which was reflected 

by significant increases in positive staining of liver sections compared to HF fed mice (B, 

C). However, diabetic mice fed the high dietary AGEs (D) showed the highest positive 

staining which was significantly higher than those of other high AGE groups (E). Hepatic 

4-HNE content was positively and significantly correlated with liver RAGE expression 

(F), suggesting that the activation of RAGE initiates downstream signalling that generates 

ROS and oxidative stress. Each bar represents the mean ± SEM profile of 10-15 mice per 

treatment group as calculated by one-way ANOVA with Tukey’s comparison test. 

Arrows: 4-HNE adducts. Magnification x200. HF: high fat, D: diabetes, B: baking. 

 

4.3.9 Effects of RAGE on body weight and blood glucose concentration 

At the beginning of the experiment the average body weight of both WT and RAGE-/- 

groups were similar (~24 g). However, despite similar food and water intake, RAGE-/- 

mice gained weight faster than WT mice. The average body weight of RAGE-/- mice at 

the time of STZ injection (to induce diabetes) was over 40 g, whereas the body weight of 

WT type was below 40 g. Following STZ injection, both WT and RAGE-/- mice started 

to lose body weight. Whilst WT mice continued to lose body weight towards the end of 

the 40 weeks experimental period with an average end-weight of approximately 27 g at 

the culling point, RAGE-/- mice started to gain weight within 3-5 weeks of diabetes 

(E) (F) 
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induction (Fig. 4.11A). Although RAGE-/- did not gain weight in the same rate as before 

prior to induction of diabetes, they had an average body weight of approximately 37 g at 

the culling point (Fig. 4.11A). The physical appearance of mice is shown in Figure 4.11B, 

C. 

 

 

 HF+D HF+B+D 

 

  

  

 

 

 

Figure 4.11 Body weight and physical appearance comparison between WT and 

RAGE-/- mice 

(A) 

(B) WT mice 

 

RAGE-/- mice 

 

(C) 
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Both WT and RAGE-/- mice started gaining body weight at the beginning of the 

experiment; however, RAGE-/- mice gained weight at a faster rate. Both WT and RAGE-

/- lost weight after induction of diabetes at week 15 and WT mice continued to lose weight 

until 40 weeks. Interestingly, RAGE-/- mice started to gain weight 3-5 weeks post-

induction of diabetes (A). WT mice showed a lean body appearance (B) whereas RAGE-

/- mice showed fatty appearance (C). Each point represents the mean profile of 10-15 mice 

per treatment group. HF: high fat, D: diabetes, B: baking, WT: wild type. 

 

As described in methods section (chapter 2), diabetes was induced by two daily injections 

of STZ on two consecutive days. The basal blood glucose level before the injection was 

similar between WT and RAGE-/- mice (~10 mmol/L).  After 5 days of the second STZ 

injection, blood glucose levels were increased to about 12-17 mmol/L in both WT and 

RAGE-/- mice. However, from second week onwards post-STZ injection, WT mice 

continued to increase blood glucose reaching the highest reading (33.3 mmol/L) of 

glucometer reading (Fig. 4.12). In marked contrast, instead of continous increases of 

blood glucose levels, diabetic RAGE-/- mice showed blood glucose levels around 17 

mmol/L which was increased to around 25 mmol/L when they were fed the high AGE 

diet (Fig. 4.12).  

 

Figure 4.12 Blood glucose levels in WT and RAGE-/- mice 

Both WT and RAGE-/- mice showed increased blood glucose during the first week after 

diabetes induction. Whilst blood glucose level in RAGE-/- mice were maintained around 
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17 mmol/L (diabetic + high fat fed) and 25 mmol/L (diabetic + high AGE fed), WT mice 

continued to increase blood glucose until 40 weeks, but 33.3 mmol/L is the highest 

reading that could be recorded by the glucometer. Each point represents the mean ± SEM 

profile of 10-15 mice per treatment group calculated by repeated measures ANOVA with 

Tukey’s comparison test. Significance is donated by stars for clarity (**p<0.01). HF: high 

fat, D: diabetes, B: baking, WT: wild type. 

 

4.3.10 Effects of RAGE on AGE-induced endotoxin responsive genes in 

the liver 

As previously described by our laboratory212 consumption of diets high in AGEs makes 

the gut leaky which exposes the liver to microbiota-derived endotoxins (LPS). This can 

be determined by the up-regulated expression of LPS binding receptors on the surface of 

liver cells. RAGE-/- diabetic mice fed the high AGE diet showed a significantly 

(p<0.0001) lower liver CD-14 expression compared to the WT group (Fig. 4.13A). 

Similarly, we found that TLR-4 expression was also significantly (p<0.01) lower in 

RAGE-/- diabetic mice with or without high AGE diet compared to their WT controls (Fig. 

4.13B), suggesting that the absence of RAGE protects the liver from exposure to high 

LPS resulting from a leaky gut.   

  

     

 

Figure 4.13 Endotoxin responsive liver gene expression in WT and RAGE-/- mice 

Gene expression of CD-14 and TLR-4 was significantly lower in RAGE-/- diabetic mice 

fed the HF or HF baked (high AGEs) diets (A, B). The data have been normalized to 

(A) (B) 



CHAPTER 4 

123 

 

endogenous control gene, 18S and HF fed non-diabetic control group was given an 

arbitrary value of 1. Each bar represents the mean +/- SEM profile of 10-15 mice per 

treatment group as calculated by one-way ANOVA with Tukey’s comparison test. HF: 

high fat, D: diabetes, B: baking, WT: wild type. 

 

4.3.11 Effects of RAGE on AGE-induced pro-fibrotic gene expression in 

the liver 

Secretion of pro-inflammatory and pro-fibrotic cytokines is an essential response in 

wound healing. TGF-1 is a well-known potent pro-fibrotic cytokine implicated in liver 

fibrosis. Deletion of RAGE completely abrogated TGF-1 gene expression in diabetic 

mice and in diabetic mice fed the high AGE diet compared to respective WT controls, 

suggesting that RAGE deletion protects mice from TGF-1 activation (Fig. 4.14A). The 

expression of -SMA, the HSC activation marker gene, was however not significantly 

affected by RAGE deletion (Fig. 4.14B). On the other hand, collagen 1, a major fibrotic 

gene, did not show a significant reduction in diabetic RAGE-/- mice compared to diabetic 

WT mice fed the HF diet (Fig. 4.14C). In contrast, RAGE deletion significantly (p<0.05) 

prevented the up-regulation of collagen 1 in diabetic mice fed the high AGEs (Fig. 4.14C). 

 

 

   

 

 

 

(A) (B) 
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Figure 4.14 Gene expression of the markers of pro-fibrotic, HSC activation and 

fibrosis in WT and RAGE-/- mice 

TGF-1 gene expression was significantly (p<0.0001) down-regulated in both RAGE-/- 

groups (A). However, -SMA only showed a small but non-significant reduction in 

diabetic RAGE-/- mice compared to WT diabetic mice (B). Collagen 1, on the other hand, 

was significantly (p<0.05) reduced in RAGE-/- mice fed the high AGE diet (C). The data 

have been normalized to endogenous control gene, 18S and HF fed control group was 

given an arbitrary value of 1. Each bar represents the mean ± SEM profile of 10-15 mice 

per treatment group as calculated by one-way ANOVA with Tukey’s comparison test. 

HF: high fat, D: diabetes, B: baking, WT: wild type. 

 

4.3.12 Effects of RAGE on mediating AGE-induced liver injury and 

liver fibrosis 

Liver injury is reflected by plasma liver enzyme profiles. Although plasma AST levels in 

RAGE-/- mice did not show any change compared to WT controls fed the HF diet, RAGE-

/- diabetic mice fed the high AGE diet (HF+B+D) showed a significant (p<0.05) reduction 

in plasma AST levels compared to WT control (Fig. 4.15A). In keeping with plasma AST 

levels, liver fibrosis which was increased in diabetic WT mice fed the high AGE diet was 

significantly (p<0.0001) reduced by RAGE deletion (B, E, F). However, RAGE-/- diabetic 

mice fed the HF diet showed a non-significant reduction in fibrosis compared to HF fed 

diabetic WT mice (Fig. 4.15B), although histological assessment showed an apparent 

reduction in fibrosis in these HF fed RAGE-/- mice compared to WT mice (Fig 4.15C, D). 

(C) 
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Figure 4.15 Comparison of liver injury and liver fibrosis between WT and RAGE-/- 

mice 

Plasma AST levels were not significantly reduced in RAGE-/- diabetic mice fed on HF 

diet, however, it was significantly (p<0.05) reduced in RAGE-/- diabetic mice fed the high 

AGE diet (HF+B+D) compared to their relevant WT controls (A). Liver fibrosis showed 

a similar pattern to this (B). Moreover, picrosirius red staining showed an obvious 

(F) (E) 

HF+D 

WT 

HF+D 

RAGE-/- 

HF+B+D 

WT 

HF+B+D 

RAGE-/- 

(A) (B) 

(D) (C) 



CHAPTER 4 

126 

 

reduction in fibrosis in RAGE deleted mice (C-F). Each bar represents the mean ± SEM 

profile of 10-15 mice per treatment group as calculated by one-way ANOVA with 

Tukey’s comparison test. Arrows: pericellular fibrosis. Magnification x200. HF: high fat, 

D: diabetes, B: baking, WT: wild type. 

 

4.3.13 Effects of RAGE on AGE-induced pro-inflammatory gene 

expression in Kupffer cells – mechanistic studies 

We have shown that deletion of RAGE in mice could be protective against AGE-induced 

liver injury and fibrosis. Moreover, we have shown in chapter 3 that Kupffer cells treated 

with AGEs at 200 g/mL for 6 hours induced gene expression of a number of pro-

inflammatory cytokines including TNF-, MCP-1 and IL-1 (see Figure 3.9B-D). Pro-

inflammatory cytokine release by Kupffer cells is an essential process in wound healing. 

In this experiment, we found that Kupffer cells treated with specific RAGE antagonist 

RAP379 and FPS-ZM1380 completely abrogated (p<0.0001) AGE-induced pro-

inflammatory cytokine expression, restoring their expression to those of untreated or RSA 

treated cells (Fig. 4.16). This corroborated the in vivo findings suggesting that RAGE is 

essential to mediate AGE-induced signalling in liver injury and liver fibrosis. 

 

 

         

 

 

(A) (B) 
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Figure 4.16 Gene expression of pro-inflammatory cytokines by Kupffer cells and the 

role of RAGE  

The expression of all three pro-inflammatory genes, TNF- (A), MCP-1 (B) and IL-1 

(C) were significantly (p<0.0001) increased in the presence of AGEs compared to 

untreated or control RSA treated cells. In the presence of both RAGE antagonists, RAP 

and FPS-ZM1, AGE-induced gene expression was completely abrogated (p<0.0001). The 

data have been normalized to endogenous control gene, 18S and UT group was given an 

arbitrary value of 1. Each bar represents the mean ± SEM profile 3 independent 

experiments per treatment group as calculated by one-way ANOVA with Tukey’s 

comparison test. UT: untreated, RSA: rat serum albumin, RAP: RAGE antagonist 

peptide. 

 

 

4.4 Discussion 

The experiments described in this chapter provide further evidence showing that AGEs 

play an important role by contributing to the progression of NAFLD to liver fibrosis. The 

current findings are consistent with our previous studies which showed both dietary or 

intraperitoneally administered AGEs exacerbate liver injury and fibrosis.210,211 However, 

our previous studies were conducted for only 33 weeks and did not evaluate the 

contribution of diabetic status to NAFLD progression to liver fibrosis. Therefore, the 

present study was designed to evaluate whether oral AGEs contribute to NAFLD 

progression in diabetic NAFLD and whether RAGE plays a role in the disease 

(C) 
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progression. Moreover, we also sought to determine whether AGE/RAGE axis acts as a 

‘second hit’ in progressing NAFLD to liver fibrosis in animals fed a diet containing high 

AGEs for 40 weeks. Whilst the current findings agree with those described in chapter 3, 

we found that a direct contribution of diabetes is not greater in perpetuating NAFLD 

progression to liver fibrosis when compared with those produced by diets high in AGEs. 

Thus, i.p. administration of AGEs to mimic the role of endogenously produced AGEs 

described in chapter 3 caused a relatively mild effects on pro-inflammatory and 

profibrotic cytokine expression and NAFLD progression compared to those produced by 

high dietary AGEs. Thus, whilst the present findings in a diabetic model are important as 

many fatty liver patients have diabetes, the findings in high dietary AGEs fed animals 

suggest that dietary intake of AGEs have a profound effect on NAFLD progression to 

liver fibrosis, at least equivalent to the effect of diabetes. Moreover, RAGE deletion 

improves blood glucose and prevents weight loss in diabetic animals. This was associated 

with less expression of endotoxin responsive genes and less TGF-β1 expression and 

possibly by preventing the exposure of liver to gut-derived endotoxins. 

In this experiment we found the highest plasma concentration of CML in diabetic mice 

fed the high AGE diet, indicating that these mice received AGEs from two sources, i.e. 

hyperglycaemic condition and high AGE diet. This in turn may have contributed to 

NAFLD progression to liver fibrosis as supported by findings that oxidative stress was 

greatest in this group. In chapter 3, we showed that AGEs induced Kupffer cell activation 

and oxidative stress. Oxidative stress and the accumulation of superoxide anions in tissues 

is a key mediator of hepatocyte ballooning, cellular dysfunction and fibrosis in 

NAFLD.381 4-Hydroxynonenal (4-HNE) adducts, an end product of peroxidation of 

membrane N-6-polyunsaturated fatty acids, is a particularly good marker of lipid 

oxidation during liver injury and is related to the intensity of necroinflammation.382 Thus, 

in the present studies, the assessment of oxidative stress in the liver was performed by 

measuring 4-HNE adducts which reflect the degree of oxidative stress during disease 

progression. Although HF feeding over 40 weeks tended to increase liver 4-HNE adducts, 

corroborating the findings described in chapter 3, high dietary AGEs markedly increased 

HNE content, suggesting that dietary intake of high AGEs causes oxidative stress, a likely 

pathway of so called ‘second-hit’ that drives NAFLD progression to liver fibrosis. 

However, despite oxidative stress being greater, most pro-inflammatory and pro-fibrotic 

cytokines as well as inflammatory cell infiltration and fibrosis were not significantly 
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higher in the diabetic high AGE group than high AGE group alone. On the other hand, 

despite the expression of RAGE and other cytokines and oxidative stress being similar 

between diabetic and high AGE fed animals, liver fibrosis was higher in high AGE fed 

animals than HF fed diabetic animals. These findings point to a possibility that factors 

other than oxidative stress alone were also involved in disease progression. 

Supporting a role for AGE/RAGE axis in liver oxidative stress, there was a strong positive 

correlation between plasma AGEs and liver RAGE expression. Moreover, there was a 

significant positive correlation between oxidative stress as measured by hepatic 4-HNE 

content and liver RAGE expression. This would be in keeping with the suggestion that in 

the liver, AGEs activate RAGE with subsequent increases in oxidative stress,383 which in 

turn increases AGE formation and contributes to a vicious cycle of AGE formation, 

generation of oxidative stress and further RAGE activation as depicted in Figure 4.16.  

We show further evidence that diets high in AGEs have a remarkable effect on NAFLD 

progression to liver fibrosis, likely associated with detrimental effects of AGE/RAGE 

axis in the gut/microbiota as increased expression of endotoxin responsive genes in the 

liver of high AGEs fed mice was completely prevented by RAGE deletion. This is in 

keeping with previous reports,354 that dietary AGEs may contribute to leaky gut and 

dysbiosis which in turn increases the translocation of bacteria and bacterial products.  

As outlined in chapter 1, AGEs have been shown to exert their effects through several 

receptors, the best studied of which is RAGE. Similar to published reports212 and the 

findings presented in chapter 3, we showed above that high exposure to AGEs induced 

RAGE expression in mice. Activation of RAGE stimulates multiple signal transduction 

pathways, including the uncoupling of inhibitor factor from NF-β, leading to activation 

of this redox sensitive transcription factor.384 Upon translocating into the nucleus, 

activated NF- β binds to NF- β binding site in the promoter region of the RAGE gene 

and thereby up-regulates the expression of RAGE itself. This sets up a positive feedback 

loop and ensures maintenance of RAGE signalling and ROS generation, as mentioned 

above.385 In chapter 3 we showed that RAGE expression in healthy livers was minimal 

and was not affected significantly in a non-diabetic model of fatty liver disease. In this 

study, similar to that of high AGE fed animals, increased RAGE expression in diabetic 

animals and the positive correlation of RAGE expression with circulating AGEs/CML, 

probably reflects that diabetes may contribute to circulating pool of AGEs which causes 
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RAGE up-regulation.  

On the other hand, in the absence of RAGE, the loss of body weight in diabetic mice was 

markedly reduced despite similar food intake to those of diabetic wildtype animals, 

suggesting that RAGE-/- were in fact less diabetic as reflected by improved blood glucose 

levels. This suggested that RAGE may also have a role in blood glucose homeostasis and 

body weight regulation.386 Although we have not explored the relationship between 

RAGE and insulin secretion, markedly reduced plasma glucose levels in RAGE deleted 

diabetic mice compared to wild type diabetic mice suggest that the absence of RAGE may 

favour either insulin release with subsequent reduction in plasma glucose levels or 

improve insulin sensitivity in peripheral tissues in diabetes.387 This raises an important 

point that RAGE is possibly involved in many pathogenic pathways. Indeed, RAGE 

deletion, especially when exposed to high dietary AGEs, improves liver injury, pro-

inflammatory and pro-fibrotic cytokine secretion, gut homeostasis and NAFLD 

progression to liver fibrosis. Further supporting the role of RAGE in pro-inflammatory 

events mediated by liver resident macrophages, Kupffer cells, we showed that RAGE 

blockade completely abrogated the expression of potent pro-inflammatory cytokines by 

immortalized Kupffer cell line, KUP5 cells.349 Furthermore, previous experiments in our 

laboratory have shown that AGE trafficking across the gut wall is markedly reduced in 

RAGE deleted mice (unpublished data). Thus, these findings suggest that although RAGE 

deleted diabetic mice developed fibrosis to some extent in response to the high fat diet 

they are protected from the additional harmful effects of high dietary AGEs. This 

protective effect in RAGE deleted mice could reflect less susceptibility of NAFLD to 

AGE-induced injury due to a lack of a gut/liver RAGE axis and hepatic AGE/RAGE 

signalling. 

In addition to AGEs, diabetes may play a vital role in the progression of NAFLD via 

several critical pathways, including insulin resistance, and hyperglycaemia-induced 

oxidative stress, resulting in inflammatory responses.388 However, as liver plays a key 

role in regulating glucose metabolism, it forms a complex bi-directional relationship 

linking liver disease and diabetes.389 
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Figure 4.17 RAGE-induced cell signalling in the gut and liver 

AGEs bind to RAGE present on the surface of both the gut and liver cells, resulting in 

ROS generation and oxidative stress which in turn leads to the activation of 

proinflammatory and pro-fibrotic pathways. 

 

In these experiments, wild type and RAGE-/- mice were not littermates and may add some 

limitation to the results. Nevertheless, the housing conditions including temperature and 

lighting were identical for both wild type and knockouts, and more importantly, in vitro 

experiments confirmed the involvement of RAGE in AGEs-induced cell signalling. It is 

therefore likely that there is minimal or no effect due to this difference on the final 

outcome. 

In summary, the current findings provide further evidence in support of the idea that 

AGEs contribute to the progression of NAFLD to liver fibrosis. In addition, they drive 

further oxidative stress and disease progression in diabetes associated NAFLD. It should 

however be mentioned that based on published studies, AGEs formed endogenously in 

diabetes may contribute to NAFLD progression, although there could be some other 

factors that may also be responsible for the observed effects on NAFLD progression in 
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diabetes. In addition, although high dietary AGEs increased plasma AGEs/CML levels 

similar to those in diabetic animals fed the high fat diet, dietary AGEs appear to cause 

more harmful effects than endogenously derived AGEs/CML due to diabetes because 

there is a possible disruption to gut homeostasis and microbiota integrity due to high 

dietary AGEs causing dysbiosis. However, this phenomenon of AGEs effect on the 

gut/microbiota needs to be confirmed by further investigations. Nevertheless, this 

suggests that dietary modifications may be effective in the control of NAFLD progression 

to liver fibrosis. Moreover, regardless of the source, the deleterious effects of AGEs are 

mediated via its receptor RAGE. Therefore, RAGE blockers or antagonists may be 

effective pharmacotherapies for AGE-induced NAFLD progression to liver fibrosis.
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CHAPTER 5 

The effects of inhibiting endogenous and 

exogenous AGE formation on NAFLD 

progression to liver fibrosis 

 

5.1 Introduction 

There have been several mechanisms proposed to suppress the impact of advanced 

glycation end products (AGEs) on disease progression. Inhibiting the formation of 

endogenous AGEs by trapping dycarbonyl compounds, intermediate products of Maillard 

reaction, was a promising pharmacological tool, which was first introduced by 

Brownlee390 with the identification of aminoguanidine. Since then, many investigators 

have studied the effects of aminoguanidine, as well as attempted to discover more 

compounds that have the ability to trap dycarbonyl compounds. 

Aminoguanidine has been widely studied for its AGE inhibiting effects with majority of 

studies being conducted in diabetic complications. The drug has been shown to be 

effective in ameliorating diabetic nephropathy,391-395 cardiovascular diseases,396-398 

reverses functional hyperaemia in diabetic retinopathy399 and mitigate the effect of AGEs 

on retinopathy,400,401 ameliorates skin tissue microenvironment,402 restores mast cell 

number403 and erectile dysfunction,404,405 and partially prevents a reduction of pyruvate 

kinase activity in the liver.406 

With the identification of aminoguanidine, investigators attempted to search for other 

similar compounds. Pyridoxamine is one of three naturally occurring forms of vitamin 

B6, and is a critical transient intermediate of transamination reactions by vitamin B6-
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dependent enzymes.407 It was originally described as a post-Amadori inhibitor, but later 

it was discovered be an inhibitor of the formation of advanced lipoxidation end-products 

(ALEs) during lipid peroxidation reactions.408 It has been used in numerous pre-clinical 

models of diabetic complications. Pyridoxamine has been shown to be effective in 

diabetic nephropathy, the disease which has been mostly studied with this drug.408-413 It 

has also been shown that pyridoxamine ameliorates diabetic cardiovascular disease and 

retinopathy,414,415 insulin resistance,416 glomerular and mesangial cell estrogen receptor α 

expression in aged female mice,417 cardiovascular complication and rheumatoid 

artherites.257,418-420  

 

 

      

Figure 5.1 Chemical structure of aminoguanidine hydrochloride (A) and 

pyridoxamine dihydrochloride (B) 

 

However, there are a limited number of studies carried out to investigate the efficacy of 

aminoguanidine in liver disease and there are no studies that investigated the effects of 

pyridoxamine in liver disease. One study suggested that a dose of 1 g/L of 

aminoguanidine is not toxic to liver.421 However, there are studies providing controversial 

and conflicting conclusions of the effect of these drugs on the liver.422 On the other hand, 

there are no studies that have been carried out in pre-clinical models of non-alcoholic 

fatty liver disease (NAFLD). Therefore, one of the objectives of this chapter was to 

investigate the effects of endogenous AGE inhibitors, aminoguanidine and pyridoxamine, 

in ameliorating AGE-induced progression of NAFLD to liver fibrosis. 

(A) (B) 
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It is well documented that the Mediterranean diet has many health benefits compared to 

the Western diet. Accumulating evidence suggests that the Mediterranean diet could be 

protective against a range of diseases including atherosclerosis, cancer, diabetes, 

pulmonary diseases, cognition diseases, obesity and metabolic syndrome.423,424 The 

Mediterranean diet is mainly a plant based diet where fruits, vegetables and nuts are 

consumed frequently425 and it has been documented that most beneficial effects appear to 

be mediated via anti-inflammatory and anti-oxidant potential of this diet.426 The 

Mediterranean diet has been trialled in NAFLD in Australia and it was found that even 

modified traditional Mediterranean diet is still beneficial to these patients.427  

In addition to fresh plant produce used in the Mediterranean diet, it has been shown that 

food preparation largely involves vinegar-marination prior to processing.212 We have 

been shown that the use of vinegar (acetic acids) reduces the formation of AGEs in high 

fat baked diet and mice fed this vinegar marinated-baked diet for 33 weeks showed 

improved liver fibrosis compared to high fat baked diet without vinegar marination.212 

Therefore, the second objective of this chapter was to study the effects of vinegar 

marination on exogenous AGE formation and the effects of vinegar marinated-baked diet 

on NAFLD progression to liver fibrosis in a long term (40 weeks) diabetic mice. 

 

 

5.2 Methods  

5.2.1 Experimental design 

Endogenous AGE inhibitors (aminoguanidine and pyridoxamine):  

A group of C57BL/6 mice were fed the high fat (HF) diet for 40 weeks. Another group 

of mice was fed the HF diet for 40 weeks with diabetes induced at 15 weeks commencing 

the diet, using 2 consecutive injections of (65 mg/kg body weight) of STZ (Sigma 

Aldrich, Australia). A third group was fed the baked-HF (HF+B) diet (to increase the 

AGE amount, as described in chapter 2) for 40 weeks. These 3 groups were used as the 

control groups for the interventional groups who received aminoguanidine and 

pyridoxamine. 
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To investigate the therapeutic effects of aminoguanidine and pyridoxamine, the 

interventional groups were treated the same way and also commenced the interventions 

at week 30 and continued for the remaining 10 weeks of the experiment. Both 

aminoguanidine (1 g/L) and pyridoxamine (2 g/L) were given in drinking water. In 

diabetic animals, the concentration was halved (i.e. aminoguanidine- 0.5 g/L and 

pyridoxamine- 1 g/L) as the water intake of diabetic mice was two times higher than that 

of non-diabetic mice.  The nine groups of mice are summarised below. 

no treatment aminoguanidine pyridoxamine 

1) HF 4) HF+ aminoguanidine 7) HF+ pyridoxamine 

2) HF+D 5) HF+D+ aminoguanidine 8) HF+D+ pyridoxamine 

3) HF+B 6) HF+B+ aminoguanidine 9) HF+B+ pyridoxamine 

 

 

 

Exogenous AGE inhibitors (vinegar marination):  

Three groups of mice were used to investigate the effects of vinegar marination prior to 

baking the diet as this is expected to reduce the formation of AGEs in the diet. First group 

was fed on HF diet and used as the control group. Second group of mice were fed the high 

AGE diet for 40 weeks with induction of diabetes at week 15 of the diet (HF+B+D). A 

third group of mice were fed the vinegar marinated high AGE diet for 40 weeks with 
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induction of diabetes at week 15 of the diet (HF+VB+D). The three groups of mice are 

summarised below. 

1) HF 

2) HF+B+D 

3) HF+VB+D 

 

 

5.2.2 Marination of diet to reduce AGE formation during baking 

High fat diet was submerged (150 g/100 mL) in vinegar (Coles home brand) for 15 

minutes and the excess vinegar was allowed to drain for another 15 minutes. Then, the 

diet was baked at 160o C for 1 hour. 

 

5.2.3 Tissue harvesting and storage 

The animals were sacrificed at 40 weeks using pentobarbitone (120 mg/kg bw) and blood 

and livers were collected as described in chapter 2. 

 

5.2.4 Biochemical assessment of plasma 

Plasma was separated form whole blood as outlined in chapter 2 and liver function test 

was carried out at Austin pathology, Heidelberg, Australia. 
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5.2.5 Liver gene expression 

Total RNA was extracted from snap-frozen liver samples stored at -80o C as described in 

section 2.6. cDNA was synthesized from RNA and qPCR reactions were carried out using 

multiplexing to assess gene expression of pro-inflammatory cytokine mainly secreted by 

Kupffer cells such as TNF-α, hepatic stellate cell activation marker, α-SMA and fibrosis 

marker collagen 1. The oligonucleotide primer and probe sequences of these genes are 

given in Table 2.4 of chapter 2. 

 

5.2.6 Picrosirius red staining 

Picrosirius red staining was performed in 4 µm liver sections as described in section 2.7.1. 

Briefly, total collagen was quantified by analysing liver sections under a standard light 

microscope (Olympus BX50 Microscope, Japan; magnification x200). Collagen volume 

fraction was determined by measuring the area of stained tissue (red) within a randomly 

selected field. An average of the total 10 fields per section was used as one observation 

during the analysis of positively stained proportional area using MCID (Imaging 

Research, Canada).  

 

5.2.7 Statistical analysis 

Results are expressed as mean ± SEM and analysed by one-way analysis of variance 

(ANOVA) using Prism 7 software (GraphPad Software, San Diego, United States). p < 

0.05 was considered significant. 

 

 

5.3 Results 

5.3.1 Endogenous AGE inhibitors (aminoguanidine and pyridoxamine)  

5.3.1.1 Body weight and Liver weight  

Body weight and liver weights were not significantly different among the non-diabetic 

groups. Diabetic mice gained weight in a similar pattern as non-diabetic mouse until they 
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were made diabetic at 15 weeks of diet. However, after induction of diabetes, they started 

losing weight. Drug treatments with aminoguanidine or pyridoxamine did not affect the 

body weight (Table 5.1). 

 

Table 5.1 Body weight and liver weights of animals fed on different diets and treated 

with different drugs 

Parameter Mouse 

model 

Control aminoguanidine pyridoxamine 

Body weight 

(g) 

HF 44.1 ± 0.9

 

50.2 ± 0.9

 

47.5 ± 1.1

 

HF + D 27.8 ±0.8

 

35.4 ± 0.7 

 

35.7 ± 1.4

 

HF + B 

 

43.0 ± 1.5

 

49.1 ± 1.0

 

44.9 ± 0.8 
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Liver weight 

(g) 

HF 3.2 ± 0.2

 

4.8 ± 0.2

 

4.6 ± 0.1

 

HF + D 3.0 ± 0.2

 

3.3 ± 0.2

 

3.2 ± 0.2

 

HF + B 

 

3.5 ± 0.3

 

5.1 ± 0.3

 

4.4 ± 0.2

 

Liver body 

weight ratio 

(%) 

HF 7.3 9.6 9.7 

HF + D 10.8 9.3 9.0 

HF + B 8.2 10.3 9.8 

 

 

5.3.1.2 Effects of aminoguanidine and pyridoxamine on AGE-induced 

gene expression of pro-inflammatory cytokines, hepatic stellate cell 

activation and collagen 1 

Gene expression of pro-inflammatory cytokine TNF- showed no difference in 

aminoguanidine treated HF fed mice compared to untreated mice; however, it was 

significantly (p<0.001) increased by pyridoxamine in HF fed mice compared to HF fed 

untreated mice (Fig. 5.2A). On the other hand, in diabetic HF fed mice, aminoguanidine 

caused a significant (p<0.05) down-regulation of the cytokine expression compared to 
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untreated diabetic mice. Although TNF- gene expression was reduced by pyridoxamine 

in this group it did not reach significance. Moreover, TNF- gene expression was not 

affected by both drugs in high AGE diet fed mice (Fig. 5.2A). 

Similar to TNF- gene expression, -SMA expression was significantly (p<0.0001) up-

regulated by pyridoxamine in HF fed mice compared to untreated mice. However, there 

was no change by both drugs in diabetic or high AGE fed mice (Fig. 5.2B). 

Similar to TNF- and -SMA expression, collagen 1 gene expression was significantly 

(p<0.001) up-regulated by pyridoxamine compared to untreated HF diet fed mice. There 

was no change in collagen 1 expression by both drugs in diabetic mice. However, both 

drugs significantly (p<0.05) increased collagen 1 expression in mice fed the high AGE 

diet (Fig. 5.2C). 

 

 

     

 

 

Figure 5.2 Liver gene expression of TNF-, -SMA and collagen 1 

(A) (B) 

(C) 
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Pyridoxamine significantly increased the expression of TNF-α in HF fed mice whereas 

aminoguanidine significantly down-regulated the expression of the cytokine in diabetic 

mice fed the HF diet (A).  The effect of pyridoxamine on α-SMA gene expression showed 

a similar pattern where its expression in HF fed mice was up-regulated by pyridoxamine 

while both drugs did not affect α-SMA expression in diabetic or high dietary AGEs fed 

mice (B). Similarly, pyridoxamine significantly increased collagen 1 expression in HF 

fed mice. Both drugs did not have any effect on collagen 1 gene expression in diabetic 

mice; however, they both increased collagen 1 expression in mice fed the high AGE diet 

(C). Each bar represents mean ± SEM profile from 10-15 mice per treatment group as 

calculated by one-way ANOVA with Tukey’s comparison test. HF: high fat, D: diabetes, 

B: baking. 

 

5.3.1.3 Effects of aminoguanidine and pyridoxamine on liver fibrosis  

Confirming the findings of chapter 4 studies, mice fed the HF diet in the presence of 

diabetes or high AGE diet showed increased liver fibrosis compared to non-diabetic HF 

fed mice (Fig. 5.3A, B). In line with pro-inflammatory and pro-fibrotic cytokine 

expression data, liver fibrosis was augmented by both aminoguanidine and pyridoxamine 

treatments in HF fed mice compared to the untreated group (Fig 5.3B). Both drugs did 

not affect liver fibrosis in diabetic mice fed the HF diet or in mice fed the high AGE diet 

(Fig 5.3A).  
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 No treatment aminoguanidine pyridoxamine 

 

HF 

   

 

HF+D 

   

 

HF+B 

   

 

 

Figure 5.3 Liver fibrosis determined by picrosirius red staining. A) Liver histology 

panels, B) fibrosis quantification by MCID.  

Both Diabetes (HF+D) and high dietary AGEs (HF+B) worsen liver fibrosis compared to 

HF fed mice (A: top panels). Both aminoguanidine and pyridoxamine significantly 

increased liver fibrosis in mice fed the HF diet as measured by proportional positively red 

stained area (B) compared to HF fed untreated control mice. Both aminoguanidine and 

pyridoxamine had no effect on liver fibrosis in diabetic mice fed the HF diet (HF+D) or 

in mice fed the high dietary AGEs (HF+B). Each bar represents mean ± SEM profile 

(A) 

(B) 
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from 10-15 mice per treatment group as calculated by one-way ANOVA with Tukey’s 

comparison test. Images are liver histology panels of picrosirius red stained sections with 

or without drug treatments. Magnification x200. HF: high fat, D: diabetes, B: baking. 

 

5.3.2 Exogenous AGE inhibitors (vinegar marination)  

5.3.2.1 Effects of vinegar marination on AGE formation in the diet  

It was shown in chapters 3 and 4 that baking the HF diet at 160o C for 1 hour dramatically 

increased AGEs formation as measured by GC/MS. On the other hand, marinating the HF 

diet with vinegar for 15 minutes prior to baking reduced the AGE content in the diet (Fig. 

5.4). Although the reduction in CML content was small, CEL content in vinegar-baked 

HF diet was reduced by 50% whereas MG-H1 content was reduced by 20%. Note: no 

statistical analysis was performed as food samples were pooled across before GC/MS 

analysis. 

 

 

Figure 5.4 AGE content in the diet  

All three AGE types in the diet were increased with baking at 160o C for 1 hour. The fold 

change in CEL and MG-H1 were much dramatic compared to CML increase. However, 

vinegar marination of HF diet prior to baking reduced different AGE types with CEL and 

MG-H1 showing a major reduction. CML: N-(carboxymethyl)lysine, CEL: N-

(Carboxyethyl)lysine, MG-H1: methylglyoxal-derived hydroimidazolone 1, HF: high fat. 
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5.3.2.2 Effects of vinegar marination on AGE-induced liver injury 

The findings show that high AGE diet (HF+B+D) significantly increased (p<0.05) 

alanine aminotransferase (ALT) and alkaline phosphatase (ALP) in diabetic mice 

compared to HF fed mice (Fig. 5.5). We found that reduced AGE formation in HF baked 

diet by vinegar marination (HF+VB+D) completely inhibited (p<0.05) plasma ALT 

levels compared to high AGE fed mice (Fig. 5.5A). Plasma ALP level which was 

significantly (p<0.0001) increased by high AGE diet, was significantly (p<0.01) reduced 

by vinegar marination prior to baking compared to high AGE fed mice (Fig. 5.5B). 

 

     

Figure 5.5 Liver function test in mice fed on different diets 

Baking (HF+B+D), which increases dietary AGE content, significantly increased plasma 

ALT (p<0.05) (A) and ALP (p<0.0001) (B) levels in diabetic mice. On the other hand, 

feeding mice with vinegar marinated diet prior to baking (HF+VB+D) which reduces 

AGE formation in the diet, led to a significantly reduced liver injury as indicated by a 

reduction in both ALT (A) (p<0.05) and ALP (B) (p<0.01). Each bar represents mean ± 

SEM profile from 10-15 mice per treatment group as calculated by one-way ANOVA 

with Tukey’s comparison test. HF: high fat, B: baking, D: diabetes, VB: marination with 

vinegar prior baking, ALT: alanine aminotransferase, ALP: alkaline phosphatase. 

 

5.3.2.3 Effects of vinegar marination on AGE-induced RAGE and LPS 

binding receptor gene expression 

As described in chapters 3 and 4, high dietary AGEs significantly (p<0.0001) increased 

the expression of a range of genes mainly secreted by Kupffer cells, namely RAGE (Fig. 

5.6A), LPS responsive genes CD-14 (Fig. 5.6B) and TLR-4 (Fig. 5.6C). However, we 

(A) (B) 
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found that marinating the HF diet prior to baking markedly (p<0.0001) reduced liver 

expression of these genes compared to mice fed the high dietary AGEs (Fig. 5.6). Most 

importantly, the expression levels of these genes in the liver were returned to the levels 

of HF fed mice. 

 

 

 

         

Figure 5.6 Gene expression of RAGE and LPS binding receptors in the liver 

High dietary AGEs significantly increased the expression of AGE receptor RAGE, and 

LPS responsive genes, CD-14 and TLR-4. However, marinating the high fat diet with 

vinegar prior to baking significantly (p<0.0001) reduced the expression of RAGE (A), 

LPS binding receptors CD-14 (B) and TLR-4 (C). The data have been normalized to 

endogenous control gene, 18S and HF fed control group was given an arbitrary value of 

1. Each bar represents mean ± SEM profile from 10-15 mice per treatment group as 

calculated by one-way ANOVA with Tukey’s comparison test. HF: high fat, B: baking, 

D: diabetes, VB: marination with vinegar prior baking. 

 

(A) 

(C) (B) 
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5.3.2.4 Effects of vinegar marination on AGE-induced pro-

inflammatory cytokines in the liver  

Consistent with the findings presented in previous chapters, high dietary AGEs caused 

significant (p<0.01) increases of pro-inflammatory cytokine expression compared to HF 

fed mice. However, We now demonstrate that marinating the HF diet prior to baking 

markedly reduced liver expression of MCP-1 (p<0.01) (Fig. 5.7A), IL-6 (p<0.01), (Fig. 

5.7B), TNF- (p<0.05) (Fig. 5.7C) and IL-1 (p<0.05) (Fig. 5.7D), compared to mice fed 

the high dietary AGEs. Most importantly, the expression levels of these genes, especially 

MCP-1, IL-6, and TNF- in the liver, were returned to the levels of HF fed mice by 

vinegar marination.  

 

      

 

          

Figure 5.7 Gene expression of pro-inflammatory cytokines in the liver  

Feeding mice with vinegar marinated HF diet prior to baking (VB) significantly reduced 

the expression of (A) TNF-, (B) MCP-1, (C) IL-1 and (D) IL-6 compared to high AGE 

fed mice. The data have been normalized to endogenous control gene, 18S and HF fed 

control group was given an arbitrary value of 1. Each bar represents mean ± SEM profile 

from 10-15 mice per treatment group as calculated by one-way ANOVA with Tukey’s 

(A) 

(D) (C) 

(B)

0 



CHAPTER 5 

148 

 

comparison test. HF: high fat, B: baking, D: diabetes, VB: marination with vinegar prior 

baking. 

 

In Haemotoxylin and Eosin stained liver sections it clearly showed micro (arrow) and 

macro (arrowhead) fat vesicle formation in mice fed the HF diet for 40 weeks (Fig 5.8A). 

In comparison with this, high AGE diet also caused an increased inflammatory cell 

infiltration (Fig 5.8B). Interestingly, liver histology of mice fed the vinegar baked diet 

showed a similar pattern to that of HF fed mice with no sign of inflammatory cell 

infiltration (Fig. 5.8C). 

 

         

Figure 5.8 Steatosis and inflammatory cell infiltration in the liver of mice fed on 

different diets  

The liver sections from mice fed the HF diet and stained with H&E showed micro (arrow) 

and macro (arrowhead) vesicular fat vacuoles (A). High AGE diet on the other hand 

caused an inflammatory cell infiltration in addition to the changes seen in HF fed mice 

(B). Importantly, vinegar marinated diet showed a similar histological appearance of liver 

to those of HF mice with no sign of inflammatory cell infiltration (C). Arrow: micro fat 

vesicles, Arrowhead: macro fat vesicle, area marked by red line: inflammatory cell 

infiltration, green line: hepatocyte degeneration. Magnification x200. HF: high fat, B: 

baking, D: diabetes, VB: marination with vinegar prior baking. 

 

 

HF+B+D HF HF+VB+D 

(C) (B) (A) 
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5.3.2.5 Effects of vinegar marination on HSC activation and pro-fibrotic 

gene expression 

We then investigated the expression of HSC activation marker gene -SMA, pro-fibrotic 

cytokines TGF-1 and CTGF and fibrotic marker gene collagen 1. Consistent with the 

findings presented in previous chapters, high dietary AGEs caused HSC activation as 

reflected by a significant (p<0.01) increase of -SMA (Fig. 5.9A). Moreover, high dietary 

AGEs caused significant increases in pro-fibrotic cytokines TGF-1 (Fig. 5.9B) and 

CTGF (Fig. 5.9C), and fibrotic marker collagen 1 expression (Fig. 5.9D) compared to HF 

fed mice. However, we now demonstrate that marinating the HF diet prior to baking 

markedly reduced liver expression of -SMA (p<0.01) (Fig. 5.9A), TGF-1 (p<0.0001), 

(Fig. 5.9B), CTGF (p<0.001) (Fig. 5.9C) and collagen 1 (p<0.0001) (Fig. 5.9D), 

compared to mice fed the high dietary AGEs. Most importantly, by vinegar marination 

returned the expression levels of these genes to similar or even less than the levels of HF 

fed mice. 

     

 

             

Figure 5.9 Gene expression of HSC activation marker, pro-fibrotic cytokines and 

fibrosis marker 

(A) (B) 

(C) (D) 
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High dietary AGEs (HF+B+D) significantly increased the expression of -SMA (A), 

TGF-1 (B), CTGF (C) and collagen 1 (D) compared to HF fed mice. However, 

marinating the high fat diet with vinegar prior to baking reduced the activation of collagen 

secreting HSCs as reflected by significant reduction in -SMA expression (A) and 

thereby reduced the expression of pro-fibrotic cytokines TGF-1 (B) and CTGF (C), 

leading to a significant reduction in a major extracellular matrix gene collagen 1 (D). The 

data have been normalized to endogenous control gene, 18S and HF fed control group 

was given an arbitrary value of 1. Each bar in represents mean ± SEM profile from 10-

15 mice per treatment group as calculated by one-way ANOVA with Tukey’s comparison 

test. HF: high fat, B: baking, D: diabetes, VB: marination with vinegar prior baking. 

 

5.3.2.6 Effects of vinegar marination on AGE-induced liver fibrosis 

As presented in pervious chapters, liver fibrosis as assessed by picrosirius red stained 

liver sections showed that mice fed the HF diet for 40 weeks had mild fibrosis (Fig. 5.10A, 

D). In keeping with pro-inflammatory and pro-fibrotic cytokine gene expression, mice 

fed the high AGE diet (HF+B+D) for 40 weeks showed massive increases in liver fibrosis 

compared to HF fed mice (Fig. 5.10B, D). Interestingly, mice fed the HF diet marinated 

with vinegar prior to baking showed a markedly reduced liver fibrosis compared to high 

AGE fed mice (Fig. 5.10C, D). Quantification of these data clearly showed that feeding 

mice on the vinegar marinated diet reduced the fibrosis level to that of HF fed mice (Fig. 

5.10D).  

 

     

HF HF+VB+D 

(A) (B) (C) 

HF+B+D 
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Figure 5.10 Quantification of collagen content in liver sections stained with 

picrosirius red in mice fed on different diets 

Liver collagen deposition was significantly (p<0.0001) increased in high AGE diet fed 

diabetic mice (HF+B+D) after 40 weeks compared to HF fed mice (B). Marinating the 

HF diet with vinegar prior to baking markedly reduced (p<0.0001) liver fibrosis (C, D). 

Each bar represents mean ± SEM profile from 10-15 mice per treatment group as 

calculated by one-way ANOVA with Tukey’s comparison test. Images are liver histology 

sections stained with picrosirius red staining. Arrows: pericellular fibrosis. Magnification 

x200. HF: high fat, B: baking, D: diabetes, VB: marination with vinegar prior baking. 

 

 

5.4 Discussion 

In chapters 3 and 4, we showed that primarily dietary AGEs and endogenously AGEs 

which possibly formed during diabetes, contribute to NAFLD progression to liver 

fibrosis. This indicated that pharmacological or non-pharmacological interventions to 

reduce the formation AGEs would be expected to provide therapeutic strategies to arrest 

or reduce AGEs-induced NAFLD progression, especially in diabetes. In this chapter, we 

therefore investigated several strategies to inhibit or reduce AGE formation. Whilst this 

constituted an endogenous approach, we also attempted to use dietary modification of 

food as an exogenous approach. As illustrated by Figure 5.11, indeed dietary restriction 

of AGE formation by vinegar marination, a common food preparation method in the 

Mediterranean diet, improved NAFLD progression to liver fibrosis. We found that diet 

(D) 
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prepared using this method has low AGE content. Interestingly, in mice fed this diet, there 

were a plethora of beneficial effects which included reduced liver injury, reduced 

expression of RAGE, endotoxin responsive genes, pro-inflammatory cytokine 

expression, HSC activation which were associated with a marked reduction in pro-fibrotic 

and fibrotic genes, leading to a profound reduction in liver fibrosis. In marked contrast, 

drugs that were used to inhibit AGE formation in diabetic animals failed to affect NAFLD 

progression to liver fibrosis, although aminoguanidine showed improvement in the 

expression of TNF-α. On the other hand, we noticed that both drugs, which are known to 

inhibit or reduce endogenous AGE formation in diabetes428 but not known to affect 

AGE/RAGE signalling, also showed some deleterious effects, including worsening of 

fibrosis in HF fed mice. More carbonyl reactive traps are likely to be toxic because of 

their reaction with depletion of vitamin B6.429 This may explain the deleterious effects of 

these drugs  in HF fed mice as the presence of carbonyl intermediates in these mice are 

low. 

 

 

Figure 5.11 Approaches to Inhibit AGE/RAGE axis to prevent NAFLD progression 

to liver fibrosis 
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Both aminoguanidine and pyridoxamine have been widely used in pre-clinical studies to 

improve disease status by reducing AGE formation.428,430 Moreover, these drugs which 

are classified as AGE inhibitors, have also been used in Phase I-III clinical trials, mostly 

in diabetic complications.319 In addition, these drugs do not alter body weight as shown 

in the present and previous studies.431 

In chronic liver disease, fibrosis is driven by pro-inflammatory cytokines primarily 

secreted by Kupffer cells such as TNF-α432 which is critically involved in the 

pathogenesis of liver disease. Although pyridoxamine has been shown to reduce TNF-α 

expression in adipose tissue,433 the current study showed an opposite trend in that 

pyridoxamine in fact increased TNF-α expression in the liver of mice fed a HF diet. In 

agreement with its positive effect in adipose tissue, pyridoxamine has also been shown to 

reduce TNF-α gene expression in rats with experimental diabetic nephropathy.411 This 

finding was somewhat similar to those in the current study where there was a trend in 

reducing TNF-α gene expression in diabetic mice. On the other hand, aminoguanidine, 

the first AGE inhibitor identified to effectively prevent the formation of AGEs in vitro,319 

did not change TNF-α expression in high fat fed mice; however, it markedly reduced its 

expression in diabetic mice fed the same diet, suggesting that like pyridoxamine, 

aminoguanidine likely inhibits endogenous AGE formation in diabetes. We also found 

that neither aminoguanidine nor pyridoxamine affected TNF-α gene expression in high 

dietary AGE fed mice. This is expected as there is no strong evidence to suggest that these 

drugs are effective in blocking the interactions between AGEs derived from diet and 

tissue RAGE.  

Activation of HSC takes place in two stages as mentioned in section 1.7 of chapter 1. The 

first step essentially is the initiation which is the pro-inflammatory stage which is 

followed by perpetuation of inflammation. In the present study, the expression of the HSC 

activation marker α-SMA, followed a similar pattern as the expression of TNF-α in 

diabetic mice treated with aminoguanidine. Similar to TNF-α, both drugs did not have 

any effect on disease progression in high dietary AGE fed mice. On the other hand, 

collagen 1 expression, which has been shown to be reduced in the adipose tissue by HF 

diet in mice treated with pyridoxamine,433 was in fact increased by both drugs in HF fed 

mice. Nevertheless, the increased collagen 1 expression by both drugs in HF and high 

AGE fed mice, which is generally expected to increase liver fibrosis, was associated with 
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increased fibrosis in HF fed mice but not in the high AGE fed mice. This is possibly due 

to the fact that has also been shown in chapters 3 and 4, diabetes and high dietary AGEs 

caused an increased liver fibrosis, so that fibrosis promoting effect of the drugs was not 

visible. Thus, the findings of this study do not support published studies which have been 

reported both aminoguanidine and pyridoxamine inhibit AGE formation and improves 

disease in other conditions.434-437 On the other hand, however there is one study that 

reported no beneficial effects of aminoguanidine on liver.438 It should also be noted that 

some clinical trials reported that aminoguanidine causes pancreatic and renal-neoplastic 

tumors.439 It was further noticed that in ACTION 1 clinical trial, the drug has caused the 

elevation of liver enzyme levels and development of  autoantibodies.440 Moreover, 

ACTION 2 trials were terminated due to unfavourable risk to benefit ratio.441 Similar to 

aminoguanidine, eight weeks of pyridoxamine treatment failed to produce positive results 

in haemodialysis patients.442 Thus, the clinical utility of these drugs may be limited. 

The most promising outcome from studies described in this chapter comes from dietary 

intervention. We demonstrate that inhibiting AGE formation in the diet produced 

promising results in terms of reducing liver fibrosis. It has been shown that food processed 

in the presence of weak organic acids such as lime juice (citric acid) and vinegar (acetic 

acid) contained low AGEs compared to foods that have been processed using the same 

cooking method but without acids,443 while effects of vinegar on other nutrients have not  

been reported. The formation of AGEs involves a series of reactions, which includes a 

reversible first reaction as depicted in Figure 1.7 in chapter 1. Reversible reactions are in 

an equilibrium, where any disruption to the system results in favouring the opposite 

reaction. In the presence of an acidic medium, there is an excessive amount of H+ ions 

which prevent the dissociation of H+ ions from amino acids or lipid which is necessary to 

initiate the reaction with reducing sugar. This results in lower amount of Schiff bases 

(product of the first reaction between sugar and proteins or lipids) in the medium. The 

second step of formation of Amadori products influenced by these low amounts of Schiff 

bases by favouring the backward reaction resulting in low amounts of Amadori products 

which lead to the production of less AGEs.444 

Confirming our findings presented in chapters 3 and 4, in this study high dietary AGEs 

caused an increased expression of two major LPS binding receptors, CD-14 and TLR-4, 

in the liver. Although we did not measure circulating LPS levels in the present study, 
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unpublished data from our laboratory show that mice fed a HF diet increased LPS entering 

the systemic circulation via portal blood, likely due to high fat-induced dysbiosis and 

leaky gut.445 Most importantly, vinegar marination prior to baking the HF diet markedly 

down-regulated both CD-14 and TLR-4 expression in the liver, likely due to a reduced 

exposure of the liver to LPS, resulting from a reduced AGE levels in the diet (see Figure 

5.4). This also supports a marked reduction in liver RAGE expression in mice fed the 

vinegar marinated diet, likely due to reduced levels of AGEs reaching the liver or less 

LPS entering the portal circulation or both. 

Support for beneficial effects of vinegar marination on gut microbiota comes from a study 

which highlighted that the Mediterranean diet is associated with beneficial microbiome 

profiles compared to subjects consumed the Western diets in an adult population.446 

Moreover, it has also been shown that adherence to the Mediterranean diet for three 

months lowered the prevalence of NAFLD in a human population.447 Another study 

showed that the Mediterranean diet not only improved insulin sensitivity, but also reduced 

the severity of hepatic steatosis in 12 non-diabetic subjects after consuming the diet for 6 

weeks.448 This was further supported by a trial, which included 259 obese patients with 

type-2 diabetes who were allocated to consume three different diets including a modified 

Mediterranean diet for 12 months.449 

The study reported that plasma ALT levels were reduced in those patients who consumed 

the Mediterranean diet after 6 and 12 months.449 This was supported by another study 

which showed that subjects with metabolic syndrome adhered to the Mediterranean 

dietary pattern had a moderate association of aminotransferases with the prevalence of 

metabolic syndrome.450 The present study showed that mice fed the vinegar marinated 

diet had a markedly reduced ALP and ALT levels compared to those fed the baked diet 

without marination. Thus, the finding that vinegar marination of diet resulted in the 

improvement of a number of end points including NAFLD progression to fibrosis could 

be explained by the diet containing low AGE content compared to the baked diet without 

vinegar marination. 

In summary, aminoguanidine and pyridoxamine were associated with detrimental effects 

on liver fibrosis in HF fed animals and had minimal effects in diabetic or high AGE fed 

animals. It is not known whether drug doses employed in the present study reached toxic 

levels under our experimental conditions which counteracted any positive effects due to 
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inhibition of AGE formation. On the other hand, our second approach that was employed 

to reduce AGE formation in the diet by dietary modification using vinegar marination 

resulted in profound reduction in the expression of RAGE, pro-inflammatory and pro-

fibrotic cytokines and LPS responsive genes in the liver, leading to a remarkable 

improvement in NAFLD progression to liver fibrosis. This highlights the fact that a 

simple dietary modification of food with vinegar marination may provide an 

unprecedented benefit for patients with diabetes associated NAFLD. 
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CHAPTER 6 

Effects of an AGE-crosslink breaker alagebrium 

on AGE-induced NAFLD progression to liver 

fibrosis 

 

6.1 Introduction 

We have shown in chapter 3 and 4 that exposure of fatty livers to advanced glycation end 

products (AGEs) exacerbates the progression of non-alcoholic fatty liver disease 

(NAFLD) to fibrosis. We have used two sources of AGE exposure; exposure of fatty liver 

to endogenously produced AGEs by means of intraperitoneal injections (chapter 3) or due 

to the presence of diabetes (chapter 4 and 5), and exposure of fatty liver to exogenously 

produced AGEs i.e. dietary AGEs (chapters 3, 4 and 5). We then demonstrated that AGEs 

derived from the diet were more harmful and strong stimuli to induce a plethora of effects 

that resulted in the progression of NAFLD to liver fibrosis than endogenously derived 

AGEs. We then investigated whether pharmacological blockade of AGE formation in 

vivo using known AGE inhibitors and non-pharmacological blockade of AGE formation 

in vitro using dietary modification (chapter 5). These studies conclusively showed that 

vinegar marination of the high AGE diet, but not pharmacological inhibitors was able to 

improve NAFLD progression to liver fibrosis. Since the drugs used in chapter 5 are not 

expected to block AGE/RAGE signalling, in this chapter, we employed a known AGE-

crosslink breaker, alagebrium (Ala), which might also block AGE/RAGE signalling, and 

investigated the effects of this drug on NAFLD progression to liver fibrosis in mice fed 

the high fat or high AGE diet.  
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Alagebrium (Ala) was first named as ALT-711 or 4,5-dimethyl-3-(2-oxo-2-

phenylethyl)thiazolium chloride as it contains a thiazolium structure (Fig. 6.1). Although 

it was developed as an AGE-crosslink breaker by the company Alteon Inc. (later known 

as Synvista therapeutics), the exact mechanism of action of Ala remains controversial. 

The crosslink breaking activity was supported by the observation that low molecular 

weight proteins were aggregated when human diabetic lens containing high molecular 

weight AGE compounds were incubated with Ala.451 In contrast, other studies performed 

by incubating rat tail and tendon skin with Ala did not result in the breaking of pre-formed 

AGE-crosslinks.452 Although the mechanism by which Ala works is unclear, pre-clinical 

studies showed the drug is effective in reducing renal dysfunction and cardiovascular 

diseases.319 

 

Figure 6.1 Chemical structure of alagebrium 

Ala has been extensively used in a number of clinical trials, sponsored by Synvista 

Therapeutics from 2002 to 2010 such as DIAMOND (NCT00043836), SAPPHIRE 

(NCT00045981), SILVER (NCT00045994), SPECTRA (NCT00089713), BREAK-

DHF-I (NCT00662116) and BENEFICIAL (NCT00516646).428 Most of the trials has 

been focused on cardiovascular diseases and has shown improved ventricular function, 

arterial stiffness and improved atherosclerosis. Despite not all data having been published 

as some clinical trials were terminated due to financial issues of the company,430 

published data showed that Ala has been well tolerated by subjects.319  
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In addition to use of Ala in pre-clinical and clinical trials related to cardiovascular 

impairments,453-459 Ala has also been shown to be effective in diabetic nephropathy460 

central nervous system complications,364 diabetic retinopathy461 and erectile 

dysfunction.273,462 Although, Ala improved arterial compliance in a clinical trial, it also 

modestly increased serum triglyceride level,463 prompting Synvista Therapeutics to 

conduct a safety and efficacy study of Ala. A subsequent phase I clinical trial, which was 

conducted with a higher dose of Ala to evaluate the effects of Ala on serum levels of 

triglycerides and total cholesterol, reported no detrimental effects of Ala on liver function. 

However, other than these safety trials, there are no studies carried out to investigate the 

beneficial effects of Ala on liver disease. Therefore, the objective of the current study was 

to investigate the effects of Ala on NAFLD progression. Moreover, to provide 

mechanistic insights at the cellular level, cell culture experiments using immortalized 

Kupffer cell line KUP5 cells and immortalized hepatic stellate cells LX2 cells were also 

performed.  

 

6.2 Materials and Methods 

6.2.1 Experimental design 

AGE trafficking studies with Alagebrium (4 weeks) 

To study the effects of Ala on AGE trafficking, 6 to 8-weeks-old male C57BL/6 mice 

were randomized into 5 groups (n=10 per group) and fed on either standard chow, HF 

diet or HF+B (high AGE) diet for four weeks. Two groups of mice i.e. one from each fed 

the high fat (HF) diet or the high AGE diet (HF+B), were gavaged with Ala daily at a 

dose of 10 mg/kg bw in the last two weeks. At the end of the experiment, animals were 

fasted for 12 hours and the fasted animals received 0.5 mL of fluorescently-labelled AGEs 

by oral gavage. Then, they were sacrificed after 20 minutes of oral gavage (To determine 

the time point at which the best AGE trafficking occurs, a time course experiment was 

carried out by sacrificing a mouse at each time point of 10, 20, 30, 60 and 120 minutes 

after AGE gavage and 20 minutes was selected as the optimal time). Urine, blood, whole 

body, liver, kidney and whole intestine were subject to IVIS detection of fluorescent 

emission using the living image software. The five groups of mice used in this experiment 

are as follows: 
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1) Std chow (Standard chow fed mice)  

2) HF (high fat fed mice) 

3) HF + Ala (high fat fed mice treated with Ala for last 2 weeks) 

4) HF + B (high AGE fed mice) 

5) HF + B + Ala (high AGE fed mice treated with Ala for last 2 weeks) 

 

 

 

Effect of Alagebrium on AGE-induced NAFLD progression (40 weeks) 

To study the effects of Ala on AGE-induced NAFLD progression to liver fibrosis, 40 

weeks of HF dietary mouse model was used. Mice were randomized into 3 groups (n=10-

15 per group) and fed on the HF or HF+B for 40 weeks. In keeping with the treatment 

schedule described in chapter 5, Ala was administered to one group of mice in the last 10 

weeks (from week 30 to 40) by daily oral gavage at a dose of 10 mg/kg bw. At the end of 

the experiments, blood and liver tissues were harvested for analysis as mentioned in 

chapter 2. The three groups of mice used in this experiment are as follows: 

1) HF (high fat fed mice) 

2) HF + B (high AGE fed mice) 
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3) HF + B + Ala (high AGE fed mice treated with Ala for last 10 weeks) 

 

 

6.2.2 Preparation of AGEs for AGE trafficking and cell culture 

experiments 

Solutions of AGEs for i.p. injections were prepared as outlined in section 2.3.1 of chapter 

2. In brief, 40 mg/mL RSA (Sigma Aldrich, Australia) solution was prepared using 0.2 

M phosphate buffered saline (PBS) as the solvent. To this RSA solution, 90 g/L of D-

glucose (Ajax Pharmaceuticals, Australia) was added, giving a final glucose 

concentration of 0.5 M. This mixture was incubated at 37o C for 6 weeks followed by 

dialysis against 0.2 M PBS using dialysis flasks (Thermo Fisher Scientific, Australia) at 

4o C for 48 hours, to remove any free glucose. The pH was adjusted to 7. The control was 

treated the same way without adding glucose. At the end, CML levels were measured by 

ELISA (Jomar Life Research, Australia). 

To prepare fluorescently-labelled AGEs, LI-COR IR dye conjugation (Lincoln, USA) 

was used as described in section 2.8.2 of chapter 2. In brief, the pH of the AGE solution 

was adjusted to 8.5 using potassium phosphate buffer. Next, 1 vial of dye was dissolved 

in 25 µL of ultrapure water. Then, appropriate volume of the dye and AGEs were mixed 

thoroughly and incubated at room temperature for 2 hours. Finally, the free dye from the 

conjugate was removed using Zebra spin desalting columns (Pierse Biotechnology, 

USA). 
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6.2.3 Preparation of AGEs in the diet 

Dietary AGE content was increased by baking the HF diet at 1600 C for 1 hour. CML, 

CEL and MG-H1 content in the diet was assessed using GC/MS. 

 

6.2.4 Tissue harvesting and storage 

The animals were sacrificed at 40 weeks using pentobarbitone (120 mg/kg bw) as 

described in chapter 2. Blood and livers were collected as described in chapter 2. 

 

 

6.2.5 Biochemical assessment of liver function 

Liver function test was carried out in plasma that had been stored at -20o C, using 

Beckman Coulter LX20 autoanalyzer (Beckman Coulter) at Austin Pathology, Austin 

Health. 

 

6.2.6 Liver gene expression 

Total RNA was extracted from snap-frozen liver samples stored at -80o C as described in 

section 2.6 of chapter 2. Synthesis of cDNA from RNA and qPCR reactions were carried 

out using multiplexing to assess the expression of RAGE, LPS-binding receptors, pro-

inflammatory and pro-fibrotic genes. The details of dual fluorescent-labelled 

oligonucleotide probes and primers are given in Table 2.4 in chapter 2. 

 

6.2.7 Histological assessment of liver injury and fibrosis 

Haematoxylin and Eosin (H&E) staining 

Liver sections of 4 µm was used to perform H&E staining as described in section 2.7.2 

of chapter 2. The type of NAFLD was categorised according to the steatosis and 

parenchymal degenerative changes in the liver as described previously.464  
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Picrosirius red staining 

Picrosirius red staining was performed in 4 µm liver sections as described in section 2.7.1 

of chapter 2. Briefly, total collagen was quantified by analysing liver sections under a 

standard light microscope (Olympus BX50 Microscope, Japan; magnification x200). 

Collagen volume fraction was determined by measuring the area of stained tissue (red) 

within a randomly selected field. An average of 10 fields per section was derived for each 

animal using computerized image capture (MCID) (Imaging Research, Canada) and used 

in the analysis. Results are expressed as a proportional area positively stained red. 

 

6.2.8 4-hydroxynonenal (4-HNE) immunohistochemistry for lipid 

peroxidation  

The marker of lipid peroxidation, 4-HNE was assessed using 4 µm sections of mouse 

liver tissues as described in section 2.7.3.4 of chapter 2. Primary antibody to 4-HNE 

(Alpha Diagnostic International) was applied in 1:100 dilution for overnight and 

secondary antibody (Dako, Agilent technology) was used in 1:100 dilution. The positive 

staining in each section was determined using MCID (Imaging Research, Canada) 

software at x200 magnification. An average of 10 fields per section was derived for each 

animal using MCID (Imaging Research) for use in the analysis. The results are expressed 

as a proportional area positively stained brown. 

 

 

6.2.9 Cell culture Experiments 

Kupffer cells (KUP5)349 were treated with 200 g/mL AGEs for 6 hours. To investigate 

the prophylactic effects of Ala, the drug was added to the medium in 1 M and 100 M 

doses at the time of AGEs treatment and incubation continued for 6 hours. To investigate 

the therapeutic effects, cells were incubated with AGES for 5 hours and then Ala was 

added to the cells in the same two doses and incubated for 1 hour. Cells were harvested 

for gene expression of RAGE and pro-inflammatory cytokine analysis. However, we have 

also measured the expression of RAGE and pro-inflammatory cytokines 5 hours after 

incubation with AGEs to show that gene expressions were increased when Ala was added 

to the cells (therapeutic approach).  
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Immortalised human HSCs (LX2) were exposed to 200 g/mL of AGEs as well as to the 

conditioned media collected from KUP5 cells treated with AGEs for 6 hours or both 

AGEs and Ala as mentioned above under therapeutic approach. Cells were harvested for 

gene expression analysis of RAGE and -SMA. Gene expression induced by TGF-1 at 

10 ng/mL was used as the positive control. 

 

 

6.2.10 Statistical analysis 

Results are expressed as mean ± SEM and analysed by one-way analysis of variance 

(ANOVA) with Tukey’s post-hoc test using Prism 7 software (GraphPad Software, San 

Diego, United States). p < 0.05 was considered significant. 

 

 

6.3 Results 

6.3.1 Effects of alagebrium on AGE clearance from the liver  

The time course study performed from 10 minutes to 2 hours following labelled-AGE 

administration showed that at any time point, the fluorescence was emitted only from 

liver and kidney (Fig. 6.2A), and the gut (discussed below). The highest emission of 

florescence by livers could be seen 20 minutes after the administration of labelled-AGEs 

(Fig. 6.2B). After 30 minutes of labelled-AGE administration, an emission could be seen 

near the rectal area of mice, suggesting that AGEs have been passed through the gut 

within 30 minutes. After this time point, radiant intensity of kidneys was brighter than the 

intensity of livers.  Although we measured the emission of stool, we could not detect a 

measurable amount of radiant from stool, suggesting a large proportion of AGEs has been 

absorbed through the gut. In addition, there was a weak signal emanated from a urine 

sample although this was not detected in the blood sample. Overall, based on the time 

course study, 20 minutes after administration of labelled-AGEs was selected as the best 

time point to detect fluorescence in different treatment groups. 
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Figure 6.2 Fluorescence intensity of organs after 20 minutes of labelled AGE 

administration 

Liver and the kidneys were the only organs that showed fluorescence following the 

administration of labelled AGEs as measured by IVIS scanner (A). The livers emitted the 

brightest fluorescence after 20 minutes of labelled-AGE administration (B).  

 

Mice fed the standard chow showed the maximum clearance of labelled-AGEs from the 

liver, represented by the highest fluorescence emission in the liver as well as bright 

fluorescence in the kidneys (Fig. 6.3A). This was significantly (p<0.01) reduced by both 

HF and high AGE (HF+B) diets (Fig. 6.3B). In marked contrast, Ala treatment in high 

AGE fed mice restored AGE clearance by the liver as indicated by significantly higher 

florescence in the liver and kidneys than those fed the HF, HF+ Ala or HF+B (Fig. 6.3B, 

C). However, Ala treatment in HF fed mice failed to improve AGE clearance from the 

liver (Fig. 6.3B, C), suggesting that Ala appears to work only when liver exposed to high 

AGEs. We also measured the florescence in blood and urine and found no florescence 

was emitted by blood with weak signal detected in urine. We also detected fluorescence 

emission by the gut, showing bright intensity in jejunum area in mice fed the standard 

chow or high AGE fed (HF+B) mice receiving Ala treatment whilst other groups of mice 

(A) (B) 
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showed dull fluorescence. After 20 minutes AGEs have not been reached to latter part of 

the small intestine such as the ileum or large intestine (Fig. 6.3C).   

 

 

         

 

 

  

Figure 6.3 Alagebrium normalized the clearance of AGEs from the liver 

The livers of the mice fed the standard chow diet showed the highest fluorescence radiant 

which was significantly reduced by HF or HF+B feeding (A, B). The fluorescence was 

(A) 

(C) 

(B) 
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significantly increased in HF+B fed mice treated with Ala (A, B). Kidneys showed a 

similar pattern to that of liver (A, B). Whilst there was no detectable difference of radiant 

emission between groups in the gut, bright intensity was seen in the jejunum area in mice 

fed the standard chow and HF+B+ Ala (C). Each point represents the mean ± SEM profile 

of 10 mice per treatment group as calculated by one-way ANOVA with Tukey’s 

comparison test. Std chow: standard chow, HF: high fat, B: baking, Ala: alagebrium.  

 

6.3.2 Effects of alagebrium on liver function tests and liver injury 

In 40 weeks model, physical appearance (not shown), body weight (45.9 ± 2.0 g), liver 

weight (3.4 ± 0.4 g), food intake (~6 g/day) and water intake (~5 mL) was similar in all 

3 experimental groups of mice. However, liver function test determined in plasma was 

improved in Ala treated mice. Both alanine aminotransferase (ALT) (Fig. 6.4A) and 

alkaline phosphatase (ALP) (Fig. 6.4B) were significantly (p<0.01) elevated due to high 

AGE diet compared to HF fed mice. Interestingly, mice fed on high AGE diet and treated 

with Ala significantly (p<0.01) reduced these liver enzyme levels compared to high AGE 

fed mice (Fig. 6.4A, B). However, aspartate aminotransferase (AST) levels, which was 

not significantly increased in high AGE fed mice, were significantly (p<0.01) reduced by 

Ala treatment (Fig. 6.4C). Plasma bilirubin (<3 µmol/L) did not show any difference 

between the groups (data not shown). 

 

   

Figure 6.4 Alagebrium significantly reduced liver enzymes elevated due to high AGE 

diet 

The liver enzymes ALT (A) and ALP (B) were significantly elevated in mice fed the high 

AGE diet compared to HF mice. However, the increased enzyme levels were normalized 

by Ala treatment. The enzyme AST was not elevated by high dietary AGEs; however, 

Ala treatment significantly reduced its level in high AGE fed mice compared to both HF 

(A) (B) (C) 
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and HF+B fed mice. Each point represents the mean ± SEM profile of 10-15 mice per 

treatment group as calculated by one-way ANOVA with Tukey’s comparison test. HF: 

high fat diet, B: baking, Ala: alagebrium. 

 

 

6.3.3 Effects of alagebrium on plasma CML levels and liver RAGE 

expression  

Circulating CML concentration which represents circulating AGEs was significantly 

(p<0.0001) higher in the high AGE fed mice compared to HF fed mice (Fig. 6.5A). 

However, Ala treatment significantly (p<0.0001) reduced plasma CML level compared 

to high AGE fed mice (Fig. 6.5A). This supports the finding that Ala may improve AGEs 

uptake by the liver for processing and secretion into the systemic circulation for excretion 

via the kidneys. In keeping with increased circulating levels of CML/AGEs, liver RAGE 

expression was significantly (p<0.0001) up-regulated by high dietary AGEs compared to 

HF fed mice. Most importantly, Ala treatment markedly (p<0.0001) reduced it to the 

levels seen in HF fed mice (Fig. 6.5B). Thus, circulating CML levels were strongly and 

positively (p<0.001, r=0.62) correlated with liver RAGE expression (Fig. 6.5B).  
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Figure 6.5 Alagebrium significantly reduced plasma CML concentrations and liver 

RAGE expression 

Plasma CML concentration was significantly increased by high AGE (HF+B) diet 

compared to high fat (HF) diet. However, CML levels were restored to those of HF fed  

mice by Ala treatment (A). Interestingly, RAGE gene expression followed the same 

pattern as plasma CML concentration which showed Ala treatment markedly down-

regulated RAGE expression (B). Plasma CML levels showed a positive and significant 

correlation to liver RAGE gene expression. The data have been normalized to endogenous 

control gene, 18S and HF fed control group was given an arbitrary value of 1. Each point 

represents the mean ± SEM profile of 10-15 mice per treatment group as calculated by 

one-way ANOVA with Tukey’s comparison test. HF: high fat diet, B: baking, Ala: 

alagebrium. 

    

6.3.4 Effects of alagebrium on the expression of liver LPS binding 

receptor genes 

It was shown in both chapter 3 and 4 that LPS binding receptors CD-14 and TLR-4 were 

significantly increased by high dietary AGEs. In keeping with those findings, in the 

present experiments, we found that hig dietary AGEs significantly (p<0.0001) increased 

liver expression of CD-14 (Fig. 6.6A) and TLR-4 compared to high fat fed mice (Fig. 

6.6B). However, the mice fed the high dietary AGEs and also treated with Ala for the last 

10 weeks of study showed a significant (p<0.01) down-regulation of the expression of  

LPS binding receptors, CD-14 (Fig. 6.6A) and TLR-4 (Fig. 6.6B). 

(C) 
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Figure 6.6 Alagebrium significantly reduced the gene expression of LPS binding 

receptors in the liver 

The LPS binding receptors CD-14 (A) and TLR-4 (B) were significantly (p<0.0001) 

increasded by high dietary AGEs (HF+B) compared to high fat (HF) feeding. However, 

CD-14 (A) and TLR-4 expression was significantly (p<0.01) reduced by Ala treatment. 

The data have been normalized to endogenous control gene, 18S and HF fed control group 

was given an arbitrary value of 1. Each point represents the mean ± SEM profile of 10-

15 mice per treatment group as calculated by one-way ANOVA with Tukey’s comparison 

test. HF: high fat diet, B: baking, Ala: alagebrium. 

 

 

6.3.5 Effects of alagebrium on the expression of pro-inflammatory 

cytokines  

As shown in chapter 3 and 4, the present study also showed that high dietary AGEs caused 

significant (p<0.01) increases in pro-inflammatory cytokine gene expression in the liver. 

However, the interventional group fed the high dietary AGEs and treated with Ala showed 

a marked (p<0.01) reduction in hepatic TNF-α (Fig. 6.7A), MCP-1 (Fig. 6.7B) and IL-6 

(Fig. 6.7C), suggesting that alagebrium protects the liver from inflammation induced by 

AGEs. Although we did not quantify NAFLD activity score (NAS score) or 

inflammation, there was an apparent reduction in inflammatory cell infitration in the liver 

of Ala treated mice compared to high AGE fed mice (Fig. 6.7E, F). 
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Figure 6.7 Alagebrium significantly reduced liver inflammation 

Gene expression of pro-inflammatory cytokines TNF- (A), MCP-1 (B) and IL-6 (C) was 

significantly (p<0.0001) increased by high dietary AGEs (HF+B) in the liver compared 

to high fat (HF) fed mice. However, in animals fed the high AGE diet and Ala treatment, 

there was a significant reduction in the expression of these cytokines. Ingestion of high 

dietary AGEs was associated with hepatocyte degeneration (marked by green line and 

inflammatory cell infiltration (marked by red line) (E). Importantly, Ala treatment 

prevented inflammatory cell infiltration (F) and thus, the livers were histologically similar 

to HF fed mice (D). However, quantification of cell infiltration was not performed. The 

data have been normalized to endogenous control gene, 18S and HF fed control group 

was given an arbitrary value of 1. Each point represents the mean ± SEM profile of 10-

15 mice per treatment group as calculated by one-way ANOVA with Tukey’s comparison 

test. Arrows: micro-vesicular steatosis, arrow heads: macro-vesicular steatosis, area under 

red margins: inflammatory cell infiltration. Magnification x200. HF: high fat diet, B: 

baking, Ala: alagebrium. 

(A) (C) (B) 

(D) (E) (F) 

HF+B+ Ala HF+B HF 
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6.3.6 Effects of alagebrium on hepatic stellate cell activation and thereby 

reduced pro-fibrotic cytokine release and extracellular matrix 

deposition  

It is well known that secretion of pro-inflammatory cytokines by activated Kupffer cells 

in turn leads to activation of HSCs. High dietary AGEs caused HSC activation, as 

reflected by increased (p<0.01) gene expression of -SMA, the activated HSC marker, 

compared to high fat fed mice (Fig. 6.8A), Ala treatment significantly (p<0.05) down-

regulated high dietary AGE-induced -SMA expression similar to its effect on pro-

inflammatory cytokines secreted by Kupffer cells, suggesting that the cytokines secreted 

by Kupffer cells likely activate HSCs (see also Figure 3.13 in chapter 3). On the other 

hand, activated HSCs expressed high levels (p<0.0001) of pro-fibrotic cytokine TGF-1 

in mice fed the high AGE diet. However, in keeping with -SMA expression, Ala 

treatment significantly (p<0.0001) reduced TGF-1 expression in mice fed the high AGE 

diet (Fig. 6.8B). Consequently, high dietary AGEs by activating pro-fibrotic TGF-1 

caused an increased (p<0.001) expression of a major fibrotic and ECM gene collagen 1 

(Fig. 6.8C). However, Ala treatment completely prevented (p<0.001) the up-regulation 

of collagen 1 expression (Fig. 6.8C).  

 

 

Figure 6.8 Alagebrium significantly reduced gene expression of HSC activation 

marker and pro-fibrotic and fibrotic markers in the liver 

Activation of HSCs by high dietary AGEs is reflected by significant increase in -SMA 

expression (A). However, Ala teatment abrogated HSC activation as reflected by 

significant reduction in -SMA expression (A). Upon activation, increased expression of 

pro-fibrotic cytokine TGF-1 by HSCs in mice fed the high dietary AGEs was 

significantly inhibited by Ala treatment (B). As a result, increased gene expression of a 

major ECM protein collagen 1 in the liver of high dietary AGEs fed mice was completely 

(C) (A) (B) 
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prevented by Ala treatment (C). The data have been normalized to endogenous control 

gene, 18S and HF fed control group was given an arbitrary value of 1. Each point 

represents the mean ± SEM profile of 10-15 mice per treatment group as calculated by 

one-way ANOVA with Tukey’s comparison test. HF: high fat diet, B: baking, Ala: 

alagebrium. 

 

 

 

6.3.7 Effects of alagebrium on NAFLD progression to liver fibrosis 

In keeping with increased gene expression of pro-fibrotic cytokines and fibrotic collagen 

1, high dietary AGEs caused an increased liver fibrosis (Fig. 6.9A) compared to high fat 

fed mice (Fig. 6.9B), as shown by increased positive staining of liver sections from high 

AGE fed mice (Fig. 6.9B). Most importantly, Ala treatment dramatically reduced positive 

staining of collagens compared to high AGE fed mice (Fig. 6.9C). Quantification of these 

liver sections showed that a significantly (p<0.0001) increased liver fibrosis in high AGEs 

fed mice was completely prevented by Ala treatment compared to high AGE fed mice 

without treatment (Fig. 6.9D). 

 

   

 

(A) (B) (C) 

HF HF+B HF+B+ Ala 
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Figure 6.9 Alagebrium significantly reduced liver fibrosis in mice fed the high 

dietary AGEs 

Picrosirius red staining of liver sections from 40 weeks of HF feeding showed mild 

fibrosis (A). On the other hand, high dietary AGEs (HF+B) significantly increased liver 

fibrosis compared to HF fed mice (B). However, high AGE fed mice treated with Ala 

showed a profound reduction in liver fibrosis (C). Quantification of positively stained 

picrosirius red stained in liver section showed that increased fibrosis caused by high AGE 

diet was completely prevented by Ala treatment (D). Each bar represents the mean ± 

SEM profile of 10-15 mice per treatment group as calculated by one-way ANOVA with 

Tukey’s comparison test. Arrows: pericellular fibrosis. Magnification x200. HF: high fat 

diet, B: baking, Ala: alagebrium. 

 

6.3.8 Effects of alagebrium on lipid peroxidation in the liver of high AGE 

fed mice 

Forty weeks of high fat feeding caused some oxidative stress as reflected by small brown 

patches (arrow) of positively stained 4-hydroxynonenal (4-HNE) adducts performed on 

liver sections (Fig. 6.10A). It was shown in chapters 3 and 4 that exposure to high AGEs 

dramatically increased ROS generation by Kupffer cells and oxidative stress in the liver. 

In keeping with those findings, in the present study, 4-HNE staining showed wide spread 

brown patches, reflecting increased lipid peroxidation/oxidative stress in mice fed the 

high AGE diet (Fig. 6.10B). Interestingly, Ala treatment showed a profound reduction in 

positively staining 4-HNE adducts compared to high AGE fed mice without Ala 

(D) 
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treatment, resulting in a similar histological appearance to that of high fat fed mice (Fig. 

6.10C). Quantification of these liver sections showed that high AGE-induced significant 

(p<0.0001) increases in lipid peroxidation adducts were completely abrogated by Ala 

treatment compared to high AGE fed mice without treatment (Fig. 6.10D). 

 

    

 

 

Figure 6.10 Alagebrium inhibited lipid peroxidation in the liver of high AGE fed 

mice 

4-HNE adducts representing lipid peroxidation in liver sections from mice fed the HF diet 

for 40 weeks showed mild oxidative stress (A). High dietary AGEs (HF+B) significantly 

increased 4-HNE adducts compared to HF fed mice, represented by increased brown 

colour positive staining (B). However, high AGE fed mice also treated with Ala showed 

a profound reduction in lipid peroxidation/oxidative (C). Quantification of positively 

stained 4-HNE adducts in liver section showed that increased lipid peroxidation/oxidative 

(A) (B) (C) 

(D) 

HF+B+ Ala HF+B HF 
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stress caused by high AGE diet was completely prevented by Ala treatment (D). Each bar 

represents the mean ± SEM profile of 10-15 mice per treatment group as calculated by 

one-way ANOVA with Tukey’s comparison test. Arrows: 4-HNE adducts. Magnification 

x200. HF: high fat diet, B: baking, Ala: alagebrium. 

 

6.3.9 Effects of alagebrium on RAGE gene expression in Kupffer cells 

As shown in chapter 3, KUP5 cells exposed to high AGEs significantly (p<0.0001) 

increased gene expression of RAGE compared to untreated or RSA (rat serum albumin) 

treated cells after 6 hours. However, when these cells were treated with both AGEs and 

alagebrium, prophylactically or therapeutically, there was a significant (p<0.05) down-

regulation of RAGE gene expression (Fig. 6.11), suggesting that alagebrium is effective 

in reducing effects of AGEs which are mediated via RAGE.  

 

Figure 6.11 Alagebrium prevents RAGE up-regulation by AGEs in KUP5 cells 

Gene expression of RAGE showed significant up-regulation in response to incubation 

with AGEs. Both prophylactic and therapeutic treatment with Ala in two different doses 

significantly reduced RAGE expression in AGEs-treated KUP5 cells. Gene expression at 

5 hours (5hr) of incubation with AGEs is shown to indicate the up-regulated expression 

of RAGE when Ala was added to the cells (therapeutic approach). The data have been 

normalized to endogenous control gene, 18S and UT control was given an arbitrary value 

of 1. Each bar represents the mean ± SEM profile from 3 independent experiments as 

calculated by one-way ANOVA with Tukey’s comparison test. Note: for clarity, 
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prophylactic and therapeutic groups are indicated by a single bracket for statistical 

comparison as there was no difference between the groups within each set. UT: untreated, 

RSA: rat serum albumin. 

 

6.3.10 Effects of alagebrium on pro-inflammatory cytokine expression 

in Kupffer cells 

In vivo experiments clearly showed that exposure to high AGEs dramatically increased 

gene expression of pro-inflammatory cytokines in the liver. Importantly, 10 weeks of Ala 

treatment significantly down-regulated the expression of these cytokines. In keeping with 

the findings of in vivo experiments, we measured gene expression of pro-inflammatory 

cytokines in KUP5 cells treated with Ala using the same protocol as that used to 

investigate RAGE gene expression above. We found that KUP5 cells exposed to AGEs 

showed significantly (p<0.01) up-regulated pro-inflammatory cytokine expression; TNF-

 (Fig. 6.12A), IL-1 (Fig. 6.12B) and MCP-1 (Fig. 6.12C). However, when AGE-

exposed cells were treated with Ala, both prophylactically and therapeutically, there were 

profound reductions (p<0.05) in the expression of these cytokines compared to AGE-

exposed KUP5 cells without Ala treatment (Fig. 6.12). The finding that the complete 

prevention of KUP5 cell-expressed cytokines by Ala points to the possibility that in high 

AGE fed mice, Ala may have blocked pro-inflammatory cytokine secretion by Kupffer 

cells, preventing HSC activation and NAFLD progression to liver fibrosis. 
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Figure 6.12 Alagebrium prevents up-regulation of pro-inflammatory cytokines by 

AGEs in KUP5 cells 

Gene expression of pro-inflammatory cytokines showed significant up-regulation in 

response to incubation with AGEs. Both prophylactic and therapeutic treatment with Ala 

in two different doses significantly reduced TNF-α (A), IL-1β (B) and MCP-1 (C) 

expression in AGEs-treated KUP5 cells. Gene expression at 5 hours (5hr) of incubation 

with AGEs is shown to indicate the up-regulated expression of pro-inflammatory 

cytokines when Ala was added to the cells (therapeutic approach). The data have been 

normalized to endogenous control gene, 18S and UT control was given an arbitrary value 

of 1. Each bar represents the mean ± SEM profile from 3 independent experiments as 

calculated by one-way ANOVA with Tukey’s comparison test. Note: for clarity, 

prophylactic and therapeutic groups are indicated by a single bracket for statistical 

comparison as there was no difference between the groups within each set. UT: untreated, 

RSA: rat serum albumin. 

 

6.3.11 Effects of alagebrium on NOX enzyme subunit gene expression 

and ROS generation in KUP5 cells 

We also measured gene expression of NOX enzyme subunits, NOX-4, a membrane bound 

catalytic subunit and p47phox, a regulatory subunit. The expression of both subunit genes 

was significantly (p<0.001) up-regulated in response to AGEs after 6 hours of exposure 

compared to untreated or RSA treated cells. However, the expression of these genes was 

(C) 



CHAPTER 6 

179 

 

significantly (p<0.001) down-regulated by Ala treatment and returned to those of 

untreated or RSA levels (Fig. 6.13A, B). Although NOX-4 expression after 5 hours 

showed a similar increase to that of 6 hour incubation, p47phox was not up-regulated by 

AGEs at this time point. Thus, Ala apparently showed no therapeutic effect on p47phox 

expression in this experiment (Fig. 6.13B). 

 

    

Figure 6.13 Alagebrium prevents up-regulation of NOX enzyme subunit expression 

by AGEs in KUP5 cells 

Gene expression of NOX-4 was significantly up-regulated by AGE exposure compared 

to UT or RSA treated cells. However, both prophylactic and therapeutic treatment with 

Ala in two different doses significantly (p<0.0001) reduced NOX-4 gene expression 

compared to AGE exposure without Ala treatment in KUP5 cells. Gene expression at 5 

hours (5hr) of incubation with AGEs is shown to indicate the up-regulated expression of 

NOX-4 when Ala was added to the cells (therapeutic approach) (A). Gene expression of 

p47phox was significantly up-regulated by AGEs after 6 hours but not 5 hours of exposure 

compared to UT or RSA treated cells. However, prophylactic and therapeutic treatments 

with Ala significantly reduced p47phox gene expression in KUP5 cells compared to cells 

exposed to AGEs for 6 hours, but not for 5 hours (B). The data have been normalized to 

endogenous control gene, 18S and UT control was given an arbitrary value of 1. Each bar 

represents the mean ± SEM profile from 3 independent experiments as calculated by one-

way ANOVA with Tukey’s comparison test. Note: for clarity, prophylactic and 

therapeutic groups are indicated by a single bracket for statistical comparison as there 
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was no difference between the groups within each set. UT: untreated, RSA: rat serum 

albumin. 

 

Real time ROS generation by KUP5 cells measured using 2,4-DCFDA showed that AGEs 

significantly (p<0.05) increased fluorescence emission by KUP5 cells compared to 

untreated or RSA treated cells following 10 or 30 minutes of exposure (Fig. 6.14). 

However, when the cells were treated with Ala at the time of AGE addition, ROS 

generation was significantly (p<0.05) reduced compared to that of KUP5 cells exposed 

to AGEs without Ala treatment.  

 

 

Figure 6.14 Alagebrium inhibits real time ROS generation by KUP5 cells 

Exposure of KUP5 cells to AGEs for 30 minutes significantly (p<0.05) increased ROS 

generation compared to UT or RSA treated cells. However, in the presence of Ala, ROS 

generation was significantly abrogated. The data have been normalized to endogenous 

control gene, 18S and UT control was given an arbitrary value of 1. Each bar represents 

the mean ± SEM profile from 3 independent experiments as calculated by one-way 

ANOVA with Tukey’s comparison test. UT: untreated, RSA: rat serum albumin, Ala: 

alagebrium. 
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6.3.12 Effects of alagebrium on the activation of HSCs 

It was shown in chapter 3 that LX2 cells, immortalized human hepatic stellate cells, were 

not activated upon direct exposure to AGEs. In the present studies, we found the same 

phenomenon where direct exposure of LX2 cells to AGEs failed to activate LX2 cells, as 

reflected by an unaltered -SMA gene expression (Fig. 6.15). However, as reported in 

chapter 3, LX2 cells were activated when conditioned media collected from AGEs treated 

KUP5 cells were added to LX2 cells compared to the addition of conditioned media from 

RSA treated or untreated (UT) KUP5 cells (Fig. 6.15). This was reflected by significant 

(p<0.01) increase in -SMA gene expression by LX2 cells. Importantly, when LX2 cells 

treated with conditioned media collected from AGE-exposed KUP5 cells which had also 

been treated with Ala, we found that there was a significant (p<0.01) inhibition of -SMA 

gene expression, suggesting an inhibition of LX2 activation (Fig. 6.15). In addition, we 

have used TGF-1, a potent activator of HSCs, to activate LX2 cells as a positive control. 

However, when LX2 cells were treated with TGF-1 and Ala, the drug failed to reduce 

-SMA gene expression induced by TGF-1 (data not shown). This confirmed that the 

mode of action of Ala in ameliorating HSC activation and fibrogenesis in high AGE fed 

mice is via inhibition of pro-inflammatory cytokine secretion by Kupffer cells (upstream 

of TGF-1 pathway). 

 

Figure 6.15 Alagebrium prevents the activation of hepatic stellate cells (LX2 cells) 

via inhibition of Kupffer cells-derived pro-inflammatory cytokines 
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LX2 cells exposed to AGEs failed to undergo activation. However, when LX2 cells were 

exposed to conditioned media collected from KUP5 cells which had been treated with 

AGEs for 6 hours, the cells were activated as reflected by significantly increased -SMA 

gene expression compared to LX2 cells treated with AGEs or conditioned media collected 

from KUP5 cells treated with RSA. Importantly, the activation of LX2 cells was 

significantly reduced when LX2 cells were treated with conditioned media collected from 

KUP5 cells which had also been treated with Ala. The data have been normalized to 

endogenous control gene, 18S and UT control was given an arbitrary value of 1. Each bar 

represents the mean ± SEM profile from 3 independent experiments as calculated by one-

way ANOVA with Tukey’s comparison test. UT: untreated, RSA: rat serum albumin, 

Ala: alagebrium. 

 

 

6.4 Discussion 

In this study, we demonstrate for the first time that the AGE-crosslink breaker alagebrium 

markedly reduces liver injury and NAFLD progression to liver fibrosis. Moreover, we 

demonstrate that alagebrium apparently increases AGE clearance from the liver. The anti-

fibrotic effect of alagebrium was associated with a marked reduction in circulating CML 

levels, RAGE expression, pro-inflammatory and pro-fibrotic cytokine release, inhibition 

of oxidative pathways and HSC activation. We provide further evidence that alagebrium, 

which has not been studied in NAFLD progression, improves the condition by primarily 

acting on hepatic Kupffer cells where it inhibits a number of pathways that ultimately 

results in reduced myofibroblastic HSC activation and fibrogenesis. 

Alagebrium has been shown to be effective in many disorders associated with 

inflammation,465 as well as reducing macrophage infiltration and potent pro-fibrotic 

cytokine TGF-1 production.466 In keeping with these studies, the current study showed 

that alagebrium markedly reduced liver injury in mice fed the high AGE diet compared 

to those exposed to high dietary AGEs without alagebrium treatment. Supporting the 

findings described in chapter 3, the present findings also showed that high dietary AGEs 

exacerbate liver RAGE expression and oxidative stress in Kupffer cells, the likely source 

of ROS generation. Further support for oxidative stress comes from the present findings 



CHAPTER 6 

183 

 

that increased lipid peroxidation in the liver of high AGE fed mice was likely attributable 

to increased expression of NOX subunits and ROS generation by KUP5 cells which were 

prevented by alagebrium treatment. In line with this, others have shown that alagebrium 

effectively prevented the membrane translocation of cytosolic regulatory NOX subunit 

p47phox and membrane bound catalytic NOX subunit NOX-4 gene expression in 

mesangial cells.467 This would be in keeping with the suggestion that in the liver, AGEs 

activate RAGE with subsequent increases in oxidative stress,383 which in turn increases 

AGE formation and contributes to a vicious cycle of AGE formation, generation of 

oxidative stress and further RAGE activation as depicted in Figure 4.17 of chapter 4.  

What is intriguing is however that alagebrium markedly reduced circulating CML/AGEs 

and this was associated with reduced liver RAGE expression. Evidence that Kupffer cells 

are probably a major cell type that contribute to increased liver RAGE expression comes 

from KUP5 cell experiments where both prophylactic and therapeutic application of 

alagebrium prevented high AGE-induced RAGE expression. Thus, this phenomenon of 

reduced circulating AGEs and liver RAGE expression could be explained by the finding 

that alagebrium improves AGE clearance by a mechanism that is yet to be identified. 

This, however, leaves the liver exposed to reduced circulating AGEs that act on RAGE 

activation. 

Supporting the findings described in chapters 3 and 4, the present findings also showed 

that high dietary AGEs caused increased expression of pro-inflammatory and pro-fibrotic 

cytokines. However, supporting a therapeutic role of alagebrium, we found that the drug 

markedly reduced the expression of pro-inflammatory cytokines such as TNF-α, MCP-1 

and IL-6 and pro-fibrotic cytokines such as TGF-1 with very little or no inflammatory 

cell infiltration in the livers of high AGE fed mice. It is possible that resident liver 

macrophages Kupffer cells play a pivotal role in the induction of inflammation because 

the immortalized mouse Kupffer cell line, KUP5 cells, responded with increased 

expression of these cytokines upon exposure to high AGEs and that both prophylactic and 

therapeutic application of alagebrium prevented their expression. 

Perpetuation of inflammation is a major cause that activates myofibroblastic hepatic 

stellate cells (HSCs).468 In many liver diseases, pathogenic stimuli directly activate and 

transform quiescent HSCs to their activated state which secretes ECM proteins. In the 

present study, we examined how LX2 cells, an immortalized human HSC cell line, 
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respond when the cells are exposed to AGEs. Surprisingly, we found that AGEs failed to 

activate LX2 cells, suggesting that AGEs may not directly activate HSCs, at least under 

our experimental conditions. We therefore investigated whether Kupffer cells, which 

reside in the same vicinity as the HSCs in liver sinusoids, crosstalk with HSCs. In 

supporting our hypothesis, the conditioned media collected from KUP5 cells that had 

been exposed to AGEs, but not to RSA, activated LX2 cells. This suggested that Kupffer 

cell products in the conditioned media collected from KUP5 cells stimulated HSC 

activation. What is more intriguing is that HSC activation could be prevented by addition 

of the conditioned media collected from KUP5 cells that have been exposed to AGEs but 

also treated with alagebrium, suggesting that the drug prevented the secretion of HSC 

stimulating products by Kupffer cells. These HSC stimulating products may well be pro-

inflammatory cytokines79 and ROS.37 Thus, we propose that this is the likely mechanism 

by which Kupffer cells propagate inflammation which in turn activates HSCs which 

secrete pro-fibrotic TGF-1 and ECM proteins. The present findings suggest that 

alagebrium acts directly on Kupffer cells to inhibit the release of pro-inflammatory 

cytokines and ROS which in turn is associated with a reduced activation of HSCs, leading 

to the improvement of NAFLD progression to liver fibrosis. 

It should be noted however that methylglyoxal (MG), an intermediate product of 

glycation pathway, has been shown to induce mitochondrial oxidative stress, ATP 

production and mitochondrial dysfunction in vascular smooth muscle and cardiac cells, 

and mitochondrial dysfunction and cell death in the liver.469-471 Alagebrium, on the other 

hand, has been reported to restore ATP content in cells, increase calcium flux and 

manganese superoxide dismutase activity, and reduce mitochondrial superoxide 

production which were associated with exposure to AGEs.472 Although we have not 

measured mitochondrial function in the present study, it is possible that alagebrium may 

have also played a role in reducing mitochondrial ROS generation, contributing to anti-

fibrotic effects of the drug. 

Alagebrium was first introduced as an AGE-crosslink breaker. Most studies that explore 

the therapeutic efficacy of alagebrium have been focused on cardiovascular diseases. The 

drug has also been tested in clinical trials to investigate its effects on diabetic 

nephropathy. Although the mode of action of the drug is still unclear,  many studies 

showed that it acts as an antioxidant,452 inhibits glucose autooxidation452 and chelate 
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metal ions that facilitate the advanced glycation reaction.473 Despite the mode of action 

of alagebrium is yet to be defined, the drug has been shown be to be effective in reducing 

AGE accumulation in the kidneys.474 In the present study, both in vitro and in vivo 

findings suggest that alagebrium may have directly affected AGE binding to RAGE 

because the drug prevented RAGE up-regulation. It is also possible that whilst RAGE is 

involved in inflammatory pathways,475 other AGE receptors such as AGER-1 and AGER-

3 may be involved in AGE clearance.460 In fact, AGER-1 has been classified as an AGE 

scavenger receptor, a receptor involved in the removal of AGEs.476 This may provide 

another explanation as to how alagebrium works to prevent AGE-associated detrimental 

effects in the liver. Thus, it is yet to be defined whether alagebrium prevents AGE/RAGE 

signalling or because it is described as an AGE-crosslink breaker it may facilitate AGE 

clearance by endocytosis,477 either by binding to AGEs or promotes AGE binding to a 

scavenger receptor such as AGER-1.476 

The latter explanation is more likely as alagebrium treated mice after 4 weeks of high 

AGE diet showed a similar fluorescence intensity in the liver and the kidneys to that of 

standard chow fed healthy mice. This suggests that alagebrium may have promoted 

increased endocytosis/clearance of labelled-AGEs, their metabolism in sinusoidal 

endothelial cells and Kupffer cells353 and destined the processed AGE metabolites for 

excretion via the kidneys. Thus, the increased fluorescence intensity in the kidneys may 

well be due to the metabolized products of AGEs rather than full length labelled-AGEs 

which are approximately 65 kDa in size. However, a recent study reported that larger 

proteins such as 66 kDa BSA can still be filtered through the glomeruli.478 Further 

investigations are necessary to confirm this. 
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Figure 6.16 Alagebrium inhibition of crosstalk between Kupffer cells and HSCs that 

drives perpetuation of inflammation and fibrogenesis 

Alagebrium directly inhibits pro-inflammatory cytokine release by Kupffer cells and 

thereby, indirectly inhibits activation of HSCs. 

Most AGE trafficking studies has been carried out using AGEs tagged with radioactive 

labels.479 These isotopes are not stable and subject to rapid release from labelled-AGEs 

upon lysosomal proteolysis.353 Therefore, in our study we have chosen LI-COR IR dye-

labels as it is stable.480,481 In the short term study of 4 weeks, upon gavage of labelled-

AGEs, we measured AGE accumulation in organs such as heart, lungs, brain, muscles, 

spleen, the kidneys and the liver at different time points. We found that the fluorescence 

intensity, which was highest in the liver amongst organs at all time points, showed the 

highest intensity after 20 minutes of labelled-AGE administration. This corroborated with 

previous findings that intravenously administrated AGEs were rapidly and almost 

exclusively taken up by the liver.477 This agrees with a recent study using radio-labelled 

AGEs where more than 90% of radio-activity was recovered from the liver, irrespective 

of time following the administration of labelled-AGEs. Similar to our study, the kidneys 

also showed a high fluorescence; however, there was also some fluorescence in the 

spleen.353 Moreover, similar to fluorescence intensity in our study, they reported that the 
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radio activity decayed with time. It is important to note that as mentioned above, in the 

present study, the highest fluorescence was detected in the livers of healthy mice fed the 

standard chow, suggesting that the healthy liver which expresses low levels of RAGE is 

capable of clearing AGEs rapidly compared to HF or high AGEs fed mice with relatively 

increased RAGE expression. Moreover, as mentioned above, alagebrium treatment 

apparently normalised AGE clearance in high AGE fed mice to that of standard chow fed 

healthy mice. On the other hand, alagebrium treatment in HF fed mice did not improve 

fluorescence intensity or possibly the clearance of AGEs, suggesting that alagebrium may 

be effective when specific pathways are activated by AGEs.  

In summary, we demonstrate that alagebrium, originally described as an AGE-crosslink 

breaker, is a promising drug that prevents high dietary AGE-induced NAFLD progression 

to liver fibrosis. It has a plethora of beneficial effects associated with an ability to inhibit 

the activation of liver resident macrophages, Kupffer cells, and thereby reduces oxidative 

stress, inflammation, HSC activation and fibrogenesis. Thus, alagebrium, which has not 

been studied in AGE-induced NAFLD progression, displays potent anti-oxidative, anti-

inflammatory and anti-fibrotic properties in the liver. Moreover, although it is yet to be 

confirmed whether alagebrium prevents AGE/RAGE signalling, it apparently promotes 

AGE uptake by the liver so that ingested AGEs can potentially be processed by the liver 

to excrete via the kidneys, limiting the availability of circulating AGEs to bind and 

activate RAGE. Therefore, we propose that alagebrium may have clinical utility in 

NAFLD patients where dietary modifications of high AGE diets are not feasible.



 

188 

 

 

 

CHAPTER 7 

General Discussion and conclusions 

 

7.1 Introduction 

Non-alcoholic fatty liver disease (NAFLD) is the most common liver disease in the world 

affecting up to 40% of Australian adult population. It is the leading cause for liver 

transplantations in the USA and expected to be the leading cause in the next 10 years in 

Australia. There is no proven medical treatment for NAFLD except for liver 

transplantation in patients with advanced liver disease. The management involves 

lifestyle modifications and dietary restrictions, which seem difficult to achieve 

practically. On the other hand, a decade of clinical trials involving a diversity of 

pharmaceutical agents targeting the pathological concepts of NAFLD did not reveal a 

single intervention that has convincingly improved all important outcomes for 

NAFLD/NASH patients. Hence, there remains a major need for cost-effective but 

efficacious therapies, particularly when NAFLD is isolated without other co-

morbidities.482 

NAFLD is a condition where excess amount of fat accumulation occurs in the liver, which 

is considered as the first hit of the two-hit hypothesis. NAFLD can progress to non-

alcoholic steatohepatitis (NASH), a severe form of the disease or even cirrhosis or 

hepatocellular carcinoma. This process of NAFLD progression has been postulated to 

result from a so called ‘second-hit’. There are several factors that have been documented 

to act as the second hit. Among these factors, advanced glycation end products (AGEs) 

have been considered a potential contributor to progression of NAFLD to its severe 

forms.212 
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AGEs are formed when the reducing sugars non-enzymatically react with proteins 

through a series of reactions.360 The first steps are reversible whereas the final step is 

irreversible and that makes AGEs more stable and less vulnerable to degradation. The 

rate of the glycation reaction is affected by several factors including sugar concentration, 

protein turn-over rate and the extent of oxidative stress and the nature of the media the 

reaction takes place in. Glycation is a natural phenomenon that occurs during aging. 

However, in conditions such as diabetes, the rate can be accelerated due to high blood 

glucose concentration (hyperglycaemia).8 These AGEs formed in the body are known as 

endogenous AGEs. The glycation reaction can also occur during food processing, 

especially when foods are processed at high temperature in the absence of water, giving 

foods the characteristic golden-brown colour of AGEs.483 Thus, foods with high fat, 

sugars and protein contents and those cooked at high temperatures have the highest AGE 

content.483 High levels of AGEs are found in many commonly consumed foods such as 

toasted breads, biscuits, potato chips, toasted breakfast cereals and meats that are grilled, 

fried or roasted. Although intestinal absorption of AGEs is poor, high AGE diets increase 

circulating AGE levels whilst these levels fall in response to low AGE diets.220,234 Animal 

models of diabetes have demonstrated that reducing the intake of dietary AGEs results in 

prevention of diabetic nephropathy.254 

Irrespective of the source, AGEs can exert direct effects by crosslink formation with 

proteins in the body. A classic example of these crosslinks is the bond between AGEs and 

arterial walls in atherosclerosis.484 AGEs can also exert indirect effects through activation 

of their receptors.485 There are several receptors that have been identified as being the 

mediators of AGE effect and the receptor for advanced glycation end products or RAGE 

is the best characterized of all.368 RAGE is a 35 kDa multi-ligand receptor that has 

multiple signalling cascades, leading to tissue inflammation, oxidative stress and 

fibrosis.368  

The AGE-RAGE interaction has been implicated in the pathogenesis of a range of 

diseases. Given that the rate of AGE formation is accelerated in diabetes, most of the 

effects of AGE-RAGE axis have been studied in diabetic complications such as 

cardiovascular diseases,7,363,376 erectile dysfunction273 and diabetic nephropathy.466 Other 

chronic diseases in which they have been implicated include Alzheimer’s disease and 

amyloidosis,486 rheumatoid arthritis487 and liver diseases.212 As a result, there is an 
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increasing interest in the therapies that could be used to target these compounds or their 

receptors and their downstream signalling pathways.  

The experiments in this thesis were therefore designed to explore the role of AGE-RAGE 

axis in NAFLD progression to liver fibrosis with mechanistic insights derive from cell 

culture studies utilizing two of the most important liver cell types involved in 

inflammation and fibrogenesis, Kupffer cells and hepatic stellate cells, respectively. 

Moreover, as a therapeutic measure, we have also performed studies to investigate the 

effects of dietary modification and pharmacological interventions on NAFLD progression 

to liver fibrosis. 

 

7.2 Role of endogenous AGEs on NAFLD progression 

We hypothesized that endogenous AGEs formed in conditions such as diabetes may 

accelerate NAFLD progression. Therefore, it was important to determine the contribution 

of endogenous AGEs in NAFLD. Thus, we performed studies in mice fed a high fat (HF) 

diet for 40 weeks with fat intake approximated to that found in the Western diet. This 

time was chosen since mice fed this diet for 33 weeks showed no increase in inflammatory 

cytokine expression.212 Interestingly, this model did not exhibit peripheral insulin 

resistance, however, it replicated all the other defining features of human NAFLD/NASH 

including obesity, steatohepatitis and fibrosis. Since we previously reported that 

intraperitoneal (i.p.) injections of in vitro prepared AGEs to rats with cholestatic liver 

injury augmented liver fibrosis,210 we first employed exogenously administered AGEs to 

mimic the effect of endogenously formed AGEs on NAFLD progression (chapter 3). 

Commencing at 30 weeks, we administered AGEs daily for 10 weeks at 3 doses via i.p. 

route. Mice treated with i.p. AGEs for 10 weeks were sacrificed at 40 weeks. We found 

that intraperitoneally injected AGEs elevated plasma ALT levels compared to HF fed 

mice, suggesting that AGEs cause liver injury. However, none of the doses of i.p. AGEs 

affected the expression of RAGE or LPS-binding genes compared to HF fed mice. 

Moreover, gene expression of pro-inflammatory cytokines and pro-fibrotic cytokines was 

not significantly elevated with AGE injections compared to HF fed mice. These findings 

were in keeping with the findings that i.p. AGEs did not exacerbate NAFLD progression 

to liver fibrosis compared to that of HF fed mice. Although intraperitoneally administered 

AGEs may not represent a full spectrum of changes that take place in diabetic subjects or 
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animals, the objective was to examine the effects due to AGEs alone before we endeavour 

to examine how diabetes, which likely elevates circulating AGEs, contributes to NAFLD 

progression. 

NAFLD patients are commonly insulin resistant and may present with diabetes, and on 

the other hand, most diabetic patients develop NAFLD.488,489 The objective of AGE 

administration was to mimic the endogenous AGEs that can be formed during diabetes. 

However, in the real-world scenario, it would be ideal to use diabetic animals. Therefore, 

we performed experiments in mice with diabetes to investigate the contribution of 

diabetes on NAFLD progression to liver fibrosis (chapter 4). 

In comparison with intraperitoneally administered AGEs, diabetic mice showed an 

increased expression of RAGE, pro-inflammatory and pro-fibrotic cytokines in the liver. 

Moreover, diabetes significantly increased hepatic 4-hydroxynonenal content, reflecting 

that diabetes is associated with ROS generation and oxidative stress compared to HF fed 

mice. In addition, diabetic mice that were fed the high AGE diet showed the highest lipid 

peroxidation which will be discussed below. Previous studies with animals and humans 

show that oxidative stress is critical in NAFLD progression as steatosis makes hepatic 

tissue more susceptible to oxidative stress and subsequent inflammation and fibrosis.490 

Whilst it is difficult to make a solid inference that AGEs formed during diabetes drive 

NAFLD progression, we found that liver RAGE expression and plasma CML level, which 

represents circulating AGEs, were significantly elevated in diabetic mice compared to HF 

fed mice, suggesting that AGEs formed during diabetes may activate the AGE-RAGE 

axis to drive NAFLD progression. Indeed, diabetic mice fed the high AGE diet showed 

the highest plasma CML/AGE level compared to both diabetic or high AGE fed mice and 

because high dietary AGEs make liver fibrosis worse (see below), we can speculate that 

high CML/AGEs in diabetic mice likely contributed to NAFLD progression. Thus, the 

pathological changes in diabetic mice led to significantly increased liver fibrosis, which 

were most severe in mice that had been fed a diet high in AGEs, as described in the 

succeeding sections. 
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7.3 Role of dietary (exogenous) AGEs on NAFLD progression 

Since high levels of AGEs are found in many commonly consumed foods,443 we 

performed studies in mice fed a high AGE diet (by baking the high fat diet at 160o C for 

1 hour) to investigate the effects of dietary AGEs on NAFLD progression and compared 

with those of endogenously derived AGEs. In marked contrast to intraperitoneally 

administrated AGEs, we found that dietary AGEs caused profound effects on oxidative 

stress, pro-inflammatory and pro-fibrotic cytokine expression, LPS responsive genes and 

worsening liver fibrosis, suggesting that the dietary route is more harmful in NAFLD than 

endogenously produced AGEs. 

As suggested by the findings in chapters 3, 4 and 5, mice fed a diet high in AGEs showed 

the highest liver injury. Moreover, in agreement with previous findings,357,491 dietary 

AGEs markedly increased oxidative stress as reflected by an increased content of hepatic 

4-hydroxynonenal, a marker of lipid peroxidation compared to HF fed control mice. 

Moreover, diabetic mice that were fed the high dietary AGEs showed the highest lipid 

peroxidation. We have also provided evidence that high dietary AGEs induce oxidative 

stress, likely via the activation of RAGE in liver resident macrophages Kupffer cells with 

subsequent ROS generation,383 which, in turn, increases AGE formation and contributes 

to a vicious cycle of AGE formation, generation of oxidative stress and further RAGE 

activation. Thus, the present findings highlight the importance of AGEs, in particular, 

AGEs derived from dietary sources, in perpetuating oxidative stress. This suggests that 

AGE-RAGE axis is a potential pathway that could be implicated in the so called ‘second-

hit’ that drives NAFLD progression to liver fibrosis. Previous studies with animals and 

humans show that oxidative stress is critical in NAFLD progression and steatosis makes 

hepatic tissue more susceptible to oxidative stress and subsequent inflammation and 

fibrosis.490 Similar to diabetic mice, plasma CML levels were increased in response to 

high AGE diet. Interestingly, we found that there was a significant additive effect on 

plasma CML levels in high AGE fed mice when they were made diabetic, confirming that 

circulating CML formed during diabetes contributes to the same pool of AGEs added to 

the circulation by high AGE diet. This is important because irrespective of the source of 

AGEs, increased circulating CML/AGEs levels were positively and strongly associated 

with liver RAGE expression, a biological phenomenon strongly implicated in 

perpetuating oxidative stress and inflammation, leading to NAFLD progression.485 
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We show further evidence that diets high in AGEs have a remarkable effect on NAFLD 

progression to liver fibrosis, likely associated with detrimental effects of AGE/RAGE 

axis in the gut/microbiota as increased expression of endotoxin responsive genes in the 

liver of high AGEs fed diabetic mice was completely prevented by RAGE deletion. 

Although we did not measure circulating endotoxin levels or tight junction integrity in 

the present study, the present findings suggest that in agreement with previous reports,354 

dietary AGEs may contribute to leaky gut and dysbiosis which in turn increase the 

translocation of bacteria and bacterial products with subsequent activation of LPS 

responsive genes.492,493 The possibility that RAGE deletion may have prevented 

downstream signalling of RAGE that may be necessary for induction of LPS responsive 

genes in Kupffer cells is supported by the KUP5 cell work which showed a complete 

inhibition of pro-inflammatory cytokine expression by RAGE blockade.  

We have previously shown ROS production by primary Kupffer cells exposed to 

AGEs.212 In this thesis, for the first time we studied the effects of AGEs on a immortalised 

murine Kupffer cell line (KUP5 cells).349 As expected, we showed that RAGE expression 

was significantly increased in response to AGEs. In agreement with previous reports494 

and our in vivo experiments, pro-inflammatory cytokine expression was markedly 

elevated by AGEs. In addition, various subunits of NOX enzyme were markedly up-

regulated in response to AGEs, leading to increased ROS generation.212 Specificity of the 

effects of AGEs was verified by running a positive control of LPS stimulation, as has 

been used in previous studies.432 

In our in vivo experiments, the mechanism by which HSCs were activated to ECM 

secreting myofibroblastic phenotype in diabetic mice or in mice fed the high AGE diet 

was not clear. It was therefore not possible to ascertain whether HSC activation is a direct 

consequence of AGE/RAGE activation on these cells or whether it is a consequence of 

preceding events such as oxidative stress or inflammation. It has been reported that HSCs 

can be activated by exposing to AGEs.369 Therefore, in vitro studies were performed to 

explore the direct effects, if any, of AGEs on HSCs. An immortalized line of human HSCs 

(LX2 cells) were exposed directly to AGEs. Our findings however failed to support 

previous reports.369 We then explored the possibility of crosstalk that Kupffer cells and 

HSCs may be involved. Thus, we found that by exposing LX2 cells to the conditioned 

media collected from KUP5 cells treated with AGEs, the cells were transformed to 
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myofibroblastic phenotype that expressed high levels of pro-fibrotic cytokine TGF-β1 

and a major ECM component collagen 1. This conflicting outcome between our study 

and others369 is probably due to the differences in experimental conditions and/or the 

difference in the cell type employed. Nevertheless, our findings are more consistent with 

the notion that Kupffer cells are the first defence line in the liver and are the main cell 

type that highly express RAGE, a molecule closely linked to inflammation and immune 

responses.353 Because both Kupffer cells and HSCs reside in close proximity, HSCs can 

respond directly to signals emanating from Kupffer cells.495 Thus, it appears that, AGEs 

act indirectly on HSCs to drive fibrogenesis. These findings collectively suggest that the 

gut/liver AGE-RAGE axis as well as AGE/RAGE signalling in the liver play an important 

role in the pathogenesis dietary AGE-induced NAFLD progression to liver fibrosis.  

The experiments with RAGE-/- mice in the current study showed that following the 

induction of diabetes, RAGE-/- mice gained body weight rapidly than wild type (WT) mice 

despite the same food and water intake. Moreover, in the present study, RAGE-/- mice 

showed lower blood glucose levels compared to WT mice following the induction of 

diabetes and unlike in RAGE-/- mice, blood glucose levels continued to rise in WT mice 

throughout the experiment period. These findings may suggest that in the absence of 

RAGE, diabetic mice have improved insulin resistance496 and/or insulin secretion. 

Although it is yet to be defined whether RAGE regulates insulin secretion in diabetes, 

especially when a majority of insulin producing pancreatic beta cell populations were 

compromised by streptozotocin injections, published studies provide support for our 

findings that RAGE negatively regulates peripheral insulin sensitivity.496-498 In addition, 

Leuner et al reported that RAGE deletion promotes body weight gain in response to HF 

diet.498 On the other hand, Song et al reported that RAGE promotes obesity and body 

weight gain,496 and therefore, more studies are needed to clarify these discrepancies, 

especially in diabetic mice with compromised beta cell populations.  
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7.4 Therapeutic strategies of targeting the AGE/RAGE axis in 

the prevention of NAFLD progression  

7.4.1 Dietary interventions 

Since there is no proven medical treatment for NAFLD, the management involves 

lifestyle modifications and dietary restrictions, which seems difficult to achieve in most 

patients.482 In comparison with the Western diet, where dry heat is applied creating a large 

amount of AGEs, the Mediterranean diet, where food preparation involves vinegar-

marination prior to processing, has a low amount of AGEs.212 The Mediterranean diet has 

been shown to have many health benefits which may include beneficial effect on gut 

microbiota.427,446,499 It has been widely studied for many diseases and shown that AGE 

content in food can be reduced by marination with vinegar, even using the same cooking 

methods.443 Therefore, to investigate the effect on NAFLD progression, we marinated the 

HF diet with vinegar prior to baking at 160o C and found that AGE content was reduced 

by 20-50%. We then discovered that mice fed this diet had markedly improved liver 

injury. 

The findings that there was reduction of RAGE expression to that of HF fed mice by 

vinegar marination suggests that AGEs trigger liver RAGE up-regulation by either acting 

on liver AGE-RAGE axis or via gut/microbiota/liver axis. Moreover, inhibition of liver 

pro-inflammatory cytokine expression by vinegar marinating the baked diet with 

subsequent inhibition on pro-fibrotic cytokine and collagen expression by HSCs supports 

the hypothesis that RAGE down-regulation is key to preventing the activation of Kupffer 

cells and HSCs. In addition, a major down-regulation of LPS-binding receptor expression 

in the liver the by vinegar marinated baked diet suggests that microbiota integrity and gut 

homeostasis were restored as LPS derived from gut microbiota is a strong stimulus for 

increased expression of LPS-binding receptors in the liver.493 These beneficial effects of 

vinegar marinated diet led to a profound reduction in NAFLD progression to liver fibrosis 

in mice. 

Supporting our findings, it has been shown that animal models of diabetes have 

demonstrated that reducing the intake of dietary AGEs results in prevention of diabetic 

nephropathy.254 It has also been shown that the addition of natural cereal bran (rye or 

spring triticale) in meat patties effectively inhibited AGE formation during cooking.500 A 

recent study in healthy overweight individuals demonstrated that low AGE diets improve 
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insulin sensitivity, thus reducing the risk of type 2 diabetes.501 Similarly, a low AGE diet 

for 6 weeks in diabetic subjects resulted in decreased serum AGE levels which was 

associated with decreased inflammatory markers such as C reactive protein.229 Thus, 

making diets low in AGEs by cooking food for less time and at lower temperatures or 

alternatively, vinegar marination should provide many health benefits  for patients with 

NAFLD. Indeed, a dietary AGE database now exists which can be used for dietary 

manipulation. Collectively, this provides evidence that a simple dietary modification of 

food with vinegar or changes to cooking methods may provide unprecedented benefits 

for patients with NAFLD. 

 

7.4.2 Pharmacological interventions 

7.4.2.1 Inhibitors of AGE formation 

The studies in chapter 5 investigated the efficacy of inhibition of AGE formation on 

NAFLD progression. We used two drugs, aminoguanidine and pyridoxamine to inhibit 

endogenous AGE formation. These drugs have been extensively used in clinical trials, 

mainly for diabetic complications such as nephropathy and cardiovascular 

diseases.319,430,502 Despite their original classification as inhibitors of AGE formation, 

they have also been suggested to work via other pathways.503 

In the present studies, we were not able to identify any beneficial effects of these drugs 

on NAFLD progression in diabetic or high AGE fed mice. Other than an inhibitory effect 

of aminoguanidine on liver TNF- expression, the two drugs were in fact detrimental and 

accelerated liver fibrosis in HF fed mice. An inhibitory effect of pyridoxamine on TNF-

α expression in adipose tissue and diabetic nephropathy411,433 is consistent with the current 

findings in HF fed diabetic mice that the drugs may have inhibited endogenous AGE 

formation. Moreover, the deleterious effects of the drugs on liver fibrosis in HF fed mice 

was not apparent in diabetes or high AGE diet fed animals possibly because the harmful 

effects of the drugs were counterbalanced by inhibition of AGE formation. Thus, the 

findings of this study do not support published studies which reported both 

aminoguanidine and pyridoxamine inhibit AGE formation and improves AGE related 

disease.435,436,504,505 On the other hand, however there are several studies which reported 

negative outcomes of aminoguanidine treatment. This includes a report showing no 
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beneficial effects of aminoguanidine in liver injury caused by diabetes.438 development 

of pancreatic and renal-neoplastic tumours,439 elevation of liver enzyme levels and 

development of autoantibodies or unfavourable risk to benefit ratios in clinical trials.439,441 

Similar to aminoguanidine, eight weeks of pyridoxamine treatment failed to produce 

positive results in patients with overt nephropathy.442 

In most studies, the dosage of aminoguanidine was similar to that used in the present 

study.506 Similar to aminoguanidine, pyridoxamine was also administered via drinking 

water at a dose which is similar to those of published studies.507  It should be noted 

however that although aminoguanidine has been suggested to reduce AGE formation by 

trapping carbonyl moieties, excessive reactive carbonyl traps have been suggested to be 

toxic because of depletion of vitamin B6.429 Thus, it is not known whether drug doses 

employed in the present study reached toxic levels under our experimental conditions. 

This therefore warrants further investigation employing smaller doses of the drugs.429 

 

7.4.2.2 AGE-crosslink breaker 

The second pharmacological approach we used to target AGE/RAGE axis in NAFLD 

progression was the use of AGE-crosslink breaker alagebrium as discussed in chapter 6. 

This drug has been extensively used in numerous pre-clinical studies of chronic diseases 

including artherosclerosis,508 erectile dysfunction,462 cardiovascular diseases,509 renal 

injury510 and hypertension.511 Moreover, alagebrium has also been used in phase II 

clinical trials targeting cardiovascular diseases.512,513  

In comparison with the inhibitors of AGE formation which failed to produce a positive 

outcome on liver fibrosis, we found that alagebrium markedly reduced liver injury, 

leading to a complete inhibition of NAFLD progression to liver fibrosis in high AGE fed 

mice. Moreover, alagebrium was found to be very effective in inhibiting many pathways 

involved in liver injury, highlighting the importance of this drug which apparently works 

by mechanisms other than its designated mode of action as a crosslink breaker.  

The most intriguing action of alagebrium was that it completely reversed circulating AGE 

levels to those seen in HF fed animals. This effect appears to be of prime importance 

because there was a positive and strong correlation of circulating AGEs with liver RAGE 

expression. The present evidence suggests that at the cellular level, Kupffer cells are a 
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major cell type that contributes to increased liver RAGE expression in response to high 

AGEs which was completely prevented by alagebrium. This phenomenon of reduced 

circulating AGEs and liver RAGE expression could be explained by the finding that 

alagebrium improves AGE clearance, resulting in a reduced exposure of RAGE to AGEs. 

These findings are supported by previous studies which demonstrated reduced AGE-

induced RAGE expression in the heart,514 and less glomerular inflammation515 with 

alagebrium treatment. Our AGE trafficking studies provide evidence that alagebrium 

improves AGE clearance by a mechanism that is likely associated with induction of 

receptors that facilitate AGE uptake by the liver with subsequent processing and secretion 

into the circulation for excretion via the kidneys.477 To support this, we found that whilst 

the intensity of fluorescence labelled-AGEs was reduced in the liver of mice fed the HF 

or high AGE diet, mice that were fed the high AGE diet and treated with alagebrium 

showed an increased intensity of fluorescence in both the liver and kidneys which was 

similar to that of standard chow fed mice. 

Moreover, alagebrium reduced liver oxidative stress and ROS production in Kupffer 

cells, indicating that the drug may have a direct effect on AGE/RAGE signalling in these 

cells. In most pathological conditions, ROS is upstream of inflammatory events because 

ROS activate redox sensitive transcription factors such as NF-Kβ, which then activate 

transcription of inflammatory molecules upon translocating into the nucleus.516 In line 

with this, we found that alagebrium markedly reduced the expression of pro-inflammatory 

cytokines such as TNF-α, MCP1 and IL-6 in mice fed the high AGE diet. Mechanistically, 

it appears that these cytokines may be primarily secreted by Kupffer cells as increased 

cytokine expression by Kupffer cells exposed to AGEs was completed prevented by 

treatment with alagebrium. It is well known that Kupffer cells are the first line of 

defensive mechanism517 and that inflammatory cytokines released by these cells correlate 

with early stage of steatohepatitis.518  

The primary end point of this study was NAFLD progression to liver fibrosis. Thus, we 

conclusively showed that alagebrium markedly improved liver fibrosis in high AGE fed 

mice. To provide mechanistic insights into how alagebrium prevented liver fibrosis, we 

designed experiments to investigate cross-talking between inflammatory cells and ECM 

secreting cells. The primary cell type which is responsible for ECM deposition in the liver 

is HSCs. We showed above that Kupffer cells expressed an increased level of pro-
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inflammatory cytokines in response to AGEs. We then found that application of AGEs to 

HSCs/LX2 cells directly failed to activate the cells. However, when LX2 cells were 

exposed to the conditioned media collected from Kupffer cells that had been exposed to 

AGEs, the cells were markedly activated and transformed into a myofibroblastic 

phenotype that secretes ECM, suggesting that products secreted by Kupffer cells likely 

the trigger for this activation. Importantly, in another series of experiments, when LX2 

cells were exposed to the conditioned media collected from Kupffer cells that had been 

exposed to AGEs but also treated with alagebrium, the activation of LX2 cells was 

completely prevented. This provides a mechanism by which alagebrium likely prevented 

NAFLD progression to liver fibrosis in mice fed the high AGE diet. Thus, we provide 

new evidence that alagebrium, which has not been studied in NAFLD progression, 

improves the condition by acting on hepatic Kupffer cells where it inhibits a number of 

pathways that ultimately results in reduced myofibroblastic HSC activation and 

fibrogenesis. 

 

7.5 Conclusions 

In this thesis, we provide evidence that AGEs, formed during food preparation at high 

temperature and possibly during diabetes, act as a second hit that drives NAFLD 

progression to liver fibrosis. AGEs have direct effects on liver AGE-RAGE activation. 

However, we further discovered that dietary AGEs are more deleterious than endogenous 

AGEs, likely due to a possible effect of diet-derived AGEs on gut homeostasis and 

microbiota integrity, disruption of which leads to activation of gut/liver AGE/RAGE 

pathway, tight junction disruption and leaky gut. We also conclude that AGEs act directly 

on Kupffer cells which results in the activation of RAGE, release of ROS and pro-

inflammatory cytokines, which in turn activate HSCs to ECM secreting myofibroblastic 

phenotype and contribute to NAFLD progression to liver fibrosis. 

We also provide evidence that therapeutic strategies that target AGE/RAGE axis could 

be useful in ameliorating NAFLD progression to liver fibrosis. We also conclude that a 

simple dietary modification of food with vinegar marination or changes to cooking 

methods to reduce AGE content may provide many benefits to patients with NAFLD. We 

further conclude that pharmacological intervention with alagebrium is greatly effective 

in ameliorating many pathological pathways induced by AGEs. Other than possible direct 



CHAPTER 7 

200 

 

actions of AGEs on liver AGE-RAGE signalling, it appears that alagebrium also 

effectively improves NAFLD progression by promoting AGE clearance from the 

circulation.  

 

7.6 Future directions 

This thesis provides strong evidence that AGE/RAGE axis contributes to NAFLD 

progression to liver fibrosis. The findings presented in this thesis warrant further 

investigations to uncover the mechanism of action of alagebrium in the liver and gut and 

suggest that the drug is certainly worth investigating for its therapeutic potential in 

NAFLD patients. We also recommend further studies to explore the effect of AGEs on 

microbiota integrity and gut homeostasis with special emphasis on leaky gut. The findings 

also justify further studies examining the effects of specific RAGE blockers in NAFLD 

in the context of high AGE exposure including both dietary and endogenous sources. 

We also believe there is sufficient evidence to justify a clinical trial comparing the effects 

on liver function and inflammatory markers of high and low AGE diets in both diabetic 

and non-diabetic patients with NAFLD.
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