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Abstract 

With mortality rates of both men and women increasing considerably over the last 

decade from liver disease, along with the number of patients on the active liver 

transplant list in the UK on the increase, new diagnostic tools would be welcomed by 

hepatologists. This trend is possibly mirroring the increase in patient numbers with 

alcoholic liver disease (ALD), and non-alcoholic fatty liver disease (NALFD). The 

aim of this project was to find a suitable biomarker for the early detection of liver 

disease. One such biomarker that was proposed was insulin-like growth factor-binding 

protein-5 (IGFBP-5). IGFBP-5 is known to be involved in the wound healing response 

in epithelial tissues, and its expression is switched on in fibrosis of the lung. IGFBP-5 

induces epithelial cell senescence, an important component in the failure to resolve 

healing which results in a compensatory fibrotic response. IGFBP-5 has also been 

identified as a tumour marker gene of interhepatic cholangiocarcinoma, a type of 

cancer of the bile ducts in the liver.  This project aims to determine whether IGFBP-5 

could be used as a biomarker for detecting liver damage and fibrosis. 

 

Several models of liver disease were developed to determine if IGFBP-5 could 

potentially be a suitable biomarker using monolayers of primary rat hepatocytes 

cultured on collagen I coated tissue culture plastic dishes. Firstly, IGFBP-5 release into 

the culture medium from primary rat hepatocytes cultured over time was investigated 

along with models of oxidative stress, alcoholic liver disease (ALD), and non-

alcoholic liver disease (NALFD). It was determined that the expression of IGFBP-5 

over time in culture was increased, suggesting that it may have potential as a biomarker 

of dedifferentiation. Treatments with menadione, hydrogen peroxide, or ethanol and 

its primary metabolite acetaldehyde were used to unravel the story on oxidative stress. 

However, IGFBP-5 was undetectable in the culture medium after chronic treatment 

with each of the compounds listed. An in vitro model of NALFD was developed at the 

University of Edinburgh. The model was developed with the ability to induce either 

enhanced or minimal ROS formation. The in vitro study showed promising results, 

demonstrating that, with time in culture, in both models, an increase in IGFBP-5 

expression was detected. Following on from the in vitro study, a patient study was 

undertaken to determine if patients with various types of liver disease had any changes 
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in their circulating IGFBP-5 levels. After extensive work, IGFBP-5 could not be 

detected in human serum using a commercially available kit.  This was thought to be 

due to the human serum interfering with the assay kits ability to detect IGFBP-5.  

 

IGFBP-5 does have potential as a biomarker of early liver disease, showing promising 

results from two models; de-differentiation and NAFLD. Further work into its 

involvement in liver injury or recovery mechanisms could determine it as useful 

biomaker in the hepatology clinic.  
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Chapter 1 Introduction  

This thesis plans to investigate the functionality of hepatocytes in culture over a 9 day 

period of time and to correlate the Insulin-like growth factor binding protein (IGFBP) 

-5 release into the medium with dedifferentiation.  Currently there is a lack of 

diagnostic tools for hepatologists to detect early liver disease in patients. Battler and 

Brenner (2005) have discussed the importance of developing a simple and non-

invasive marker of hepatic fibrosis. IGFBP-5 has been proposed as a marker of early 

liver disease. IGFBP-5 is a member of a family of six IGFBPs that bind insulin-like 

growth factor (IGF) (Beattie et al., 2006). In vivo expression has been shown to induce 

skin fibrosis in mice (Yasuoka et al., 2006a). Its expression has been shown to be 

increased in human lung tissue of patients with Idiopathic Pulmonary Fibrosis 

(Pilewski et al., 2005) and it has been identified as a tumour marker for intrahepatic 

cholangiocarcinoma (Nishino et al., 2008). Expression of IGFBP-5 has also been 

shown to enhance the survival of hepatic stellate cells and myofibroblasts and the 

expression of profibrotic genes (Sokolovic et al., 2010). 

 

1.1 The Liver 

The liver is one of the major organs in the body and has a wide range of functions.  It 

is involved in protein synthesis, detoxification, and production of necessary 

biochemicals for digestion. 

Major cells types in the liver are as follows: 

 Hepatocytes 

 Kupffer cells 

 Liver sinusoidal endothelial cells 

 Hepatic stellate cells (HSCs) 

The cells within the liver can be divided into two categories, parenchymal and non-

parenchymal (NPC). The parenchymal fraction consists of hepatocytes, making up 
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almost 60 % of the total cellular population in the liver (See Figure 1.1). The NPC 

fraction comprises all the remaining cells within the liver (Martini et al., 2007).  

 

Figure 1-1 Schematic representation of a liver sinusoid 

Liver sinusoid has hepatocytes in a cuboidal form, with endothelial cells lining the 

wall of the blood vessel. Liver resident macrophages reside on the luminal side of the 

endothelial cells with hepatic stellate cells (HSC) residing in the Space of Disse.   

 

1.1.1 Hepatocytes 

Hepatocytes are highly differentiated cells that perform the majority of the 

physiological functions associated with the liver. Hepatocytes are involved in protein, 

steroid, and fat metabolism along with vitamin, sugar and iron storage. They also 

exhibit morphologic, functional and biochemical heterogeneity based on their location 

across the liver acinus. Periportal zone 1 hepatocytes are highly oxygenated and 

involved in oxidative metabolism and ureagenesis while pericentral zone 3 is less 

oxygenated and involved in xenobiotic metabolism and liponeogenesis (LeCluyse et 

al., 2012).   

Under healthy normal liver conditions, a size increase in cells is exhibited between 

zone 1 and 3, with cells in zone 1 being smaller than those in zone 3. Along with size 

variations between zones, hepatocytes exhibit morphological changes between zones 
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also, including glycogen storage, mitochondria and lipid vesicles (Ferri et al., 2005). 

Hepatocytes are cuboidal in shape and are highly polarised with distinct sinusoidal and 

canalicular domains that are separated by junctional complexes. Both membrane 

domains exhibit ultrastructural, compositional and functional differences, essential for 

heaptocyte’s role in uptake, metabolism and biliary elimination of both endogenous 

and exogenous substances (Meijer et al., 1990, LeCluyse et al., 2012).   

 

1.1.2 Kupffer cells 

Kupffer cells are the resident macrophages in the liver with endocytic and phagocytic 

capacity. They can be located in the perisinusoidal space of Disse on the endothelial 

side. Kupffer cells exhibit long cytoplasmic extensions that facilitate direct hepatocyte 

to Kupffer cell contact (LeCluyse et al., 2012). In vitro, this has been demonstrated as 

key to demonstrating inflammatory mediated heptotoxicity (Hoebe et al., 2001). These 

macrophages are responsible for eliminating waste products and cellular debris i.e. 

endotoxins and bacterial products (Roberts et al., 2007).    

 

1.1.3 Liver sinusoidal endothelial cells 

Liver sinusoidal endothelial cells line the walls of the sinusoids, separating hepatocytes 

from the sinusoidal blood flow (De Leeuw et al., 1990). These cells differ from other 

endothelial cells due to the presence of fenestrae. It has been reported that the presence 

of fenestrae allow for the exchange of solutes, particles and fluids to be exchanged 

from the sinusoidal lumen to the hepatocytes. Liver sinusoidal endothelial cells also 

have a high endocytotic capacity and effectively uptake a wide variety of substances 

from the blood by receptor-mediated endocytosis (Braet and Wisse, 2002).   

There is growing evidence that LSECs play a role in drug response and are targets for 

some chemical-induced hepatotoxicities. LSEC Phase I enzymes are not well 

characterised but it is evident that they contribute to metabolism, clearance and 

bioactivation of endogenous and exogenous substances. LSECs, in the absence of 

hepatocytes, are susceptible to acetaminophen toxicity, suggesting that they can 

metabolise the drug to its reactive metabolite, causing cytotoxic effects (Xie et al., 
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2010). Xie et al., (2010) also demonstrated zonation effects on LSECs. Periportal 

LSECs expressed CD45 highly, while it was expressed low in midlobular and absent 

from centrilobular LSECs.   

LSECs suffer from rapid loss of phenotype after culture in vitro. March et al., (2009) 

demonstrated the effects of extracellular matrix on the maintenance of function of 

LSECs in micro patterned cultures. Mixtures of collagen I and III and the addition of 

fibronectin had lower numbers of apoptotic cells per culture. Also, the addition of 3T3 

fibroblasts and hepatocytes maintained high SE-1 expression and low levels PECAM-

1, for up to 2 weeks in culture.  

 

1.1.4 Hepatic stellate cells 

In the normal liver, hepatic stellate cells contribute almost 5 % of the total cells within 

the liver, and are typically located in the space of Disse (Martini et al., 2007). In their 

quiescent state, stellate cells exhibit a large lipid droplet, used in the storage of vitamin 

A. Along with this, stellate cells play a role in the maintenance of basement matrix 

proteins i.e. collagen VI (Moreira, 2007).  Upon activation or transdifferentiation to 

more fibroblastic-like cells triggered by hepatocyte injury e.g. viral hepatitis or 

hepatotoxicity, an activated stellate cell undergoes morphological changes and 

exhibits non-phenotypic characteristics. Enhanced cell migration and adhesion, 

increases in α-SMA and acquisition of fibrogenic capacity are exhibited. Activated 

stellate cells show upregulated gene expression of ECM components, matrix degrading 

enzymes and their inhibitors, which leads to the deposition of ECM at sites of 

increased activated stellate cells (De Minicis et al., 2007). Stellate cells produce 

important cytokines (Transforming growth factor-β (TGF-β)) and growth factors e.g. 

HGF and EGF for intracellular communication in normal and injured liver. The growth 

factors listed are potent factors for hepatocyte proliferation and regeneration after 

injury (Asahina et al., 2009). 
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1.2 Liver disease 

1.2.1 Alcoholic Liver Disease (ALD) 

Recent findings by the members of the Independent Scientific Committee on Drugs 

found that alcohol was overall the most harmful drug, ahead of heroin (Nutt et al., 

2010). Alcohol was found to have the greatest effect by both harming users (i.e. drug 

specific mortality, dependence and loss of relationships) and harming others (i.e. 

crime, environmental damage and economic cost). A report by WHO (2009) also 

ranked alcohol as the third leading cause of global risk for disease. A study carried out 

by NHS Health Scotland (2010) demonstrated that Scottish people over the age of 18 

drank 12.2 L of pure alcohol each year on average. These figures are 25 % higher than 

that consumed in England and Wales (9.7 L). A Scottish Government (2008) report 

also states that alcohol misuse in Scotland costs the Scottish economy an estimated 

£2.5 billion each year. Also, recent projections for the next 20 years for alcohol 

associated deaths demonstrated that if deaths increased at the same gradient as that 

over the last 10 years then a peak of between 160,000 and 250,000 deaths could occur 

in England and Wales (Sheron et al., 2011). Despite the high death rates and costs of 

alcohol misuse, hepatologists still lack a relevant biomarker for the detection of early 

liver disease. The liver is known to have an enormous capacity for regeneration and 

wound healing following an insult, however, early diagnosis is essential 

(Michalopoulos, 2014, Taub, 2004).  

 

CYP2E1 plays an important role in the metabolism of toxicologically relevant 

molecules including ethanol. Chronic alcohol consumption has been shown to result 

in the induction of CYP2E1 (Chen et al., 1997). Oneta et al (2002) showed that 

moderate alcohol consumption (40 g ethanol per day taken over one week) led to a 

significant induction of CYP2E1 in man with no signs of liver damage assessed by 

markers of liver health: aspartate aminotransferase, alanine aminotransferase and 

gamma glutamyltranspeptidase. As CYP2E1 is so closely associated with the 

pathogenesis and severity of alcoholic liver disease, it is worrying that in the liver of a 

moderate drinker CYP2E1 is being induced. CYP2E1 generation of tissue damaging 

ROS is another principle mechanism that is thought to be responsible for alcohol 
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induced liver damage (Knockaert et al., 2011, Chen et al., 1997). The formation of 

acetaldehyde by CYP2E1 and acetate by aldehyde dehydrogenase (ALDH) both 

produce NADH when alcohol is consumed, thus increasing the cytostolic and 

mitochondrial NADH and reactive oxygen species (ROS) formation (see Equation 1).   

𝐸𝑡ℎ𝑎𝑛𝑜𝑙 + 𝑁𝐴𝐷𝑃𝐻 + 𝐻+ + 𝑂2 
𝐶𝑌𝑃2𝐸1
→      𝐴𝑐𝑒𝑡𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒 + 𝑁𝐴𝐷𝑃+  + 2 𝐻2𝑂 

Equation 1-1. Oxidative pathway of Ethanol involving CYP2E1 

CYP2E1 is involved in the oxidative pathway of ethanol at elevated concentrations (2 

– 10 mM) in comparison with ADH. ADH is involved in the oxidative pathway at 

much lower concentrations (0.2 – 2.0 mM) (Bullock, 1990, Nassir and Ibdah, 2014). 

Acetaldehyde is a highly reactive and toxic metabolite that causes tissue damage. 

Damage is caused by the DNA and protein adducts that promote glutathione depletion, 

lipid peroxidation and mitochondrial damage (Nassir and Ibdah, 2014, Caro and 

Cederbaum, 2004, Yu et al., 2010).  

 

1.2.2 NAFLD 

Non-alcoholic fatty liver disease (NAFLD) was first described in 1980 (Ludwig et al., 

1980). NAFLD is the most common form of liver disease in the developed world, 

affecting between 20 and 30% of the population in the USA and Western Countries 

(Bedogni et al., 2005). This is mirroring the global epidemic of Type II diabetes and 

obesity. There is a spectrum of severity of NAFLD which ranges from steatosis to liver 

failure. Firstly, NAFLD manifests as simple steatosis with no inflammation, which is 

followed by non-alcoholic steatohepatitis (NASH; steatosis with inflammation and 

hepatocyte injury). NASH leads to more severe forms of NAFLD such as fibrosis, 

cirrhosis, hepatocellular carcinoma or liver failure (Krawczyk et al., 2010). 

 

Steatosis, the abnormal accumulation of triglycerides in the liver, also plays a role in 

Alcoholic Liver Disease (ALD) (Ferré and Foufelle, 2010). The accumulation of lipids 

in the liver in this case is in part due to the transcription factor peroxisome proliferator-

activated receptor alpha (PPARα). PPARα is a receptor of free fatty acids, and is 
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known to induce genes involved in transport, oxidation and export of free fatty acids 

(Vanden Heuvel, 1999). Free fatty acids also act as ligands for PPARα, leading to the 

activation of PPARα, and hence the induction of peroxisomal β-oxidation, 

mitochondrial β-oxidation and microsomal fatty acid hydroxylation which restore 

normal levels of fatty acids. Fatty acid levels are elevated during ethanol consumption 

and ethanol metabolism inhibits PPARα capacity to bind DNA and induce reporter 

genes (Mello et al., 2008, Nanji et al., 2004).   

 

It is widely accepted that NAFLD is strongly associated with the features of metabolic 

syndrome (MS). The underlying factors of MS include visceral obesity, dyslipidaemia, 

hyperglycaemia, and hypertension (Kim and Younossi, 2008). NAFLD is most 

commonly found in morbidly obese people (BMI ≥ 40 kg/m2) (Adams et al., 2009). It 

is currently accepted that insulin resistance (IR) leads to obesity, however, obesity 

exacerbates insulin resistance (IR). IR occurs when a given concentration of insulin 

does not produce the expected biological response. This could be attributed to  reduced 

glucose transport due to free fatty acids inhibiting the proximal insulin signalling steps, 

including tyrosine phosphorylation of insulin receptor substrates (Tarantino et al., 

2010). The insulin receptor is a tyrosine kinase receptor that utilises the peptide 

sequences of the insulin receptor as substrates i.e. Shc and Gab-1, to mediate 

signalling. Many pathways are activated when insulin receptor substrates undergo 

phosphorylation, including PI3K-Akt pathway (controlling metabolic actions of 

insulin), the mitogen-activated kinase (MAPK) pathway (controlling cellular effects, 

such as growth and differentiation), and signal transduction through CAP/cbl/Tc10 

pathway (controls glucose transport via GLUT-2) (Leclercq and Horsmans, 2008, Tilg 

and Moschen, 2008). This all leads to an increase in hepatic glucose output and a 

reduction in uptake by peripheral tissues.  

 

Increases in plasma glucose and/or insulin levels induce hepatic free fatty acid (FFA) 

synthesis and trigger steatosis. The increase in FFA production can be attributed to the 

over expression of sterol regulatory element binding protein-1c (SREBP-1c) which 
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increases the expression of all lipogenic enzymes and thus increasing FFA synthesis 

(Pessayre, 2007). Several cycles involving hepatic mitochondrial dysfunction and 

reactive oxygen species (ROS) can play a role in the evolution of steatosis into NASH 

in some patients. It has been proposed that the release of cytochrome c from the 

mitochondria partially blocks the electron flow in the respiratory chain, along with the 

accumulation of NADH and decreases in formation of flavin adenine dinucloetide 

(FADH2), that cause the formation of several ROS including hydrogen peroxide, 

superoxide anion radical and the hydroxyl radical (Pessayre and Fromenty, 2005). 

Excessive levels of ROS not only damage cells by oxidising DNA, but also activate a 

variety of stress-sensitive intracellular signalling pathways such as nuclear factor (NF) 

-kB, p38 MAPK, JNK/SAPK and hexosamine (Newsholme et al., 2007) leading to 

disruption to the insulin signalling cascade, and hence contributing to insulin 

resistance. Also, a novel model of steatosis showed that hepatocytes with lipid 

accumulation were sensitive to tumour necrosis factor-α (TNF-α) induced apoptosis 

via the ASK1-JNK signalling pathway (Zhang et al., 2010).  

 

ROS and the activation of stress-sensitive intracellular signalling pathways have been 

implicated in the progression of steatosis to liver fibrosis. Pro-fibrotic IGFBP-5 could 

be involved in the development of hepatic fibrosis in NAFLD.  

1.2.3 Fibrosis  

Fibrosis occurs during chronic damage to the liver and results in the accumulation of 

extracellular matrix (ECM) proteins, such as collagen I and fibronectin. There are 

several main causes of fibrosis including the progression of NAFLD to fibrosis, with 

fibrosis leading to non-alcoholic steatohepatitis (NASH) (Bataller and Brenner, 2005). 

In particular, inflammation as a result of the release of proinflammatory cytokines and 

PPAR signalling and activity are thought to be the main contributors to hepatic 

fibrosis. Upon liver injury, hepatic stellate cells can become activated contributing to 

the progression of fibrosis through growth factor and cytokine production and 

increased production of ECM (Friedman, 2003).  
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TGF-β controls proliferation, cellular differentiation and other functions in most cell 

types. It has been identified as one of the major contributors to the fibrotic response in 

tissues as it induced myofibroblasts to synthesize and contract ECM. Studies have 

shown that patients with alcoholic liver disease have more TGF-β produced in their 

livers in comparison with patients with healthy livers suggesting that the development 

of alcohol-induced liver damage may be associated with TGF-β. It is also known for 

controlling liver size and does so in vivo and in vitro by inducing apoptosis. This 

occurs through the activation of a caspase-dependent mechanism which leads to cell 

death (Cain and Freathy, 2001). TGF-β is under investigation by many research groups 

as a possible therapeutic target as a treatment against scarring of tissue and hence 

fibrosis (Leask, 2007). TGF-β is the most potent factor in stimulating type I collagen 

gene transcription. It also regulates expression of matrix metalloproteinases (MMPs) 

and their inhibitors, and modulates inflammatory reactions by influencing T cell 

functions. Therefore, TGF-β is considered to be a major factor accelerating the 

progression of organ fibrosis (Inagaki and Okazaki, 2007). 

 

1.3 Current in vitro hepatocyte models  

In vitro techniques, specifically hepatocyte-based in vitro systems are currently widely 

used to address a variety of pharmacological and toxicological issues.  Hepatocyte-

based cultured systems remain a vital part of the developmental stages of  new 

potential drugs (Soars et al., 2007), for the prediction of in vivo clearance and drug-

drug interactions. Currently, in vitro hepatocyte systems are seen as advantageous over 

whole animal studies, which are no longer ethically or economically acceptable. 

Animal models poorly predict what will happen in the human scenario, but a currently 

required by regulatory bodies to be conducted before any drugs enter clinical trials. A 

classic case in 1992, Fialuridine, a HBV therapy, passed through animal studies 

demonstrating no toxicity. However, when the drug was used in clinical trials, 7 out 

of 15 patients receiving treatment experienced server toxicity (Colacino, 1996).  

Human hepatocytes contain a complete complement of enzymes that a drug would 

encounter during liver metabolism, and aid in the early metabolism studies of new 

drugs.  
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However, there is still a lack of an ideal primary hepatocyte culture system despite 

years of research into developing one. Current hepatocyte culture systems are limited 

in use due to the rapid de-differentiation of the cells in culture. The cytochromes P450 

(CYP) function is a major loss seen after just 48-72 hr in culture (Elaut et al., 2006, 

Paine et al., 1982, Stefan G. Hübscher, 2005). CYP play a major role in the metabolism 

of a large range of xenobiotics. Approximately 90% of oxidative drug metabolism can 

be attributed to CYP 1A2, 2C9, 2C19, 2D6, and 3A4. Also, freshly isolated 

hepatocytes cultured on a collagen film exhibit a flattened morphology, depolarise and 

lose many surface characteristics of normal hepatocytes in vivo.  This occurs, at least 

partly, due to the disaggregation of the hepatocytes during the isolation process 

resulting in the loss of tight and gap junctions (Luttringer et al., 2002).  

 

1.4 Current biomarkers for the detection of liver disease 

 Currently a series of liver function tests are carried out to determine if liver injury is 

present. These comprise of alanine aminotransferase (ALT), asparatate 

aminotransferase (AST), bilirubin and albumin levels. Scans, including ultrasound, 

computerised tomography (Ip et al., 2002) and elastography can also be used. While 

ALT remains the gold standard in clinical chemistry, biopsy remains the gold standard 

in diagnosing liver disease. Normal ranges for clinical biochemistry tests are detailed 

in Table 1.1. In many cases an invasive liver biopsy is required to confirm the presence 

or absence of liver damage after liver enzymes are assessed. Liver biopsy is a painful 

procedure that must be carried out under general anaesthetic. Histopathology is also 

the only definitive way to determine the accumulation of intracellular triglycerides in 

NAFLD.  
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Table 1-1 Liver blood tests 

Normal healthy patient serum levels of common liver biomarkers. Adapted from 

(Purkins et al., 2004) 

 

1.4.1 ALT 

Serum ALT is the current biochemistry standard in a clinical setting as an indicator of 

hepatotoxic effects, however, some false negative and false positive of liver injury 

occur, and it is not ideal for a gold standard metric. Despite this, serum ALT has an 

exceptional track record in a clinical setting, but this does not translate well in a 

preclinical setting (Ozer et al., 2008). ALT plays a role in amino acid metabolism and 

gluconeogenesis. It catalyses the reductive transfer of an amino acid group from 

alanine to alpha-ketoglutarate to yield glutamate and pyruvate. Damaged hepatocytes 

release their contents into the extracellular space, leading to accumulation of enzymes, 

including ALT, in the circulation and hence its utility as a biomarker of hepatoxicity 

(Ozer et al., 2008). Normal ranges of ALT are 7 - 56 U/l (Purkins et al., 2004). Organ 

specificity is critical to the success of any biomarker. ALT is primarily located in the 

liver, however, lower levels of ALT enzymatic activity are found in the heart and 

skeletal muscle. Intense exercise, like a run or weightlifting for example can lead to 

increases in liver enzymes (Giboney, 2005). Pettersson et al. (2008) demonstrated 

increased blood levels of ALT in healthy individuals that underwent moderate exercise 

including weightlifting. Elevations for ALT were seen for up to and beyond 7 days 

post exercise. As well as exercise, diet has been implicated as a cause of elevated ALT. 

Purkins et al (2004) carried out a study with healthy male individuals whose diets 

included high carbohydrate/high calorie diet, high fat/high calorie diet or a balanced 

normal diet. Rises in blood transaminases were caused by the high carbohydrate 

content of the diet and not specifically the calorie content.  

Liver Blood Test Normal ranges in healthy individuals 

ALT 7 – 56 U/l 

AST 5 – 40 U/l 

Bilirubin 3 – 22 µmol/l 

Albumin 39 – 50 g/l 
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1.4.2 AST 

Serum AST is a less specific liver biomarker in comparison with ALT. It is expressed 

in liver, brain, heart and skeletal muscle. Similarly with ALT, AST catalyses the 

reductive transfer of an amino acid group from aspartate to alpha-ketoglutarate to yield 

glutamate and pyruvate. Upon injury, it is released from heaptocytes, but also from 

other cell types such as myocytes. AST, used as part of a ratio with ALT, can aid 

physicians to differentiate liver injury from different organ injury (Ozer et al., 2008). 

AST can also be elevated by exercise and diet, as seen with ALT. After a high 

carbohydrate/high calorie diet, serum AST levels were elevated to 56.8 ± 30.2 U/l 

(Purkins et al., 2004). Normal ranges for AST are 5 – 40 U/l.  

 

1.4.3 Bilirubin 

Total bilirubin is a composite of hepatic and non-hepatic bilirubin. This degradation 

product of haemoglobin is used as a marker of hepatobiliary toxicity, particularly 

cholestasis (drug induced cholestasis can be caused by a range of drugs including 

nevirapine, a non-nucleoside reverse transcriptase inhibitor used for the treatment of 

Human Immunodeficieny Virus (HIV)) (Padda et al., 2011). Bilirubin has been 

identified to be a more specific marker for identifying the severity of hepatotoxicity 

than aminotransferases (Dufour et al., 2000). There are some drawbacks in relation to 

bilirubin also. Elevations in total bilirubin can be associated with hemolysis.  

 

1.4.4 Novel Biomarkers 

ALT is currently the front runner in predicting hepatotoxicity, however, there are 

drawbacks, mainly its non-specificity to the liver. Much research is currently being 

undertaken in the field to identify novel markers of hepatotoxicity and liver disease. 

Table 1.2 lists some novel biomarkers along with ALT. Ideally a biomarker specific 

and non-invasive to the liver is required (Lockman et al., 2012, Bataller and Brenner, 

2005). This would reduce the need for invasive biopsy to confirm progression of liver 

disease state and aid preclinical and clinical drug studies. Two potential highly liver-

specific novel biomarkers for the detection of liver injury are miR122 and arginase-1.    
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MicroRNAs are small (~22 nucleotides long) noncoding RNAs that are involved in 

post transcriptional gene regulation (Bartel, 2004). They play important regulatory 

roles in animals and plants by targeting mRNAs for cleavage inducing translational 

repression. Some roles include viral infections (Jopling, 2008), cell differentiation and 

cardiotoxicity (Sandhu and Maddock, 2014) and carcinogenesis (Lewis and Mohanty, 

2010). MicroRNAs are popular in biomarker research as they are abundant in a wide 

range of tissues including blood (Bartel, 2004, Starkey Lewis et al., 2012, Shifeng et 

al., 2013, Kia et al., 2015, Hornby et al., 2014). An in vivo mouse study evaluating the 

use of microRNA for liver specific acetaminophen toxicity highlighted two 

microRNAs as having potential as novel hepatotoxicity biomarkers. Upon exposure to 

a single bolus dose of acetaminophen, miR122 expression was decreased in the liver 

and a subsequent upregulation in the blood. The study also demonstrated the liver 

specificity of miR122, and its sensitivity to hepatotoxicity (Gao et al., 2012). Indeed, 

miR122 demonstrated toxicity earlier and at lower doses than that seen with ALT. 

Further to this, Zhang et al (2010) carried out a patient study to determine if miR122 

was a suitable biomarker for liver disease, other than drug–induced liver injury. To 

determine if the microRNA was specific to the liver, patients with skeletal muscle 

disease were included (Zhang et al., 2010). Patients with chronic hepatitis B virus 

(HBV) had significant increases in miR122 in comparison with controls. With 

increasing ALT levels, increases in miR122 were also evident, for patient samples with 

the lowest ALT levels (5-50 U/l), miR122 was increased 3.43-fold. The mean fold 

increases for patients with muscle injury were 1.08 and 7.8 for miR122 and ALT 

respectively. Concentrations of miR122 were also not significantly different between 

the control group and the muscle injury group. All the evidence so far points to miR122 

being a useful liver specific marker. Starkey-Lewis et al (2011) demonstrated the 

relevance of miR122 as a biomarker for the detection of acetaminophen-induced 

toxicity. There was a highly significant increase in miR122 in patients with acute liver 

injury post acetaminophen ingestion. miR122 increases were also highly correlated 

with serum ALT activity. Kia et al (2015) demonstrated that miR122 in vitro was 

highly correlated with LDH release after dosing with diclofenac and acetaminophen 

over a 24 h period. However, with diclofenac dosing miR122 in the medium did not 
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accumulate earlier than LDH indicating that miR122 would not be suitable to detect 

early indications of toxicity. Kia et al (2015) also demonstrated that miR122 levels in 

vitro are highly correlated with the differentiated state of the cell type used in the 

model, with primary human hepatocytes exhibiting the highest levels. Suitability of 

the marker in an in vitro setting would have to take cell type used in to consideration.   

miR122 has also been identified as a potential marker of cholestasis-induced liver 

injury using bile duct ligation mice and patients with biliary calculi as models of 

cholestatic liver injury (Shifeng et al., 2013). In this study, miR122 levels exhibited 

similar time-course as ALT, the classic liver biomarker. Despite the similar trends with 

ALT, the changes in concentration were greater in miR122 than ALT. This results was 

translated to the clinic with patients with biliary calculi exhibiting elevated levels of 

miR122 relative to control patients (Shifeng et al., 2013).  

Despite the published relevance of miR122 as a potential biomarker for the detection 

of liver disease, a clinically suitable assay is not yet available (Hornby et al., 2014). 

Sample preparation is currently required with much of the published work carried out 

on serum or cell culture medium. Reverse transcription-quantitative PCR (RT-qPCR) 

is currently the most widely used method of detection and can exhibit assay variation, 

from RNA isolation and normalisation controls. Inter-individual variation would also 

have to be considered, not yet considered in any of the published work.  

 

 

Arginase-1, also a more liver specific biomarker is currently being investigated. It is a 

hydrolase enzyme that catalyses the hydrolysis of arginine to urea and ornithine. 

Arginase-1 is highly liver specific, making it a popular novel liver biomarker choice. 

After transplantation, arginase-1 was monitored with a peak after 1 day post-transplant 

(Ashamiss et al., 2004). Arginase-1 was shown to decrease more rapidly than other 

liver function tests. This study also highlighted that detection of arginase-1 was more 

sensitive in the bile. However, bile is only accessible during hospitalisation post 

transplantation. Biomarker studies of arginase-1 are limited and due to it being a more 
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sensitive marker measured from bile, it remains unlikely without significant study and 

validation that it will be used in the clinic.  

 

Given the large body of research in this area, no novel biomarker has been adopted in 

the clinic. There still remains a need for further research into novel biomarkers that are 

easily measured and sensitive to early liver damage.  
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Marker 

What does 

it detect? 

Tissue location Liver localisation Function Clinical/preclinical 

Alanine 

Aminotransferase 

Injury liver, skeletal muscle Hepatocytes Glucose - alanine 

cycle 

Clinical 

Glutamate 

Dehydrogenase 

Injury liver, kidney, muscle, 

intestine 

Hepatocytes amino acid 

production  

urea production 

Clinical 

Malate 

Dehydrogenase 

Injury muscle, kidney, 

brain, intestine 

Hepatocytes TCA cycle Preclinical 

Glutathione S 

Transferase-α 

Injury liver, adrenal, ovary, 

stomach, kidney, 

testes 

Hepatocytes glutathione 

transferase 

Pre-clinical 

Purine Nucleoside 

Phosphorylase 

Injury bone marrow, liver, 

intestine, spleen 

Hepatocytes, 

endothelial, Kupffer 

cells 

purine pathway Pre-clinical 

Arginase-1 Injury Liver Hepatocytes urea cycle Clinical 

Paraoxonase-1 Function liver, diaphragm Hepatocytes esterase, protects 

lipoproteins from 

lipid peroxidation 

Pre-clinical 

miR122 Injury Liver Hepatocytes small non-coding 

RNAs 

repress translation 

Pre-clinical 

Table 1-2 Liver biomarkers, both current and novel and their applicability to liver 

Adapted from (Ozer et al., 2008)
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1.4.5 Non-invasive Elastography 

Imaging tools allow investigation of the structure of the liver without biopsy. Common 

techniques include computed tomography (CT) and ultrasound. A novel technique, 

transient elastography, is a recently developed non-invasive technique for the 

assessment of hepatic fibrosis. FibroScan®, a commercially available medical device 

from EchoSens, France, measures the liver stiffness which enables the assessment of 

liver disease severity. This method utilises a 1-dimensional ultrasound transducer (5 

MHz) and receiver mounted alongside a vibrator producing a low-frequency pulse or 

shear wave (50 Hz). To assess liver stiffness, the probe is placed on the skin between 

the ribs above the liver. The rate of progression of the shear wave is monitored. 

Progression of the wave is dependent on the elasticity of the tissue. A series of waves 

can detect deformations in the tissue as the waves progress through it. To calculate the 

elasticity of the liver, the velocity of the waves approximate to the Young’s modulus, 

E. Deformations are plotted as a function of time and depth to create a 2-dimensional 

elastograph. The slope of the graph (speed of propagation) is the liver stiffness 

expressed as kPa. Due to its ease of use, adoption in clinics has occurred (Cobbold et 

al., 2007). Sandrin and team (2003) assessed FibroScan®, for both intra and 

interoperator reproducibility as well as its ability to diagnose fibrosis versus liver 

biopsy. The elasticity of patients’ livers with varying degrees of fibrosis, as measured 

by FibroScan, correlated with biopsy. It differentiated between patients with cirrhosis 

and advanced fibrosis, highlighting its use in identifying patients in need of treatment 

to prevent advancement to a cirrhotic state. A review of healthy livers determined that 

age and sex did not impact on the liver stiffness (Kim and Younossi, 2008). A study 

conducted on 69 healthy patients concluded a mean liver stiffness measurement of 4.5 

± 0.4 kPa using FibroScan® (Kim and Younossi, 2008). A study conducted with 135 

patients with confirmed ALD was carried out to determine if elastography was a 

usefool tool in its prediction in comparison with other tools used for the diagnosis of 

fibrosis and cirrhosis (Fernandez et al., 2015). Elastography outperformed other tools 

and demonstrated a positive correlation with AST values concluding that elastography 

was currently the most accurate method of identifying fibrosis in patients with ALD.   

A review of 50 literature papers concluded in favour of transient elastography stating 

that it had excellent diagnostic accuracy (Friedrich-Rust et al., 2008). However, 5.5 % 

of the patients recruited to the Sandrin study did not yield results due to narrow 
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intercostal spaces or being overweight. Operator compliance was also acceptable 

(Sandrin et al., 2003). However, the low frequency waves are attenuated by fatty tissue, 

hence measurements in obese patients is not an option for diagnosis of liver fibrosis. 

As, many patients with obesity have NAFLD, which can lead to the development of 

fibrosis, these are a cohort of patients that could not use elastography despite needing 

routine assessment to prevent the onset of advanced fibrosis and subsequent cirrhosis. 

As well as this, the levels of steatosis and its effect of liver stiffness measurements 

taken from transient elastography has not been well researched. Petta et al (2015) have 

carried out a study to assess the impact of the severity of steatosis of liver stiffness in 

patients with NAFLD. This study demonstrated that the greater the severity of steatosis 

the higher the liver stiffness measurement. Subsequently, caution should be taken with 

liver stiffness measurements from patients with histologically identified NAFLD.  

 

1.5 IGFBP-5 as a biomarker of liver disease 

Mounting evidence in the literature links insulin-like growth factor binding protein-5 

(IGFBP-5) to fibrosis and hence its study in this thesis. In vitro models of liver disease 

using primary rat hepatocytes were developed and assessed for the secretion of IGFBP-

5 as a function of time in culture and as a result of chronic insult (treatment of up to 9 

days in culture) from oxidative toxins and the accumulation of triglycerides in 

hepatocytes.  

 

IGFBP-5 is a member of the insulin-like growth factor (IGF) axis. The IGF axis plays 

a crucial role in regulating cellular growth, differentiation and apoptosis. It comprises 

two peptide growth factors (IGF-I and IGFB-II), cell surface IGF-I and IGF-II 

receptors (IGF-IR and IGF-IIR) and six soluble IGF binding proteins (IGFBP-1-6) as 

well as a family of IGFBP proteases which as increasingly well-defined (Beattie et al., 

2006). The liver is the main source of IGF-I and its hepatic expression is under the 

control of pituitary growth hormone. IGF-I and -II a as well as the receptors IGF-IR 

and –IIR are expressed in a wide variety of tissues.  
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Figure 1-2 Schematic of the IGF axis.   

The IGF axis consists of IGF-I and –II (Note IGF-I and –II are orange in colour). 

IGF-I and –II bind all IGFBPs. IGFBP-5 (pink) also has a high affinity to bind 

extracellular matrix. IGFBP proteases act to hydrolyse IGFBPs releasing IGF-I and 

–II to bind IGF-IR and –IIR. (Beattie et al., 2006) 

 

IGFBPs are important members of the IGF axis, and IGFBP 1 - 6 have been cloned 

and vary in length from 201 – 289 residues, with a molecular weight of between 24 

and 44 kDa. They are secreted by many cell types and bind with high affinity to IGF. 

Almost 95 % of circulating IGFs in serum and other biological fluids are bound to 

IGFBPs (Beattie et al., 2006). IGFs have a higher affinity to bind with IGFBPs over 

cell surface receptors; hence IGFs bound to IGFBPs are restricted from accessing the 

cell surface IGF-IR (see Figure 1.2). Additionally, some IGFBPs can bind to the 

extracellular matrix (ECM) (Arai et al., 1994).  

 

 

 

http://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click on image to zoom&p=PMC3&id=1409685_bic491i001.jpg
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Species Human Mouse Rat 

Expression sites Testes 

Trabecular 

meshwork 

Bone 

Lung 

Uterus and placenta 

Ovary 

Limbs 

Kidney 

Lung 

Ovary 

Spinal cord 

Skeletal muscle 

Mammary glands 

Pancreas 

Kidney 

Ovary 

Lung 

Kidney 

Forebrain 

Eyes 

Liver 

Pituitary 

Table 1-3 Major expression sites of IGFBP-5 in human, mouse and rat 

Adapted from (Schneider et al., 2002). 

 

IGFBP-5 is a 28.5 kDa protein (252 residues) and is slightly basic. It contains three 

important regions, the N-terminal, C-terminal and the core made up of intra-domain 

disulfide bonding of cysteine between the N-and C-terminals. The C-terminal contains 

a heparin binding sequence (long), important in ECM and other protein binding 

glycosaminoglycans (GAGs) and heparan sulphate. The central domain also contains 

a heparin binding sequence (short). The mid region has been proposed as a site for 

cleavage by phosphorylation, with the N-terminal being the site for IGF-I and –II 

binding. Neither the mid-region nor the C-terminal bind IGF-I or –II (Kalus et al., 

1998).  IGFBP-5 is expressed in many tissues and these are listed in Table 1.3.  

 

It has been reported that IGFBP-5 may have a role in the progression of fibrosis. 

IGFBP-5 binds to collagen, fibronectin, and GAGs e.g. heparan sulfate, and by doing 

so decreases its affinity for binding to IGF. In turn, this increases the activity of IGF 

including its promotion of wound healing. IGFBP-5 has been implicated in the 

induction of both pulmonary and epithelial fibrosis (Sureshbabu et al., 2009b, Yasuoka 

et al., 2006a, Pilewski et al., 2005, Yasuoka et al., 2006a). It could also be implicated 

in the fibrotic response in the liver.  
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1.5.1 IGFBP-5 and Lung 

Pilweski and team (2005g) demonstrated that IGFBP-5 expression could be the 

initiating event in ECM production in idiopathic pulmonary fibrosis (IPF). IPF 

fibroblasts in in vitro culture showed both increased expression of mRNA levels of 

IGFBP-5, as well as protein levels in culture supernatants compared with control cells. 

mRNA levels also increased 2-fold in comparison with normal fibroblasts. The team 

demonstrated that this effect was not a result of the increased number of fibroblasts in 

IPF tissue, but an increase in expression within each fibroblast in comparison with 

healthy fibroblasts. Protein levels of IGFBP-5 were on average 1000 times higher 

when compared with normal fibroblasts. Further to this, Pilweski and team 

demonstrated that IGFBP-5 could stimulate the production of ECM in normal 

fibroblasts. Infecting primary adult lung fibroblasts with adenovirus containing 

IGFBP-5 also increased the deposition of collagen type I and fibronectin (Pilewski et 

al., 2005b). Yasuoka et al (2006b) also demonstrated that over expression of IGFBP-

5 in mice triggered mononuclear cellular infiltration in mouse lung tissues. Infiltration 

of macrophages upon IGFBP-5 over expression has also been observed. 

1.5.2 IGFBP-5 and Skin 

Patients with systemic sclerosis (SSc) were also identified to have an increased level 

of human IGFBP-5 mRNA in comparison with normal skin tissue (Feghali and Wright, 

1999). Yasuoka et al (2006a) developed a murine model to demonstrate that 

subcutaneous injections of adenovirus IGFBP-5 would induce skin fibrosis. An 

increase in collagen deposition, dermal thickness and collagen bundle diameter were 

observed in IGFBP-5 overexpressing mice.  In contrast to the implication of IGFBP-5 

in the progression of SSc and fibrosis, Wang et al (2015) demonstrated that IGFBP-5 

inhibits melanoma cell proliferation and suppresses tumour growth in vivo through 

inhibition of ERK 1/2 and P38-MAPK pathways. Further to this, IGFBP-5 was 

demonstrated to suppress epithelial to mesenchymal (Wang et al., 2015).  

 

1.5.3 IGFBP-5 and Liver 

Conversely, Sokolovic et al (2012) demonstrated a possible protective role of IGFBP-

5 in fibrosis. The overexpression of IGFBP-5 in Abcb4-/- mice (in vivo mouse model 

for the study of chronic cholangiopathy) impaired the progression of liver fibrosis, 
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which was demonstrated by the reduction in ECM by hydroxyl proline content and by 

sirius red staining for connective tissue. Moreover, Sokolovic et al (2012), also 

demonstrated that the overexpression reduced inflammation and oxidative stress in the 

model. It has been suggested that IGFBP-5 blocks infiltrating inflammatory cells 

which normally act to enhance fibrosis through inflammatory cytokines, thus inducing 

collagen synthesis. A marker of infiltrating macrophages and the resident 

macrophages, the Kupffer cells, F4/80 mRNA, was significantly lower in IGFBP-5 

overexpressing mice in comparison with control mice. Macrophages hold a relevant 

role in inflammation in fibrosis (Yasuoka et al., 2006b, Yasuoka et al., 2009).  

 

1.5.4 IGFBP-5 and Breast Cancer 

Further to this, Sureshbabu et al. (2012), investigated the role of IGFBP-5 in the 

survival of MCF-7 human breast cancer cells. Levels of IGFBP-5 were higher in all 

samples of breast cancer tissue in comparison with control tissue samples. High levels 

of IGFBP-5 has also been correlated with poor outcome of breast cancer, and 

overexpressed in breast tissue with positive auxillary lymph nodes (Li et al., 2007). 

Despite the link with patient outcome, no correlation was evident between tumour size 

or clinical grade and IGFBP-5 (Li et al., 2007).  

 

Despite conflicting opinions on IGFBP-5’s role in fibrosis in published literature, there 

is strong evidence to suggest that it could also play a role in the pathogenesis of liver 

injury and subsequent fibrosis.  
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1.6 Aims and Objectives of this thesis 

This aim of this thesis was to investigate IGFBP-5 as a biomarker for the detection of 

liver disease using multiple in vitro models. The work aims to highlight IGFBP-5s 

involvement in the aging process of primary rat hepatocyte as well as its role in 

fibrosis. IGFBP-5 also enhances the responses to injurious agents such as menadione 

and hydrogen peroxide. 

The objectives of the individual studies in this thesis are: 

 To develop and characterise the in vitro model and correlate dedifferentiation 

with IGFBP-5.  

 To investigate IGFBP-5 release upon oxidative stress via multiple dosing of 

menadione or hydrogen peroxide. 

 To determine if IGFBP-5 plays a role in hepatocyte toxicity via ethanol and its 

major metabolite acetaldehyde.   

 To transfect primary hepatocytes with IGFBP-5 and determine if this would 

alter the toxicity seen with menadione or hydrogen peroxide.  

 To assess IGFBP-5 release upon triglyceride accumulation in hepatocytes 

(NAFLD model), and determine if IGFBP-5 initiates a fibrotic response with 

hepatic stellate cells.  

 To investigate if IGFBP-5 in human serum samples is altered with various liver 

diseases i.e. diabetes and NASH.  

 

Initially, an in vitro model of primary rat hepatocytes in monolayer was characterised. 

Their dedifferentiation was documented along with IGFBP-5 release into the medium. 

After determining that IGFBP-5 expression may be involved in some way in the 

aging/de-differentiation process, we investigated in Chapter 4 whether IGFBP-5 

expression in hepatocytes could affect the way they deal with classic oxidative stress 

inducing toxins, menadione and hydrogen peroxide.  

 

With alcohol misuse being highly prevalent in the UK and in Scotland in particular, 

the development of a biomarker for the detection of early liver disease would be 
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welcomed in hepatology clinics. Bataller and Brenner (2005) have discussed the 

importance of developing a simple and non-invasive marker of hepatic fibrosis. The 

first step in this process involves taking a known hepatotoxin and evaluating its effects 

on in vitro cell cultures. The objective of this chapter was to develop a model of 

oxidative stress without causing cell death and to investigate the effects of a range of 

concentrations of two classic hepatotoxins on HepG2 cells and primary rat 

hepatocytes. The toxic effects of exposure to ethanol and acetaldehyde with the 

viability and function of the cells were characterised by using crystal violet (CV), 

WST-1, lactate dehydrogenase (LDH), reduced glutathione (GSH) and Lowry assays 

as well as correlating the effect of ethanol and acetaldehyde with IGFBP-5 release into 

the culture medium.  

 

In Chapter 5 data is presented and discussed on a range of concentrations of IGFBP-5 

which were considered to determine a suitable concentration to transfect the cells with. 

The hepatocytes transfected with IGFBP-5 were then insulted with two well published 

and characterised oxidative toxins; Menadione and Hydrogen peroxide  

 

Chapter 6 describes the details of a NAFLD model that was used to determine if 

IGFBP-5 was upregulated upon triglyceride accumulation in hepatocytes in vitro. 

Further to the simple NAFLD model, we investigated whether the conditioned medium 

from NAFLD model cultures induced a fibrotic response in culture of LX2 cells, a 

hepatic stellate cell line developed by Professor Scott Friedman at Mount Sinai School 

of Medicine in New York to study hepatic fibrosis and anti-fibrotic therapies (Xu et 

al., 2005). IGFBP-5 has already been shown to induce skin and lung fibrosis. A murine 

model for dermal fibrosis demonstrated that when mice received a subcutaneous 

injection of replication deficient serotype 5-adenovirus expressing IGFBP-5, this 

resulted in significant increases in dermal thickness and collagen bundle thickness in 

comparison on mice that had received adenovirus expressing IGFBP-3 or no 

complementary DNA (Yasuoka et al., 2006). In addition, normal lung fibroblasts 

incubated with recombinant IGFBP-5 for 48 h induced a 16-fold increase in fibronectin 
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levels (Pilewski et al., 2005). Could the IGFBP-5 secreted in the NAFLD model have 

the same effect on hepatic stellate cells?  
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Chapter 2 Materials and Methods 

2.1 Preparation of hepatocyte perfusion solutions  

Hank’s Buffer (10 x)   

NaCl 80 g 1.37 M 

KCl 4 g 53.66 mM 

MgSO4.7H2O 2 g 8.11 mM 

Na2HPO4.2H2O 0.6 g 4.22 mM 

KH2PO4 0.6 g 4.41 mM 

The above salts were dissolved in 1 L distilled water and stored at 4 °C. 

Krebs - Henseleit Buffer (2 x)  

Solution A  

Distilled water 785 ml 

16.09 % (w/v) NaCl 200 ml 

1.1 % (w/v) KCl 150 ml 

0.22 M KH2PO4 25 ml 

2.74 % (w/v) MgSO4.7H2O 50 ml 

0.12 M CaCl2.6H2O 100 ml 

 

Solution B 

 

NaHCO3 9.71g / 1 L distilled water (115.58 mM) 

 

The solutions for A were added to a brown 2 L glass bottle in the order shown above 

and 5 % CO2/95 % O2 was bubbled through the final solution for 10 min. Solution B 

was bubbled in the same gas mixture for 10 min, and this was then added to solution 

A while still bubbling the gas through.  
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Hank’s I Buffer   

NaHCO3 1.05 g 24.99 mM 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (Hepes) 

1.5 g 12.58 mM 

Bovine serum albumin (BSA) 3.33 g  

Ethylene glycol tetraacetic acid (EGTA) 114 mg 0.6 mM 

Distilled water 450 ml  

Hank’s Buffer (10 x) 50 ml  

 

Hank’s II Buffer   

NaHCO3 1.05 g 24.99 mM 

Hepes  1.5 g 12.58 mM 

CaCl2.2H2O 147 mg 2.0 mM 

Distilled water 450 ml  

Hank’s Buffer (10 x) 50 ml  

 

Krebs Albumin Buffer   

Hepes 1.5 g 12.58 mM 

BSA 5 g  

Distilled water  250 ml  

Krebs-Henseleit Buffer (2 x) 250 ml  

 

Krebs - Hepes Buffer   

Hepes 1.5 g 12.58 mM 

Distilled water 250 ml  

Krebs-Henseleit Buffer (2 x) 250 ml  

 

These solutions were pH adjusted to pH 7.4 with 5 M NaOH and then filter-sterilised 

through a 0.22 µm filter into sterile bottles.  
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2.2 Isolation of primary rat hepatocytes  

The perfusion of the rat liver was conducted under sterile conditions in a laminar flow 

hood with all equipment sterilised using a solution of 70 % v/v ethanol in water.  

Hepatocytes were isolated by a modified collagenase perfusion method (Moldeus et 

al., 1978). The rats used for the perfusion were male Sprague-Dawley (180 – 220 g) 

and were obtained from the BPU at the University of Strathclyde. The surgery was 

carried out in accordance with the Home Office Project Licence. The rat was 

anaesthetised by an intraperitoneal injection of a solution of 57.4 mg/ml Phenobarbital 

sodium (Ceva Sante Animale; 0.2 ml). The rat was placed on its back and its abdomen 

was wiped with 70 % v/v ethanol. Incisions were then made by first cutting through 

the skin whilst lifting the skin with blunt forceps, followed by U-shaped incisions 

through the muscle layer. The intestine was carefully lifted aside thereby exposing the 

portal vein. Heparin (1000 U/ml in PBS; 0.1 ml) was injected into the inferior vena 

cava and was left to circulate for 1 minute. A small incision was then made into the 

portal vein and the cannula (stainless steel; internal and external dimensions were 1.75 

m and 2.5 mm respectively) was immediately inserted approximately 1 cm into the 

vein. The final position of the cannula was just below the first venous branch into a 

liver lobe. A surgical clip was used to secure the cannula. Immediately after 

cannulation, the perfusion was initiated in situ with Hank’s I buffer at a flow rate of 

approximately 5 ml/min (22 mm H2O). The animal was sacrificed by piercing the 

diaphragm with the scissors. The liver was excised by dissecting the liver free from 

the diaphragm, intestines and stomach and finally, with the rat in a tilted position, by 

cutting the dorsal ligaments. The excised liver was transferred into a beaker of Hank’s 

I buffer containing EGTA (0.6 mM: 114 mg/500 ml), which was re-circulated through 

the cannula for approximately 10 minutes. The liver was then transferred into a 250 

ml beaker with Hank’s II buffer containing collagenase (253 Units/mg; 78 mg; Type 

II lyophilised Collagenase prepared from Clostridium Histolyticum; Gibco, Invitrogen 

Corporation) and calcium chloride (2 mM: 147 mg/500 ml) to digest the extracellular 

matrix. Perfusion was performed under recirculation until the liver was soft and cells 

appeared to be dissociated. Flow was then stopped and the liver was transferred to a 

Petri dish containing Kreb’s-Hepes buffer containing albumin and teased with a 

forceps to disperse the cells. The cell suspension was then passed through a sieve 
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(Sigma cell culture reagents, UK) with a 50 µm mesh to remove any clumps of cells 

and connective tissue. The cells were then allowed to settle under gravity on ice, the 

supernatant was removed and they were then washed twice with 50 ml Kreb’s-Hepes 

buffer. Again the cells were allowed to settle under gravity on ice and the supernatant 

was removed.  

 

2.3 Determination of hepatocyte viability and initial yield 

Viability was checked using a haemocytometer and the Trypan blue exclusion test. A 

suspension of cells (10 µl) was added to 990 µl 0.1 % (w/v) Trypan blue in phosphate 

buffered saline (PBS) and loaded on the haemocytometer. Cells in all 9 areas were 

counted and an average was found. The viability was expressed as a ratio of cells 

excluding Trypan blue to the total number of cells. 10µl of the solution was loaded 

onto a haemocytometer and all 18 square areas were counted. The viability was 

calculated by expressing the cells excluding Trypan blue over the total number of cells. 

Only cell suspensions with viability greater than 75 % were used.  

 

2.4 MTT Microplate Assay 

The MTT is reduced in the mitochondria of the cells to form a purple formazan salt, a 

reaction which is dependent on co-factors and enzymes, and hence used as a marker 

of metabolic activity or viability. A solution of 10 mM MTT [3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide]  was made up in PBS (0.414 g/100 ml) pH 

6.75. The solution was then filtered through a 0.2 μm filter and stored at 4 °C. Once 

the cells in the 96 well plates were ready to undergo the assay, the medium was 

removed and 50 μl of MTT solution added to each well. The plates were then incubated 

at 37 °C for 4 hours. After the incubation time the MTT solution was removed and 200 

μl of DMSO was added to each well to dissolve the formazan salt that had formed. 

The solution was mixed to form an even colour and the absorbance was read at 540 

nm using a plate reader.  
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2.5 Neutral Red (NR) Assay 

Neutral red is a vital stain that is taken into viable cells and accumulated in the 

lysosomes. This weak cationic dye readily penetrates the cell membranes and binds to 

anionic sites in the lysosomal matrix. NR (Borenfreund and Puerner, 1985) (5 mg) was 

dissolved in 100 ml PBS and incubated overnight at 37 °C. The solution was then 

filtered through a 0.2 μm filter and stored at 4 °C. Destain was made up using 50 ml 

ethanol, 1 ml glacial acetic acid and 49 ml distilled H2O. Once cells in the 96 well 

plates were ready, medium was removed and NR solution (100 μl) was added to each 

well. The plates were then incubated at 37 °C for 3 hours. After incubation the NR 

solution was removed and destain (100 μl) was added to each well. The plate was then 

gently shaken for approximately 30 minutes until a homogenous colour was obtained 

in each well. The absorbance was then measured at 540 nm using a plate reader.  

 

2.6 Determination of total protein 

Solution A  

1 % (w/v) Copper Sulfate 1 ml 

2 % (w/v) Na-K tartrate 1 ml 

2 % (w/v) Na2CO3 98 ml  

  

Solution B 

1:4 dilution of Folins (Ciocaltau) reagent in distilled water 

 Protein content of the samples was determined using a previously described method 

(Lowry et al., 1951) with BSA as a standard. Standards contained concentrations of 

between 0 and 200 µg/ml BSA in 0.5 M NaOH. To both the samples (50 µl) and 

standards (50 µl), 950 µl of 0.5 M NaOH and 5 ml of solution A was added and mixed 

thoroughly. These solutions were incubated for 10 minutes at room temperature after 

which 0.5 ml of solution B was added and the solutions were again mixed thoroughly. 

These were then incubated for between 30 and 90 minutes at room temperature. The 

absorbance of the reaction was measured against a water blank at 725 nm.  
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2.7 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)  

At each time point, Petri dishes were placed on ice. Medium was removed and wells 

were washed 3 x with PBS pH 7.4. The cells were scraped into 1 ml 0.1 M NaPi buffer 

pH 7.5 and homogenised with 7 strokes of a motor driven pestle in a Teflon glass 

homogeniser. The homogenates were stored in Eppendorfs at -70 °C awaiting analysis. 

The protein content of the homogenates was measured as described in section 2.6. The 

samples were then prepared in Laemmli buffer at 1 mg/ml and boiled for 2 min in 

stoplock Eppendorfs to denature the proteins.  

Stacking gel buffer 0.5 M Tris buffer pH 6.8 

6.0 g Tris-HCl was dissolved in 40 ml distilled water and titrated to pH 6.8 with 

approximately 48 ml of 1 M HCl. The solution was made up to 100 ml with distilled 

water and stored at 4 °C.  

Resolving gel buffer 1.5 M Tris buffer pH 8.8 

36.33 g of Tris-HCl was dissolved in 48 ml of 1M HCl, made up to 200 ml with 

distilled water and stored at 4 °C. 

1.5 % (w/v) Ammonium persulphate (APS) 

APS (7.5 mg) was accurately weighed out and dissolved in 5 ml distilled water. The 

solution was made freshly before every use. 

Electrophoresis buffer (10 x) 0.25 M Tris/1.92 M Glycine/1 % (w/v) SDS buffer pH 

8.3 

30.3 g Tris-HCl, 144 g Glycine, 10 g SDS were dissolved in distilled water. The pH 

was adjusted with 1 M HCl and the solution was made up to a final volume of 1 L with 

distilled water and stored at 4 °C. 

The glass plates were cleaned with 70 % ethanol to ensure they were clean and 

assembled in the casting chamber. The gel solutions were prepared as described in 

Table 2.1.  
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Solutions Stacking gel 10 % Resolving gel 

Acrylamide/bis acrylamide 

(40% w/v) 

1 ml 5.625 ml 

Stacking gel buffer 2.5 ml - 

Resolving gel buffer - 5.625 ml 

1.5% APS 0.5 ml 1.125 

Distilled water 6 ml 10.125 ml 

Tetramethylethylenediamine 

(TEMED) 

5 µl 17.25 µl 

Table 2-1 Preparation of SDS-PAGE gels 

 

The resolving gel was cast first and allowed to set for about 15 min. Once the resolving 

gel was set, the stacking gel was cast on top and the combs were inserted into the gel 

to prepare wells for the protein samples. Once the gels were set they were transferred 

into the electrophoresis tank and the upper chamber and tank were filled with 1 x 

electrophoresis buffer. The combs were removed and the wells were loaded with 

samples and a molecular weight marker standard. The gels were run at a current of 50 

mA for 15 min then at 150 V until the samples had migrated to a few centimetres from 

the bottom of the gel.  

 

 

2.8 Immunoblotting  

Tris/Glycine buffer (10 x)   

1.92 M Glycine 144 g/L 

0.25 M Tris 30 g/L 

The above solutions were dissolved in distilled water at pH 8.3. 
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Transfer buffer  

Distilled water 1400 ml 

Methanol 400 ml 

Tris/Glycine buffer (10 x) 200 ml 

 

Tris buffered saline (TBS) 10 x 

 

200 mM Tris 24.22 g/L 

5 M NaCl 

 

292.2 g/L 

Tween Tris Buffered Saline (TTBS) 

This solution was made up by adding 0.5 ml Tween 20 to 1 L TBS (1 x).  

The PVDF membranes were placed in methanol for 2 min prior to being placed in 

transfer buffer. The Scotchbrite pads, filter paper and gels were placed in transfer 

buffer also for 15 min to soak. Gels were then transferred onto the membrane and 

sandwiched between two pieces of filter paper and Scotchbrite pads in transfer 

cassettes (see Figure 2.1 for a diagram of assembly). These were then placed into the 

tank which was connected to the cooling unit and filled with transfer buffer. A current 

of 200 mA was then applied overnight.  

 

 

Figure 2-1 Assembly of cassettes with gel and membrane for immunoblotting 

 

Clear side of cassette  

Scotchbrite pads and 2 pieces of filter paper 

Membrane 

Gel 

Scotchbrite pads and 2 pieces of filter paper 

Black side of cassette 



34 

 

The membranes were then blocked in 3 % v/v gelatin in TTBS on a shaker at room 

temperature for 2 h. They were then washed (1 x) with TTBS, and placed on a shaker 

for 5 min. The primary antibody was diluted as directed in 1 % v/v gelatin in TTBS. 

The solution was added to the membranes and placed on a shaker for 2 h. The 

membranes were then washed (3 x) in TTBS and shaken for 5 min. The secondary 

antibody was diluted as directed in 1 % v/v gelatine in TTBS. The solution was added 

to the membranes and shaken for 2 h. The membranes were then washed (3 x) with 

TTBS for 5 min and then washed (1 x) with TBS for 5 min. A Bio-Rad alkaline 

phosphatase detection kit was used to visualise the bands in accordance with the 

manufacturer’s instructions. A working solution was prepared by adding 1 ml of 

solution A and 1 ml of solution B to 98 ml of the development buffer. This was added 

to the membranes and placed on a shaker for 5 – 10 min. The membranes were then 

washed with distilled water and blotted between filter paper to dry. The membranes 

were scanned onto a computer and analysed using ImageJ (http://rsbweb.nih.gov/ij/; 

[date accessed 11.05.11]) to determine the intensity of the bands.  

 

2.9 Measurement of IGFBP-5 by ELISA 

The mouse IGFBP-5 enzyme-linked immunosorbent assay (ELISA) (R&D Systems, 

UK; DY578) was carried out as per the manufacturer’s instructions.  

Wash buffer 

0.05 % Tween 20 in PBS (0.2 µ filtered), pH 7.2 - 7.4  

Block buffer 

5 % Tween 20 with 0.05 % NaN3 

Reagent diluent 

5% Tween 20 in PBS (0.2 µ filtered) containing 2 % heat inactivated normal goat 

serum, pH 7.2 - 7.4  

 

http://rsbweb.nih.gov/ij/
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Substrate solution 

1 : 1 mixture of solution A (H2O2) and solution B (tetramethylbenzidine) 

Stop solution 

1 M H2SO4 

The capture antibody was diluted to a working solution of 0.4 µg/ml in PBS. The 96 

well microplate was immediately coated with 100 µl of capture antibody, the plate was 

sealed and left at room temperature overnight. The wells were washed with wash 

buffer 3 x (400 µl). After the last wash the plate was inverted and blotted with 

absorbent tissue paper to remove any remaining wash buffer. The plate was then 

blocked by adding 300 µl block buffer to each well and then incubated at room 

temperature for 1 h. The wash steps were repeated and 100 µl of medium samples and 

standards were added. Standards were diluted in Williams’ E medium with the top 

concentration of 16 ng/ml. The plate was sealed and incubated at room temperature 

for 2 h. The wash steps were repeated. The detection antibody was diluted to a working 

concentration of 200 ng/ml in reagent diluent. 100 µl of detection antibody was added 

to each well and incubated at room temperature for 2 h. The wash steps were repeated. 

A working dilution of streptavidin-horseradish peroxidase (HRP) (1 : 200) in reagent 

diluent without 2 % heat inactivated normal goat serum was prepared. 100 µl was 

added to each well and incubated at room temperature for 20 min in the dark. The wash 

steps were repeated. 100 µl of substrate solution was added to each well and incubated 

at room temperature for 20 min in the dark. After 20 min 50 µl of stop solution was 

added to each well and the absorbance was read at a wavelength of 450 nm. The limit 

of detection for the assay is 0.125 ng/ml. 

  

2.10 HepG2 Culture 

Hep G2 human hepatoma cells were obtained from the Centre for Drug Safety Science, 

University of Liverpool. Cells were routinely grown in 75 cm2 flasks as mono-/multi 

layer cultures in a humidified atmosphere of 5 % CO2 in air until confluent (3 days). 

To passage the cells, the growth medium, (Dulbecco’s Minimum Essential Medium 
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(DMEM) containing 10 % v/v foetal calf serum (FCS), penicillin G (50 units/ml) and 

streptomycin sulphate (50 µg/ml)), was removed and the culture was washed with 2 x 

10 ml versene buffer in order to remove any FCS that would otherwise inhibit the 

activity of the trypsin. The wash medium was replaced with a small quantity (1-2 ml) 

of a solution of trypsin (0.05 % w/v) in versene buffer. After 3-6 minutes incubation 

time at room temperature, the cells were detached from the flask surface by tapping 

with the palm of the hand against the side of the flask. The cell suspension was diluted 

with a small quantity of the DMEM growth medium. Cells were maintained at a split 

ratio of 1:3. 

 

2.11 Measurement of lactate dehydrogenase (LDH) activity 

Solutions 

0.1 M Sodium Phosphate (NaPi) buffer pH 7.6 

0.2 M Na2HPO4 was prepared by adding 14.2 g to 500 ml distilled H2O and 0.2 M 

NaH2PO4 was prepared by adding 2.4 g to 100 ml distilled H2O. For pH 7.6, 87 ml of 

0.2 M Na2HPO4 was added to 13 ml 0.2 M Na2HPO4. The pH was checked and 

adjusted with the appropriate solution.  

A pyruvate/NADH solution was prepared by dissolving 3 mg pyruvic acid and 3 mg 

NADH in 1 ml NaPi buffer. 

 

Assay 

The cell viability was assessed by LDH leakage through the membrane into the 

medium. LDH activity was measured using a published method (Bergemeyer et al., 

1963). For the assay, 0.86 ml of the phosphate buffer and 40 µl of the pyruvic 

acid/NADH solution were mixed in a 2.5 ml UV-cuvette. 100 µl of the medium 

removed from the cells after incubation with the toxin were added to start the reaction. 

The solution was mixed by inverting the cuvette twice and the absorbance was 

measured at 340 nm continuously for 60 seconds. The enzyme activity was defined as: 
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(change in absorbance/min)/E = µmol/ml-1 min-1 of LDH activity, where E is the molar 

extinction coefficient for NADH (6.22 mM-1cm-1). 

 

2.12 Determination of reduced glutathione (GSH) by fluorimetry 

Solutions 

Phosphate buffer pH 8.0  

Solution 1 was prepared by dissolving 17.8 mg Na2PO4 (0.25 Mm) and 0.93 g EDTA 

(6.6 mM) in 500 ml d.H2O. Solution 2 was prepared by dissolving 5.33 g NaH2PO4 

(0.45 M) and 0.186g EDTA (6.36 mM) in 100 ml d.H2O. The pH of solution 1 was 

adjusted to 8.0 using solution 2. 

Standards were prepared in the range of 0 to 100 µM GSH using 10 % v/v 

trichloroacetic acid (TCA). 

 

Assay 

The intracellular GSH was measured using a previously reported method (Hissin & 

Hilf, 1976). Aliquots of 25 µl of standards and samples were added to a 12 ml test tube 

and to that 2.3 ml of pH 8.0 phosphate buffer was added. 100 µl of 1 mg/ml o-

phthaldehyde (OPT) in methanol was added to each sample and standard. The samples 

and standards were then incubated for 15 minutes in the dark and fluorescence was 

measured on a Shimadzu RF-5001 PC Spectrofluorometer (λ = 350 nm excitation; λ = 

420 nm emission wavelengths). The concentrations of GSH were expressed as µM, 

with quantification being achieved using the standard solutions. 

 

2.13 WST-1 Assay 

For WST-1 (Roche Applied Science, Germany), a 10 % dilution of WST-1 (50 μl) was 

added to each well containing cell and medium and incubated for 1 h at 37 °C in a 

humidified atmosphere of 5 % CO2 in air.  After 1 h, plates were shaken thoroughly 

for 1 min prior to measuring the absorbance (450 nm) on a plate reader. 
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2.14 Crystal Violet (CV) assay 

Cells were washed with PBS and 100 μl 4 % paraformaldehyde (PFA) was added for 

30 min to fix the cells. After 30 min, PFA was removed and wells were washed with 

100 μl PBS (2x) before adding 100 μl CV for 20 min. After 20 min, CV was removed 

and wells were washed with 200 μl PBS (3x). The stain was then solubilised overnight 

with 0.1 % Triton X-100 in PBS. Plates were shaken thoroughly prior to measuring 

the absorbance (540 nm) on a plate reader. 

 

2.15 Human IGFBP-5 ELISA 

The human IGFBP-5 ELISA (R&D Systems, UK) was carried out as per the 

manufacturer’s instructions.  

Wash buffer 

0.05 % Tween 20 in PBS (0.2 µ filtered), pH 7.2 - 7.4  

Blocking buffer 

5 % Tween 20 with 0.05 % NaN3 

 

Reagent diluent 

5% Tween 20 in PBS (0.2 µ filtered) containing 2 % heat inactivated normal goat 

serum, pH 7.2 - 7.4 prepared 1-2 h prior to use.  

Substrate solution 

1 : 1 mixture of solution A (H2O2) and solution B (tetramethylbenzidine) 

Stop solution 

1 M H2SO4 

The capture antibody, mouse anti-human IGFBP-5 was diluted 180-fold to give a 

working solution of 0.4 µg/ml in PBS. The 96 well microplate was immediately coated 

with 100 µl of capture antibody, the plate was sealed and left at room temperature 
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overnight. The wells were washed with wash buffer 3 x (400 µl). After the last wash 

the plate was inverted and blotted with absorbent tissue paper to remove any remaining 

wash buffer. The plate was then blocked adding 300 µl block buffer to each well and 

then incubated at room temperature for 1 h. The wash steps were repeated and 100 µl 

of medium samples and standards were added. Standards were diluted in Williams’ E 

medium with the top concentration of 40 ng/ml. The plate was sealed and incubated at 

room temperature for 2 h. The wash steps were repeated. The detection antibody, 

biotinylated goat anti-human IGFBP-5 was diluted 180 fold to a working concentration 

of 200 ng/ml in reagent diluent. 100 µl of detection antibody was added to each well 

and incubated at room temperature for 2 h. The wash steps were repeated. A working 

dilution of streptavidin-HRP (1 : 200) in reagent diluent without 2 % heat inactivated 

normal goat serum was prepared. 100 µl was added to each well and incubated at room 

temperature for 20 min in the dark. The wash steps were repeated. 100 µl of substrate 

solution was added to each well and incubated at room temperature for 20 min in the 

dark. After 20 min 50 µl of stop solution was added to each well and the absorbance 

was read at a wavelength of 450 nm.   
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Chapter 3 De-differentiation of Primary Rat Hepatocytes in Culture 

3.1 Introduction 

To investigate Phase I CYP-mediated biotransformations in cultured rat hepatocytes 

over a period of 9 days in culture, CYP-mediated hydroxylation of testosterone was 

undertaken. This reaction involves a variety of members of the CYP superfamily of 

enzymes present in both human and rat. Phase II, glutathione S-transferase (GST) 

isoenzymes, are also a widely used marker of de-differentiation, hence GSTP1 

expression was measured over 9 days in culture also.   

 

3.1.1 GSTP1 Expression 

The Glutathione S-transferases (GST) are a family of multi-functional proteins which 

catalyse the conjugation of GSH electrophiles, the reduction of organic 

hydroperoxides and certain GSH-dependent isomerisations (Ketterer, 1988). They are 

binding proteins for a number of lipophiles, such as bilirubin, haem and hormones 

(Mannervik et al., 1988). Phase II GST activity is altered from in vivo levels when 

hepatocytes are isolated (Vandenberghe et al., 1988). GSTs are enzymes involved in 

the detoxification of many chemicals, including lipids, drugs and DNA 

hydroperoxides. They catalyse the conjugation of the of reduced glutathione (GSH) 

with electrophile (Ketterer, 1988), and are also involved in the hepatic uptake of 

bilirubin and the intracellular transport of haem and steroid hormones. There are a 

number of isoforms that have been identified, which include alpha, mu and pi. GSTA 

and GSTM are abundant in normal rat liver. GSTM plays a major role in the 

detoxification of many carcinogens (Nakamura et al., 2009). GSTA is more readily 

decreased than GSTM (Tee et al., 1992). GSTA and GSTM are abundant in normal rat 

liver unlike GSTP1. GSTP1 appears to be developmentally regulated. The GSTP1 

form has been shown to be most abundant in foetal liver but is almost absent 

postnatally (Tee et al., 1992). It has been shown to have a specific developmental 

pattern in the foetal liver and is abundant in an 18 day old foetal liver, however, it has 

also been shown that GSTP1 is present in an adult liver during hepatocarcinogenesis 

(Tee et al., 1992). GSTP1 is often referred to as a marker of de-differentiation, and is 

not present in normal rat liver in vivo or in freshly isolated cells; however, expression 
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is induced within 24 h in hepatocyte culture (Lockman et al., 2012). Expression of the 

total GST activity after isolation has been shown to be reduced by 50% after 24 h in 

culture in comparison to levels in freshly isolated hepatocytes (Daniel, 1993). It has 

been suggested that alterations in GSTP1 expression in primary cultures could be 

attributed to the presence of hormones and growth factors present in serum with which 

media are often supplemented (Hatayama et al., 1991).  

 

3.1.2 Testosterone hydroxylation 

Testosterone hydroxylation is a commonly used marker of de-differentiation and this 

is widely published (Kern et al., 1997). Several biotransformations can be investigated 

at once with this substrate, hence, testosterone is often favoured as a probe substrate 

to provide a fingerprint of CYP activity in the rat. There are many reported metabolites 

of testosterone. Formation of 7α-, 6β-, 16α- and 2α- hydroxytestosterone is indicative 

of CYP2A, CYP3A, CYP2C and CYP2C11 activity respectively (Wortelboer et al., 

1990). CYP2C11 is the major expressed isoenzyme in the male rat liver and is 

particularly susceptible to changes in hepatic environment, hence making it a sensitive 

measurement of cell phenotype (Chovan et al., 2007, Chen et al., 1997). Padgham and 

Paine (1993) demonstrated that among a group of CYPs, CYP2C11 decreased by 50% 

after isolation, in comparison to a 2-3 fold increase in other CYPs investigated, 

CYP1A1, 2B1/2, 3A1/2 and 4A1. Androstenedione formation involves CYP2C11, 

CYP2B1, CYP2B2 and a cytosolic steroid dehydrogenase (Swales et al., 1996). The 

reduction in the formation of testosterone metabolites can be correlated to the decline 

in Phase I metabolic function of primary rat hepatocytes in culture. 

The aim of the chapter is to develop and characterise an in vitro model of primary rat 

hepatocytes, and to determine if IGFBP-5, the potential biomarker of interest, is 

present or upregulated with time in culture.  

  



42 

 

3.2 Methods 

3.2.1 Development and optimisation of the in vitro culture system 

A range of plastics were investigated to see if they caused any differences when 

culturing primary rat hepatocytes on them (Iwaki® 24 and 96 well tissue culture plates, 

Sterilin, UK; TPP 96 well tissue culture treated plates, Switzerland; Greiner bio-one 

Cellstar® 24 and 96 well tissue culture plates, Belgium; Costar® 96 well tissue culture 

treated plates, BD Falcon™ 24 and 96 well tissue culture treated plates, BD 

Biosciences, UK).  

 

The effects of collagen vs. no collagen coating were investigated along with different 

cell attachment times (2, 4 and 24 h).   

 

Parameters being investigated: 

 Various tissue culture plastics (Iwaki, Sterilin, TPP, Greiner bio-one Cellstar, 

Costar and BD Falcon) 

 Collagen source (commercially sourced and in-house prepared) 

 Attachment times (2, 4 and 24 h) 

 Medium volume (0.5, 0.7 and 1.0 ml) 

 

For all experiments, cells were seeded on rat tail tendon collagen (30 μg/cm2). 

Collagen (in-house prepared unless otherwise stated) was diluted in sterile distilled 

water (dH2O) to the desired concentration (see Table 3.1). Collagen was allowed to 

dry overnight. Wells were then washed once with dPBS and were then ready for 

seeding. Cells were seeded on coated plates (BD Falcon™ 24 and 96 well tissue culture 

treated plates, BD Biosciences, UK, unless otherwise stated) in 1.0 ml or 200 μl 

medium, respectively (Williams’ E medium (Life Technologies, UK) containing 5 % 

v/v foetal calf serum (FCS), L-glutamine (2 mM), penicillin G (50 units/ml), 

streptomycin sulphate (50 µg/ml) and fungizone (250 µg/ml)) respectively for 4 h 

(unless otherwise stated) to allow for attachment in a humidified atmosphere of 5 % 
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CO2 in air at 37 °C. After 4 h, the medium was removed, cells were washed with 

Dulbeccos’ phosphate buffered saline (dPBS) (2x) and medium was replaced for a 

total of 24 and 48 h, unless otherwise stated. MTT and NR (Borenfreund and Puerner, 

1985) were used to assess viability.  

 

Culture plastic Collagen coating Coating volume of dH2O 

96-well plate 9.6 µg 150 µl  

24-well plate 60 µg 25 µl 

60 mm petri dish 625 µg 1.5 ml 

Table 3-1 Collagen coating of various tissue culture plastics 

 

Different sources and batches of collagen were investigated to determine any adverse 

effects on viability. Commercially sourced collagen was assessed in comparison with 

in-house prepared rat tail tendon collagen. Devro Medicals’ (Glasgow, UK) Apcoll 

pepsin-solubilised collagen or Apcoll acid-solubilised collagen and 4 different batches 

of in-house prepared rat tail collagen were used for culture of primary rat hepatocytes. 

Cells were seeded at 3 x 106 cells per 60 mm dish in 2 ml medium for 4 h. After 4 h 

plates were washed once with serum free complete medium and replaced with fresh 

medium. Medium was changed at 24 h. At 48 h medium was removed, plates were 

washed with dPBS (2x) and cells were fixed with 10 % buffered formalin.  

 

Varying attachment times (2, 4 and 24 h) were investigated to determine their effects 

on cell attachment times. Attachment times refer to the period of time for which the 

freshly seeded hepatocytes were left to adhere to the culture surface prior to the first 

medium change. At this point the unattached cells were removed from the plate. 

 

Varying medium volume on a 24 well plate (0.5, 0.7 and 1.0 ml) was also investigated. 
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3.2.2 Cell staining and Microscopic Evaluation of Viability 

The cells were stained with acridine orange (100 μg/ml in PBS). Live cells are stained 

by cell-permeable acridine orange, which has an emission maximum at 525 nm 

(green). Analysis was performed using a Zeiss AxioImager ZI microscope with 

20x/0.5 PH2 water lens by Mrs Elizabeth Goldie. 

 

3.2.3 Seeding of cells and preparation of samples for monitoring 

dedifferentiation 

60 mm petri dishes (BD Falcon™, BD Biosciences, UK) were collagen coated (30 

μg/cm2) and seeded with primary rat hepatocytes at a density of 1.5 x 105 cells/cm2 in 

2 ml of medium (Williams’ E containing 5 % v/v Foetal Calf Serum (FCS), L-

glutamine (2 mM), penicillin G (50 units/ml), streptomycin sulphate (50 μg/ml) and 

fungizone (250 μg/ml)). Plates were incubated at 37 °C for 2 h after which time 

medium was removed. All plates were washed twice with Dulbecco’s PBS (Lonza, 

Switzerland). Medium was replaced (3 ml) and plates were incubated up to 3, 6 and 9 

days at 37 °C. Plates incubated up to 3 and 6 days did not have a medium change to 

allow for the accumulation of secreted proteins and the measurement of IGFBP-5. 

Plates incubated up to 9 days had a medium change at 3 and 6 days in culture. Medium 

that was removed was stored in Eppendorfs, centrifuged at 1000 rpm and placed at -

70 °C awaiting analysis for IGFBP-5 secretion. Cells were homogenised in a 5 ml 

homogenisation tube in 7 up and down strokes of a motor driven homogeniser. 

 

3.2.4 Immunoblotting for GSTP1 

See Chapter 2 Section 2. The primary antibody (GSTP1, subunit Yf) was diluted 

1/10000 in 1 % v/v gelatin in TTBS. The secondary antibody (anti-rabbit IgG) was 

diluted 1/10000 in 1 % v/v gelatine in TTBS. No housekeeping protein was run as 

expression over 9 days was unlikely to be constant.  
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3.2.5 Testosterone Hydroxylation 

A stock solution of 200 mM testosterone was prepared in methanol and stored at 4 °C. 

At each time point, medium was removed from each Petri dish containing a monolayer 

of primary rat hepatocytes. The monolayers of cells were washed 2 x with 5 ml Hank’s 

II buffer. A working solution of testosterone (100 µM) was prepared in Hank’s II 

buffer and 6 ml was added to each Petri dish. They were then incubated at 37 °C for 

60 min. To stop the reaction, the Petri dishes were placed on ice, the solution was 

removed and immediately placed at -70 °C awaiting further analysis. 

 

3.2.6 Analysis of testosterone hydroxylation by HPLC  

A stock solution (2 mM) of testosterone and its metabolites was prepared in methanol. 

The stock solution was diluted in 30 % methanol to give 20 and 200 µM mixtures. All 

stock solutions were stored at 4 °C. Prior to analysis, standards containing 0.25, 0.5, 

1, 2.5, 5, 10 and 20 nmol of testosterone and its metabolites were prepared using the 

20 and 200 µM stock solutions. 50 µl of internal standard (11α-hydroxyprogesterone; 

20 mg/ml in methanol) was added to each standard and made up to 150 µl. Standards 

were vortexed for 30 s and placed in HPLC vials.  

Thawed samples (3 ml) were transferred into polypropylene centrifuge tubes, 50 µl of 

the internal standard was added prior to extraction in 6 ml dichloromethane. Samples 

were vortexed for 1 min and then centrifuged for 10 min at 2000 g. The top aqueous 

layer was transferred to a clean polypropylene centrifuge tube and extraction was 

carried out again in 3 ml dichloromethane. Samples were vortexed for 1 min and 

centrifuged for 10 min at 2000g. The top aqueous layers were then discarded and both 

organic layer containing testosterone and its metabolites were combined and washed 

with 3 ml of 0.02 M NaOH. Samples were vortexed and centrifuged again, and the 

aqueous layer discarded. The washing step was repeated with distilled water (3ml). 

The aqueous layer was removed and the remaining organic phase was placed in 

Gyrovap (rotary evaporation system) at 65 °C to evaporate the solvent. Samples were 

then stored at -20 °C awaiting analysis.  
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The samples were reconstituted in 150 µl filtered methanol (30 %), vortexed for 30 s 

and placed in HPLC vials. 

Standards and samples (10 µl) were injected onto an Eclipse XD8-C18 (3 µm particle 

size; 3 x 100 mm i.d.) column and the analytes resolved. The mobile phase, consisting 

of distilled water (solvent A), methanol (solvent B) and acetonitrile (solvent C) was 

delivered at a flow rate of 0.4 ml/min using the following gradient conditions (see 

Table 3.2)  

 

Time (min) Solvent A/Solvent B/Solvent C (% v/v/v) 

0 65/34.6/0.4 %v/v/v 

18.5 54.8/44.4/0.8 %v/v/v 

25 47/51.9/1.1 %v/v/v 

38 30/68.5/1.5 % v/v/v 

39 65/34.6/0.4 % v/v/v 

42 65/34.6/0.4 % v/v/v 

Table 3-2 Gradient conditions used in HPLC 
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3.3 Results 

3.3.1 Development and optimisation of in vitro culture system 

3.3.1.1 The effects of various collagen substrata on the morphology of cultured 

primary rat hepatocytes in vitro 

Primary rat hepatocytes cultured on various sources of collagen, including in-house 

prepared collagen and commercially available (Devro Medical, UK) collagen, was 

used to determine a suitable substratum.  Hepatocytes cultured on each substratum 

displayed similar morphology. Each image in Figure 3.1 displays a good monolayer 

of hepatocytes with intact membranes and also exhibited some hepatocytes containing 

2 nuclei. Different collagens were assessed via microscopy in this experiment, as 

different substratum could have an impact on cell morphology.  

 

Figure 3-1 Microscopy images of primary rat hepatocytes on various collagens.  

Images include some commercially available collagen after 48 hr in culture (A = 

Devro Apcoll acid soluble collagen; B = Devro Apcoll pepsin soluble collagen; C = 

Rat tail collagen; D = Rat tail collagen) stained with Acridine orange (green). 

Analysis was performed using a Zeiss AxioImager ZI microscope with 20x water lens. 
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3.3.1.2 The effects of various plastic culture dishes on cultured primary rat 

hepatocytes in vitro 

Figure 3.2 and 3.3 show MTT assay results after culturing primary rat hepatocytes on 

tissue culture plastics (24- and 96-well plates) from various companies. There was no 

statistical difference between the MTT reduction values of cells cultured on any of the 

plastics. To aid with adherence of hepatocytes, tissue culture plastics must be coated 

with ECM such as collagen. To investigate the effects of various plastics, they must 

also be coated with collagen. Higher MTT absorbance values were observed in 24-

well plate cultures in comparison with 96-well plate cultures.  

 

Figure 3-2 MTT assay results and different plastic sources.  

Primary rat hepatocytes cultured on collagen (in-house prepared) coated 24 well 

plates from various sources after 24 and 48 h in culture.Results are Mean ± SEM, n = 

3. No statistical difference was observed by ANOVA followed by Fischer’s individual 

error rate 
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Figure 3-3 MTT assay results and different plastic sources.  

Primary rat hepatocytes cultured on collagen coated 96 well plates after 24 and 48 h 

in culture. Results are Mean ± SEM, n = 3. No statistical difference was observed by 

ANOVA followed by Fischer’s individual error rate 
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3.3.1.3 The effects of changing medium volume on culturing primary rat 

hepatocytes in vitro. 

The effects of changing medium volume were investigated to determine an optimum 

depth in a 24-well plate. No statistical difference was observed with a NR assay (see 

Figure 3.5) when comparing medium depths within a time point (24 and 48 h). 

However, MTT assay resulted in a statistically (p ≤ 0.05; significantly different 

ANOVA followed by Fischer’s individual error rate) higher absorbance with a 

medium depth of 0.5 ml at 24 and 48 h (see Figure 3.4).  

 

  

Figure 3-4 MTT assay results with various medium volumes. Primary rat 

hepatocytes cultured on collagen (in-house prepared) coated 24 well plates with 

various volumes of medium after 24 and 48 h in culture. Results are Mean ± SEM, n 

= 3. * p ≤ 0.05 significantly different (ANOVA followed by Fischer’s individual error 

rate) in comparison to 0.5 ml medium.  
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Figure 3-5 NR assay results and various medium volumes. Primary rat hepatocytes 

cultured on collagen (in-house prepared) coated 24 well plates with various depths 

of medium after 24 and 48 h in culture. Results are Mean ± SEM, n = 3. No 

statistical difference was observed by ANOVA followed by Fischer’s individual error 

rate. 
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3.3.1.3 The effects of changing attachment time on culturing primary rat 

hepatocytes in vitro. 

After freshly seeding plates with primary rat hepatocytes, cells are left for a period of 

time which is referred to here as attachment time. During this time the hepatocytes 

were left to adhere to the culture surface prior to the first medium change. Varying the 

attachment time on a 24 well plate demonstrated that a 24 h attachment time was not 

an optimum time for the cells, shown in Figure 3.6 with a significantly lower 

absorbance with MTT assay at both 24 and 48 h and with NR assay at 24 h (see Figure 

3.7). 

 

Figure 3-6 MTT assay results and various attachment times. Primary rat hepatocytes 

cultured on collagen (in-house prepared) coated 24 well plates with various 

attachment times (h) after 24 and 48 h in culture. Results are Mean ± SEM, n = 3. * 

p ≤ 0.05 significantly different (ANOVA followed by Fischer’s individual error rate) 

in comparison with 4 h attachment time.  
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Figure 3-7 NR assay results and various attachment times. Primary rat hepatocytes 

cultured on collagen (in-house prepared) coated 24 well plates with various 

attachment times (h) after 24 and 48 h in culture. Results are Mean ± SEM, n = 3. * 

p ≤ 0.05 significantly different (ANOVA followed by Fischer’s individual error rate) 

in comparison with 4 h attachment time. 
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On 96 well plates, the effects of varying attachment times were not as obvious when 

compared with the results from medium depth. The results from an MTT assay 

demonstrated that the absorbance was significantly higher at 48 hr with 4 and 24 h 

attachment (see Figure 3.8). However, there was no significant difference when NR 

assay was carried out at 24 and 48 h (see Figure 3.9).  

 

Figure 3-8 MTT assay results and various attachment times.  Primary rat 

hepatocytes cultured on collagen (in-house prepared) coated 96 well plates with 

various attachment times (h) after 24 and 48 h of total culture time. Results are 

Mean ± SEM, n = 3. * p ≤ 0.05 significantly different from 2 h. (ANOVA followed by 

Fischer’s individual error rate) in comparison with 4 h attachment time. 
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Figure 3-9 NR assay results and various attachment times. Primary rat hepatocytes 

cultured on collagen (in-house prepared) coated 96 well plates with various 

attachment times (h) after 24 and 48 h of total culture time. Results are Mean ± 

SEM, n = 3. No statistical difference was observed in comparison with 4 h 

attachment time. 
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3.3.2 GSTP1 expression 

Figure 3.10 shows the GSTP1 expression by primary rat hepatocytes over 9 days in 

culture as measured by immunoblotting and subsequent densitometry. At 1 day the 

level of GSTP1 present is very low (53.37 ± 23.26). There is a significant increase in 

GSTP1 at day 2 and these day 2 levels increase also at day 3 and remain high at day 9 

in comparison with day 1. 

 

 

Figure 3-10 Typical immunoblot for GSTP1   

GSTP1 expression by immunoblotting of primary rat hepatocytes cultured on collagen 

(in-house prepared) films over 9 days. Cells were harvested, total protein content was 

measured and 10 µg protein was added to each lane. Results are Mean ± SEM, n = 3 

separate experiments * p ≤ 0.05 significantly different from day 2 to day 9, # p ≤ 0.05 

significantly different from day 6, 7 and 8 (ANOVA followed by Fischer’s individual 

error rate) 
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3.3.3 Testosterone hydroxylation in cultured primary rat hepatocytes 

Testosterone in Hank II buffer was incubated with cultures of primary rat hepatocytes 

that had been in culture for up to 9 days. The testosterone was left on the samples for 

an hour after which time the testosterone and its metabolites were extracted in 

dichloromethane. Figure 3.11 shows the levels of testosterone metabolites formed by 

the cells from 1 to 9 day cultures. After 5 days in culture the levels of metabolites were 

below the limit of detection (LOD).  

 

 

 

Figure 3-11 Formation of testosterone metabolites by primary rat hepatocytes.  

Primary rat hepatocytes cultured on collagen (in-house prepared) films over a 9 day 

period. Formation of 7α, 16 α and 2 α hydroxytestosterone is indicative of CYP2A, 

CYP2C and CYP2C11 respectively. Results are mean ± SEM, n = 3 separate 

experiments  
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After extraction on dichloromethane the % recovery of testosterone was 75.65 ± 2.01 

(mean ± SEM). Figure 3.12 shows the remaining testosterone after 60 min incubation 

with primary rat hepatocytes. 

 

Figure 3-12 Testosterone remaining after 60 min incubation. Primary rat 

hepatocytes in culture on collagen films over a 9 day period. Results are mean ± 

SEM, n = 3 separate experiments  
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3.3.4 IGFBP-5 secretion in cultured primary rat hepatocytes  

The IGFBP-5 release was measured from the conditioned medium taken from the cells 

over a 9 day period (see Figure 3.13). The levels of IGFBP-5 increased with time in 

culture. There was a medium change at 3 and 6 days, hence levels of IGFBP-5 are 

accumulating in the media for up to 3 days at a time. The levels of IGFBP-5 released 

are highest between 6 and 9 days in comparison with 0 and 3 days indicating that 

IGFBP-5 release increased as the cells aged in culture. Large error bars may be due to 

intra-culture variation in IGFBP-5 release. Hence, IGFBP-5 in culture medium at Day 

6, 8 and 9 is only significantly higher than Day 1, despite the upward trend in IGFBP-

5 release over time.  

 

 

Figure 3-13 IGFBP-5 release over a 9 day culture.   

Primary rat hepatocytes on collagen (in-house prepared) films in culture over 9 

days. Results are Mean ± SEM, n = 3 separate experiments * p ≤ 0.05 significantly 

different from day 6, 8 and 9 (ANOVA followed by Fischer’s individual error rate).  

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 2 4 6 8 10

IG
F

B
P

-5
 (

n
g
/m

l)

Time (day)

0-3 d

3-6 d

6-9 d

* 



60 

 

3.4 Discussion 

This chapter involved the optimisation of the in vitro model. Medium depth, cellular 

substratum and attachment times were all investigated. Several sources of collagen 

were used to determine any differences in the morphology of the cells cultured on 

them.  

In this chapter, results on hydroxylation of testosterone and GSTP1 expression in 

primary rat hepatocytes in culture on collagen films over a period of 9 days 

demonstrated that the levels of GSTP1 expression significantly increased whereas the 

levels of testosterone metabolites formed significantly decreased. Along with this the 

levels of IGFBP-5 released into the medium during the 9 day period increased 

indicating that it could be a possible marker of dedifferentiation of primary rat 

hepatocytes.  

Testosterone was used to monitor the levels of CYP isoenzymes present as the 

hepatocytes aged in culture. There are many reported metabolites of testosterone. 

Formation of 7α-, 6β-, 16α- and 2α- hydroxytestosterone is indicative of CYP2A, 

CYP3A4, CYP2C11 and CYP2C11 activity in the rat, respectively (Wortelboer et al., 

1990). CYP2C11 is the major CYP isoenzyme in the male rat liver representing 

approximately 50 % of the total spectrally determined CYP. As discussed in 2.1.2 the 

expression of CYP2C11, a male specific ioenzyme is rapidly lost in culture. This is 

reflected in the decrease of 2α- and 16-α hydroxytestosterone observed in the present 

study. Androstenedione formation involves CYP2C11, CYP2B1, CYP2B2 and a 

cytosolic steroid dehydrogenase (Swales et al., 1996). In the experiments above, the 

hydroxylation of testosterone resulted in the detection of 2α-, 7α- and 16α- 

hydroxytestosterone and androstenedione. The formation of 6β- hydroxytestosterone 

was not detected in these experiments indicating the lack of CYP3A4 activity in non-

induced primary rat hepatocytes cultured on collagen films. Levels of metabolites 

decreased as cells aged in culture. After 5 days in culture the levels of metabolites 

being formed were undetectable. It has been widely reported that the maintenance of 

differentiated status of hepatocytes in culture is dependent on a complex environment 

in which factors such as cell matrix and cell to cell interactions play a pivotal role. 

Some changes in the plating of the cells and the configuration can prevent this rapid 
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reduction in CYP activity. Sandwich cultures of primary rat hepatocytes have been 

reported to have relatively stable expression of CYP isoenzyme expression e.g. 

CYP1A1, CYP1A2 and CYP2B1 (Kern et al., 1997). Although sandwich cultures offer 

maintenance of CYP activity for longer in in vitro cultures of primary hepatocytes, 

they also present many issues. Matrigel derived from Engelbroth-Holm-Swarm mouse 

sarcoma rich in ECM protein is currently a widely used matrix used for sandwich 

cultures. Matrigel is an undefined matrix, with undisclosed components. The matrix 

not only contains structural proteins, but also growth factors and hormones. Diffusion 

of macromolecules may also be an issue, with medium components being excluded. 

Batch-to-batch variation should also be considered when designing and analysing 

experiments.   

The results in section 3.3.2 showed that Phase II Glutathione S-transferase (GST) 

activity increased upon isolation and culture of primary rat hepatocytes in vitro. GSTA 

and GSTM are abundant in normal rat liver unlike GSTP1. The total GST activity after 

isolation has been shown to be reduced by 50% after 24 h in culture in comparison to 

levels in freshly isolated hepatocytes (Daniel, 1993). GSTP1 is not present in normal 

rat liver in vivo or in freshly isolated cells; however, expression is induced within 24 

h in culture  (Lockman et al., 2012). That was also shown to occur in the present 

experiments. GSTP1 expression was at 56.37 ± 23.26 OD just after 1 day in culture. 

The GSTP1 form has been shown to be most abundant in foetal liver but is almost 

absent postnatally (Tee et al., 1992). GSTP1 has been shown to have a specific 

developmental pattern in the foetal liver and is abundant in an 18 day old foetal liver. 

However, it has been shown that GSTP1 is only present in an adult liver during de-

differentiation associated for example with hepatocarcinogenesis (Tee et al., 1992) . It 

has been suggested that GSTP1 expression in primary cultures could be attributed to 

hormones and growth factors present in the serum with which medium is often 

supplemented (Hatayama et al., 1991) . In the experiments carried out in this thesis the 

levels of GSTP1 detected were very low at 1 day which corresponds with previous 

published work (Lockman et al., 2012). An increase with time in culture was seen after 

1 day in culture with a significant rise in GSTP1 expression to 187. 12 ± 73.09 OD at 

day 2 and 360.31 ± 140.82 OD at day 3 (p ≤ 0.05).  
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An ELISA was carried out to correlate the IGFBP-5 release from cells into medium 

with the age of the primary rat hepatocytes in culture. The levels of IGFBP-5 secreted 

into media increased along with the reduction in testosterone metabolites formed and 

the increase in GSTP1 expression. The levels of IGFBP-5 secreted into the medium 

were low initially but increased as the hepatocytes aged in culture and lost function. 

The levels at day 1 were 0.01 ± 0.008 ng/ml and increased significantly to 1.2 ± 0.43 

ng/ml. IGFBP-5 was not measured in the cells with time in culture. This would have 

highlighted if mRNA levels were changing within the cells resulting in the increase in 

release into the cell culture medium.    

 

This would suggest that IGFBP-5 is a potential marker of de-differentiation. It has 

been suggested that the Insulin-like growth factor (IGF-1) axis is involved in aging. 

Longo and Firth (2003) have suggested some drug treatments for the treatment of some 

age related diseases and have targeted the IGF-axis and in particular the release of 

IGF-1 from the liver. IGFBP-5 has also been shown to be involved in cellular 

senescence. In this context Kim et al (2008) showed that in IGFBP-5 knockout human 

umbilical endothelial cells a reduction in some senescent phenotypes such as cell 

proliferation and β-galactosidase staining were observed 
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Chapter 4 In vitro 9 day chronic oxidative stress model 

4.1 Introduction 

Excessive oxidative stress can cause cell death via apoptosis and necrosis. There are 

many inducers of oxidative stress including reactive oxygen species (superoxide 

radical, hydroxyl radical and hydrogen peroxide), metals (iron, cadmium and mercuric 

chloride), pathological conditions (hyperglycaemia, Alzheimer’s and Parkinson’s 

disease) and drugs (cisplatin, taxol and antimycin D).  

 

4.1.1 Menadione (2-methyl-1,4-napthoquinone) and Hydrogen Peroxide Toxicity 

Menadione (vitamin K3) is a synthetic analogue of vitamin K (for structure see figure 

4.1). It is a member of a large group of quinone compounds found in the diet and 

occurring naturally in the environment. It can undergo either one electron reduction to 

a  semiquinone radical or two electron reduction to a  more stable hydroquinone (Thor 

et al., 1982). Most semiquinone radicals rapidly enter a redox cycle resulting in the 

formation of reactive oxygen species (ROS) such as superoxide anion, hydrogen 

peroxide and hydroxyl radical. Menadione has been widely used as a model of 

oxidative stress for several cell models. Badr et al. (1989) demonstrated that 

menadione causes zone specific hepatotoxicity. Perfusion of rat livers with high 

concentrations of menadione increased the oxygen tension exclusively in the periportal 

region of the liver indicating that redox cycling of menadione occurred in this region. 

Perfusions with high concentrations of menadione (1 mM) also led to time dependent 

LDH release and positive Trypan Blue staining in the periportal region (Badr et al., 

1989), indicating a toxic response. In validating a newly formed immortalised cell line, 

Anderson et al (1996) studied a range of concentrations of menadione on numerous 

markers of hepatic cell health. Concentrations ≥ 25 µM caused significant LDH 

leakage and GSH depletion in primary rat hepatocytes after 2 h exposure. In contrast 

to this, in suspension cultures 50 – 100 µM menadione did not cause a decrease in cell 

viability (Trypan Blue exclusion) (Di Monte et al., 1984). Concentrations above 200 

µM did cause cell death and depletion of protein sulfhydryl groups indicating that 

perturbation of protein thiol homeostasis may represent a crucial step in the toxicity of 

menadione. For this to occur, complete depletion of GSH must have occurred, as 
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oxidation of protein sulfhydryl groups only takes places without GSH present. The 

treatment of hepatocytes with diethylmaleate to remove GSH, results in greater 

reduction in protein sulfhydryl groups and subsequent cell death. Di Monte et al (1984) 

have also demonstrated that at 50 µM menadione decreases in GSH content are 

evident, irreversible and dose-dependent.   

 

 

 

Figure 4-1 Chemical structure 2-methyl-1,4-naphthoquinone (Menadione). 

 

Hydrogen peroxide (H2O2) is also a well-characterised toxin for the induction of 

oxidative stress in primary hepatocytes cultures. It is an endogenous ROS present at 

low levels in the mitochondria. H2O2 is present intracellularly at about 10 nM and in 

the liver it is generated at a  rate of 50 nmol/min/gram of tissue equating to 2 % of total 

oxygen uptake at steady state (Sies, 2014). H2O2 is also formed as a result of 

metabolism, and can be implemented in redox signalling and oxidative stress when the 

balance of oxidants and antioxidants becomes imbalanced. Routine removal of ROS 

is carried out by antioxidant enzymes such as superoxide dismutase (SOD), catalase 

and glutathione peroxidase. SOD reduces superoxide radicals to H2O2 and glutathione 

peroxidase and catalase further reduce H2O2 to water. However, catalase is absent in 
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hepatocyte mitochondria. GSH also acts as an antioxidant defence towards H2O2, 

acting as a hydrogen donor to glutathione peroxidase in hepatocyte mitochondria, 

hence directly influencing its enzymatic function and antioxidant capacity (Wang et 

al., 2009, Kannan and Jain, 2000). Survival pathways, MAPK and NF-κB and 

activation of stress kinases e.g. c-Jun N-terminal kinases (JNK) (Iwakami et al., 2011) 

have also been described as having roles in attenuating oxidative stress (Conde de la 

Rosa et al., 2006). A study to compare the toxicities of menadione and H2O2, and their 

roles in progressing apoptosis or necrosis, also demonstrated the involvement of these 

cell survival pathways. Menadione, the superoxide anion donor caused increases in 

caspase-3 activity but H2O2 did not. In the same study, H2O2 concentrations of 2.5 mM 

and above caused necrotic cell death (increases in Sytox Green staining) (Conde de la 

Rosa et al., 2006). Menadione also caused a slight increase in necrotic cells death at 

50 µM (Conde de la Rosa et al., 2006). In contradiction to this Han et al. (2006), 

demonstrated that concentrations as low as 100 µM H2O2 (generated through glucose 

oxidase dosing; 1 h exposure) caused necrosis in primary mouse hepatocyte cultures, 

and this was confirmed by bolus dosing of H2O2 at the same concentrations (5 min 

exposure).  

 

Utilising the optimised model of primary rat hepatocyte culture that was developed in 

Chapter 3, a range of low concentrations of menadione (Vitamin K3) and hydrogen 

peroxide, two classic oxidative toxins, were investigated to determine their effects on 

primary rat hepatocytes. Menadione (Morrison et al., 1984, Sun et al., 1990, Ip et al., 

2002) and H2O2 (Starke and Farber, 1985) have been widely used in models of 

oxidative stress on hepatocytes. Hence there is a wide general understanding of both 

these molecules and their effects on hepatocytes. Low concentrations of these toxins 

were used to show chronic toxic insult on hepatocytes over a long period of time, to 

try to mimic a situation of chronic toxic insult on the liver, characteristic of that 

resulting in liver fibrosis and subsequently cirrhosis and liver failure. On consideration 

of the literature described above, concentrations below 10 µM and 0.5 mM for 

menadione and H2O2 respectively were selected.  
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Toxicity was characterised using WST-1 and Crystal Violet (CV) assays as well as 

determining intracellular reduced Glutathione (GSH) concentrations. Several 

parameters were used to assay cell health post chronic dosing with menadione and 

H2O2 (see Table 4.1). MTT and WST-1 were used to measure the metabolic activity 

of cells. NR and CV bind to cellular lysosomes and DNA respectively, indicating cell 

numbers present in cultures.  The assays determine changes in cell viability or cell 

number. GSH will show any subtle changes occurring within the cells due to toxicity, 

as it plays an integral role in cellular protection against drug induced toxicity. Conde 

de la Rosa (2006) demonstrated the role of GSH in menadione induced apoptosis, by 

adding buthionine sulfoximine (BSO) to cultures of primary rat hepatocytes before 

and during menadione exposure. BSO inhibits γ-gluyamyl-cysteinyl-synthetase, a rate 

limiting step in the biosynthesis of GSH. This method reduced GSH levels by as much 

as 80 % and increased superoxide anion induced apoptosis in primary hepatocytes. In 

contrast, the addition of glutathione donor GSH-MEE, slightly decreased menadione 

induced apoptosis (Conde de la Rosa et al., 2006). 

 

Methods Parameter measured 

Neutral Red Assay Cell viability 

MTT Assay Metabolic Activity/Cell Viability 

WST-1 Assay Metabolic Activity/Cell Viability 

CV Assay Cell number 

Intracellular GSH content Oxidative stress/toxicity 

Table 4-1 Methods used to determine toxicity, and the parameters they measure. 
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4.1.2 Ethanol and Acetaldehyde Toxicity 

ROS plays a role in the pathogenesis of alcoholic liver disease (Boers et al., 2006). 

Alcohol misuse is one of the major causes of liver fibrosis worldwide. The UK and 

Scotland in particular have seen an increase over the last decade in the mortality rates 

of both men and women from cirrhosis related to alcohol, in contrast to a decrease in 

mortality from cirrhosis being witnessed elsewhere, in Southern Europe in particular 

(Bosetti et al., 2007). 

 

Chronic toxic insult from alcohol to the liver results in a loss of functional tissue due 

to the accumulation of extracellular matrix proteins which distort the hepatic 

architecture by forming fibrous scar tissue and hence lead to the development of liver 

fibrosis. Progression in liver fibrosis then lead to the development of cirrhosis and liver 

failure (Friedman, 2003). The effects of alcohol have been shown to vary with dose, 

with some evidence suggesting that it may even have some beneficial cardiovascular 

effects at low consumption rates, particularly in the prevention of coronary heart 

disease (Renaud and de Lorgeril, 1992). However, alcohol is a known hepatotoxin and 

induces several types of liver disease including fibrosis ((Mello et al., 2008, Bataller 

and Brenner, 2005) and hepatocellular carcinoma (HCC) (Yang et al., 2005). About 

90% of alcohol taken into the body is metabolised by the liver to acetaldehyde and 

acetic acid at a maximal rate of between 10-20 ml/h. Ethanol is metabolised in the 

body by alcohol dehydrogenase (ADH), CYP2E1 and catalase. Acetaldehyde is the 

predominant metabolite formed by the oxidation of ethanol by ADH. It is then oxidised 

to acetic acid by the enzyme acetylaldehyde dehydrogenase (ALDH) in the 

mitochondria (Figure 4.2).  The major metabolite, acetaldehyde, plays the central role 

in the pathogenesis of liver fibrosis (Mello et al., 2008, Gutierrez-Ruiz et al., 2001). It 

has also been concluded that chronic alcohol ingestion inhibits ALDH production and 

hence results in an increase in tissue and plasma acetaldehyde levels (Lieber, 1997).  

 

Acetaldehyde, the major metabolite produced by ADH induces the expression of the 

collagen I genes in hepatic stellate cells (HSC) at relevant concentrations measured in 
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hepatic venous blood during alcohol consumption (200 µM) (Svegliati-Baroni et al., 

2001). The mechanisms underlying this are not well known, however, some work is 

being carried out in the field to elucidate the factors. Svegliati-Baroni et al. (2001) 

have also demonstrated that acetaldehyde induces α2(I) collagen and fibronectin gene 

expression at transcriptional levels, as early as 2 h after incubation with human HSC 

in vitro.  

 

 

Figure 4-2 Metabolic pathways of ethanol involving alcohol dehydrogenase (ADH) 

and the microsomal ethanol oxidising system (MEOS). 

Adapted from (Setshedi et al., 2010) 

 

4.1.3 Primary rat hepatocytes and HepG2 cells 

Much work has been carried out to elucidate the functional differences between both 

cellular models (Gerets et al., 2012, Xu et al., 2005, Guo et al., 2010). HepG2 cells are 

often perceived as an ideal alternative to primary hepatocytes due to their maintenance 

of a somewhat differentiated state, unlimited availability and ease of use. However, 

their main limitation is their low metabolic capacity. This would make HepG2 cells 

suitable for determining the toxicity of parent molecules but not necessarily for 

screening the turnover of a parent molecule to a toxic metabolite. Wilkening et al. 

(2003) demonstrated, at the mRNA level, the differences in expression of  Phase I and 

Phase II enzymes between primary human hepatocytes and HepG2 cells, concluding 
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that primary human hepatocytes exhibited much higher levels of Phase I enzymes. In 

particular, they reported that CYP3A4, regarded as the most important drug 

metabolising enzyme in human liver, has undetectable at mRNA level in the HepG2 

cells. This should be kept in mind when interpreting the differences in toxicity of 

ethanol in HepG2 versus primary rat hepatocytes.  

The aim of this chapter was to determine if IGFBP-5 secretion was affected in the 

model of primary rat hepatocytes developed in Chapter 3 when the hepatocytes were 

under oxidative stress using two well characterised oxidative toxins, hydrogen 

peroxide and menadione as well as ethanol and its primary metabolite acetaldehyde.    
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4.2 Methods 

4.2.1 Preparation and isolation of primary rat hepatocytes 

Hepatocytes were isolated as previously described in Chapter 2 (see sections 2.2.1 – 

2.2.3). 

 

4.2.3 Hepatocyte cultures treated with menadione and hydrogen peroxide 

Primary rat hepatocytes were cultured on collagen coated (30 µg/cm2) 24- and 96- well 

plates and were seeded at a density of 1.5 x 105 cells/cm2. Plates were incubated at 37 

°C for 2 h after which time the medium (William’s E containing 5 % v/v foetal calf 

serum (FCS), L-glutamine (2mM), penicillin G (50 units/ml), streptomycin sulphate 

(50 µg/ml) and fungizone (250 µg/ml)) was removed and replaced with Hydrogen 

peroxide (0.01 – 0.5 mM; in a total volume of 0.5 ml for 24 well plate and 0.2 ml for 

96 well plate) or Menadione (0.1 – 10 μM; in a total volume of 0.5 ml for 24 well plate 

and 0.2 ml for 96 well plate) diluted in medium and incubated for 2, 3, 4, 6 and 9 d at 

37 °C. Control wells had medium only added (0.5 ml for 24 well plate and 0.2 ml for 

96 well plate). Wells allocated for 2, 3, 4 and 6 d had drug added every day but did not 

get a medium change, 9 d wells had a medium change at 3d and 6 d with fresh toxin 

added daily. Differences in medium change days was to allow IGFBP-5 accumulation 

in the medium to levels above the level of detection for the ELISA kits used in this 

study. Figure 3.13 demonstrated that at early timepoints in culture IGFBP-5 measured 

in cell culture medium was low. Allowing for the accumulation over longer periods of 

time would help in measuring the IGFBP-5. Supplementing drug into each well was 

carried out in a 5 µl volume on the days required, but ensuring that the 

dimethylsulfoxide (DMSO) concentration always remained lower than 0.1 % v/v. 

 

At the end of the incubation with toxins, the medium was removed and stored at 4 °C 

overnight awaiting LDH activity analysis, and at -70 °C awaiting IGFBP-5 ELISA 

assays. Samples for GSH (Section 2.12) and total protein (Section 2.6) were prepared 

as stated elsewhere.  
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For WST-1, a 10 % dilution of WST-1 (50 μl) was added to each well of a 96 well 

plate containing cell and medium and incubated for 1 h at 37 °C in a humidified 

atmosphere of 5 % CO2 in air.  Plates were shaken thoroughly for 1 min prior to 

measuring the absorbance (450 nm) on a plate reader (see section 2.13). Wells were 

then washed with PBS and 100 μl 4 % paraformaldehyde (PFA) was added for 30 min 

to fix the cells. After 30 min, PFA was removed and wells were washed with 100 μl 

PBS (2x) before adding 100 μl CV for 20 min. After 20 min, CV was removed and 

wells were washed with 200 μl PBS (3x). The stain was then solubilised overnight 

with 0.1 % Triton X-100 in PBS. Plates were shaken thoroughly prior to measuring 

the absorbance (540 nm) on a plate reader (See section 2.14). 

 

4.2.4 Hepatocyte cultures treated with Ethanol and Acetaldehyde 

4.2.4.1 Seeding cells and sample preparation with Sodium Bicarbonate containing 

medium 

For MTT and NR assay, 96 well plates were seeded with Hep G2 cells (200 µl) at a 

seeding density of 3.25 x 104 cells/cm2. Plates were incubated at 37 °C for 24 h to 

allow cell attachment after which time medium (refer to section 2.10) was removed 

and replaced with medium (refer to section 2.10) containing ethanol (0.02 M to 1 M; 

in a total volume of 200 µl) and incubated for 24 h at 37 °C. Control wells had medium 

only added (200 µl).  

 

For LDH activity, GSH determination and Lowry Assay with Hep G2 cells, 24 well 

plates were seeded at a density of 3.25 x 104 cells/cm2. Plates were incubated at 37 °C 

for 24 h after which time medium was removed and replaced with medium containing 

ethanol (100 mM to 500 mM; in a total volume of 1 ml) and incubated for 24 h, 48 h 

and 72 h at 37 °C. Control wells had medium only added (1 ml). For plates being 

incubated for longer than 24 h, medium (refer to section 4.2.2) was changed every 24 

h.  
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For LDH activity, GSH determination and Lowry Assay with rat hepatocytes, collagen 

coated (30 µg/cm2) 24 well plates were seeded at a density of 1.5 x 105 cells/cm2. 

Plates were incubated at 37 °C for 4 h after which time medium (Williams’ E 

containing 5 % v/v foetal calf serum (FCS), penicillin G (50 units/ml), streptomycin 

sulphate (50 µg/ml) and fungizone (250 µg/ml)) was removed and replaced with 

ethanol diluted in medium (100 mM to 500 mM; in a total volume of 1 ml) and 

incubated for 24 h and 48 h at 37 °C. Control wells had medium only added (1 ml). 

For plates being incubated for longer than 24 h, medium was changed after 24 h.  

At the end of the incubation with ethanol, the medium was removed and stored at 4 °C 

overnight awaiting LDH activity analysis. Wells were washed once with PBS, and then 

GSH was extracted by adding 200 µl of 10 % (v/v) TCA to each well. After 10 min 

the samples of TCA were frozen at -20 °C until analysis. Meanwhile the cells 

remaining on the surface of the wells were digested with 0.5 M NaOH for 18 h at 37 

°C, and samples were stored at -20 °C in order to measure the protein content.  

 

4.2.4.2 Seeding cells and sample preparation with HEPES containing medium 

Problems arose with evaporation of ethanol from medium when culturing cells on 

multiwell plates, hence, a HEPES buffered medium was used to allow the culture of 

cells in sealed flasks. 25 cm2 sealed culture flasks (BD Falcon™, BD Biosciences, 

UK) were collagen coated (30 μg/cm2) and seeded with primary rat hepatocytes at a 

density of 1.5 x 105 cells/cm2 in 10 ml of medium (Williams’ E medium containing 

HEPES (25 mM) with 5 % v/v FCS, L-glutamine (2 mM), penicillin G (50 units/ml), 

streptomycin sulphate (50 μg/ml), fungizone (250 μg/ml) and non-essential amino 

acids (NEAA) (100 x; 5 ml)). Flasks were incubated at 37 °C for 2 h after which time 

medium was removed. All flasks were washed twice with Dulbecco’s PBS (Lonza, 

Switzerland). Medium with 10 % FCS was replaced fresh medium (10 ml) containing 

ethanol (20, 50 and 80 mM) or acetaldehyde (125, 150 and 175 µM). Flasks were 

incubated for 3 days at 37 °C. Control flasks contained medium only. After 3 days in 

culture, medium was removed was stored in Eppendorf tubes, centrifuged at 1000 rpm 

and placed at -70 °C awaiting analysis for IGFBP-5 secretion. Another aliquot of 

medium was also removed and stored at 4 °C overnight awaiting LDH activity 
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analysis. The GSH was extracted by adding 200 µl of 10 % (v/v) TCA to the wells 

after the removal of medium. After 10 min incubation at room temperature, the 

samples of TCA were frozen at -20 °C until analysis. Meanwhile the cells remaining 

on the surface of the wells were digested with 0.5 M NaOH for overnight at 37 °C in 

order to solubilise the protein content. 

 

4.2.5 MTT Microplate Assay 

MTT was measured as previously described in Chapter 2 (see section 2.4). 

 

4.2.6 Neutral Red (NR)  Assay 

NR was measured as previously described in Chapter 2 (see section 2.5). 

 

4.2.7 Measurement of lactate dehydrogenase (LDH) activity 

LDH was measured as previously described in Chapter 2 (see section 2.11) 

 

4.2.8 Determination of reduced glutathione (GSH) by fluorimetry 

GSH was measured as previously described in Chapter 2 (see section 2.12) 

 

4.2.9 Determination of total protein 

Total protein was measured as previously described in Chapter 2 (see section 2.6). 

 

4.2.10 Measurement of IGFBP-5 by ELISA 

Mouse IGFBP-5 was measured as previously described in Chapter 2 (see section 2.9). 

Human IGFBP-5 was measured as previously described in Chapter 2 (see section 

2.15). 
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4.3 Results 

4.3.1 Chronic 9 day dosing of hydrogen peroxide on primary rat hepatocytes 

 

GSH determination in the hepatocytes after dosing of hydrogen peroxide for 9 days 

demonstrated that the concentration chosen for this work did not affect the oxidative 

capacity of the cells in vitro until Day 9 and only at the highest concentration of 0.5 

mM (see Figure 4.3). Despite the oxidative capacity being unaffected with the addition 

of H2O2, a drop in GSH from 4.79 ± 0.18 nmol/well to 1.35 ± 0.39 nmol/well between 

Day 3 and Day 9 controls respectively is evident.  

 

Figure 4-3 GSH determination after H2O2 incubation. Primary rat hepatocytes on 

collagen (in-house prepared) coated 24-well plates with hydrogen peroxide (0.01 – 

0.5 mM) in medium for 2, 3, 4, 6 and 9 d. Results are Mean ± SEM, n = 3; * p < 0.05 

(ANOVA followed by Dunnett’s multiple comparison test) in comparison with control 

cultures. 
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The amount of formazan salt formed in the WST-1 assay is indicative of the number 

of metabolically active and viable cells and is dependent on the presence of NADPH. 

As shown in Figure 4.4, after dosing cells for 9 days a significant decrease in the 

formation of formazan salt was measured at Day 9 with concentrations of 0.05 – 0.5 

mM H2O2. At Day 2, the formation of formazan salt is increased above the control at 

all concentrations of H2O2. Interestingly, an increase in formazan formation is seen 

over time in the controls (see Table 4.2).  

  

Figure 4-4 WST-1 determination after incubation with H2O2.  

Primary rat hepatocytes on collagen (in-house prepared) coated 24-well plates with 

hydrogen peroxide (0.01 – 0.5 mM) in medium for 2, 3, 4, 6 and 9 d. Results are 

Mean ± SEM, n = 3; * p < 0.05 (ANOVA followed by Dunnett’s multiple comparison 

test) in comparison with control cultures. 

 

 

 

 

 

Table 4-2 WST-1 determination of the control wells.  

Primary rat hepatocytes over 9 days in culture. Results are Mean ± SEM, n = 3 
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CV staining after chronic dosing of H2O2 demonstrates a decrease in cell number at 

Day 9 at concentrations of 0.05 – 0.5 mM in comparison with controls (see Figure 4.5). 

Table 4.3 highlights the OD values for the control wells. The values indicate no major 

loss of hepatocyte number over the 9 days in culture.  

 

Figure 4-5 CV assay after incubation with H2O2.  

Primary rat hepatocytes on collagen (in-house prepared) coated 24-well plates with 

hydrogen peroxide (0.01 – 0.5 mM) in medium for 2, 3, 4, 6 and 9 d. Results are 

Mean ± SEM, n=3; * p < 0.05 (ANOVA followed by Dunnett’s multiple comparison 

test) in comparison with control cultures. 

 

 

 

 

 

 

Table 4-3 CV staining of the control wells.   

Primary rat hepatocytes over 9 days in culture. Results are Mean ± SEM, n = 3 
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IGFBP-5 was measured in the supernatant from dosing of H2O2 on primary rat 

hepatocytes for 9 days. Significantly higher IGFBP-5 levels were measured in the 

medium from the control wells (3.32 ± 0.99 ng/ml accumulated between day 6 to day 

9) in comparison with the medium from the H2O2 dosed wells (0.1 mM: 0.57 ± 0.20 

ng/ml accumulated between day 6 to day 9). Similarly, the same trend was also 

demonstrated between days 3 and 6. These results are shown in Figure 4.6 and the 

effect was observed at both concentrations of H2O2.  

 

 

Figure 4-6 IGFBP-5 release after H2O2 exposure.   

Primary rat hepatocytes on collagen (in-house prepared) coated 24-well plates 

exposed to hydrogen peroxide. Results are Mean ± SEM, n = 3, * p < 0.05 (ANOVA 

followed by Dunnett’s multiple comparison test) in comparison with control cultures. 
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4.3.2 Menadione dosing on primary rat hepatocytes for 9 days 

GSH levels were measured after 9 days of dosing of menadione on primary rat 

hepatocytes. No significant changes in GSH levels were demonstrated until Day 9 at 

the highest concentrations of 5 and 10 µM in comparison with the control as shown on 

Figure 4.7. However, the control levels of GSH were also decreasing with time, 

indicating the overall oxidative capacity was diminishing with time even without 

perturbation with menadione. GSH levels on Day 2 were 4.43 ± 0.22 nmol/well 

decreasing to 0.75 ± 0.05 nmol/well on day 9.  

 

Figure 4-7 GSH determination after incubation with menadione.  

Primary rat hepatocytes on collagen (in-house prepared) coated 24-well plates with 

menadione (0.1 – 10 µM) in medium for 2, 3, 4, 6 and 9 d. Results are Mean ± SEM, 

n = 3; * p < 0.05 (ANOVA followed by Dunnett’s multiple comparison test) in 

comparison with control cultures. 
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WST-1 demonstrated a decrease in cell number at Day 9 also at the highest 

concentrations of 5 and 10 µM menadione dosing in comparison with the control value 

(See Figure 4.8). Table 4.4 illustrates the formazan salt formation in the control wells 

over the 9 day culture period. With the addition of 5 and 10 µM menadione between 

Day 2 and Day 4, an increase in formazan salt formation is observed. However, after 

Day 6 this phenomenon is no longer evident.  

 

Figure 4-8 WST-1 determination after incubation with menadione.  

Primary rat hepatocytes on collagen (in-house prepared) coated 24-well plates with 

menadione (0.1 – 10 µM) in medium for 2, 3, 4, 6 and 9 d. Results are Mean ± SEM, 

n = 3; * p < 0.05 (ANOVA followed by Dunnett’s multiple comparison test) in 

comparison with control cultures. 

 

 

 

 

 

Table 4-4 WST-1 determination of the control wells.   

Primary rat hepatocytes over 9 days in culture. Results are Mean ± SEM, n = 3 
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Using CV as a viability test, it demonstrated that no significant loss in attached cell 

numbers was demonstrated until Day 9 at the top concentrations used (5, 10 µM 

Menadione) as seen on Figure 4.9. CV staining in the control wells did not decrease 

with time (see Table 4.5), indicating that any reduction seen in menadione cultures 

was due to the addition of menadione and not the aging of the cultures.   

 

 

Figure 4-9 CV assay after incubation with menadione.   

Primary rat hepatocytes on collagen (in-house prepared) coated 24-well plates with 

menadione (0.1 – 10 µM) in medium for 2, 3, 4, 6 and 9 d. Results are Mean ± SEM, 

n=3; * p < 0.05 (ANOVA followed by Dunnett’s multiple comparison test) in 

comparison with control cultures. 

 

 

 

 

 

Table 4-5 CV staining of the control wells.   

Primary rat hepatocytes over 9 days in culture. Results are Mean ± SEM, n = 3 

 

0

20

40

60

80

100

120

140

0.1 1 5 10

C
V

 (
%

 C
o
n

tr
o
l)

Menadione (µM)

Day 2

Day 3

Day 4

Day 6

Day 9

*

*

*

Day Mean (OD at 450 nm) SEM 

2 1.40 0.05 

3 1.40 0.09 

4 1.57 0.05 

6 1.19 0.08 

9 1.59 0.03 



81 

 

Similar trends were seen with IGFBP-5 release into the medium with 9 days of dosing 

with menadione (see Figure 4.10). The highest concentrations were measured in the 

medium from the control cells (3.77 ± 1.02 ng/ml accumulated between day 6 to day 

9), with the IGFBP-5 in the medium from treated cells being significantly lower (1 

µM: 0.35 ± 0.20 ng/ml accumulated between day 6 to day 9), and similarly decreses 

were also seen between day 3 and day 6.  

 

 

Figure 4-10 IGFBP-5 release after menadione exposure.  

Primary rat hepatocytes on collagen (in-house prepared) coated 24-well plates 

exposed to menadione. Results are Mean ± SEM, n = 3, * p < 0.05 (ANOVA followed 

by Dunnett’s multiple comparison test) in comparison with control cultures 
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4.3.3 Exposure of HepG2 cells to Ethanol assessed by MTT and NR 

 

The MTT assay (see Figure 4.11) demonstrated a decrease in the number of viable 

cells with the addition of ethanol (0.02 M to 1 M). Concentrations used in these 

experiments are supra-physiological (1 M ethanol is up to 40 times higher than that 

seen in human blood).  

 

 

Figure 4-11 MTT assay after incubation of HepG2 cells with ethanol.  

HepG2 cells cultured in 24-well plates with varying concentrations of ethanol in 

medium for 24 h. Results are Mean ± SEM, n = 12. * p ≤ 0.05 significantly different 

from control (ANOVA followed by Fischer’s individual error rate). All values were 

significantly lower in comparison with control cultures.  
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According to the NR assay, increasing ethanol concentration first resulted in 

increased cell numbers (see Figure 4.12), followed by a decrease with the addition of 

0.5 M and 1 M ethanol after 24 h.    

 

 

Figure 4-12 NR assay after incubation of HepG2 cells with ethanol 

HepG2 cells cultured in 24-well plates with varying concentrations of ethanol in 

medium for 24 h. Results are Mean ± SEM, n = 12. * p ≤ 0.05 significantly different 

from control (ANOVA followed by Fischer’s individual error rate) 
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4.3.4 Exposure of HepG2 cells to ethanol assessed by GSH content: Evaluating 

the effect of Ethanol Evaporation on HepG2 cells in Neighbouring Wells on a 24 

Well Plate in HepG2 culture  

 

This work was carried out to determine if evaporation of ethanol was the cause of the 

toxicity in the control wells. Previous work indicated that ethanol in wells adjacent to 

the control wells were exhibiting toxic effects. GSH determination with Hep G2 cells 

showed a decrease in GSH content after the initial 24 h incubation with ethanol (See 

Fig. 4.13). An undetectable value for GSH was observed after 24 h with the addition 

of 250 mM and 500 mM ethanol in medium. An increase in GSH content was observed 

with the control wells at each time point (24 h, 48 h and 72 h). The control wells 

directly adjacent (Column 3) to ethanol containing wells showed a significant decrease 

in GSH at 48 h in comparison to the levels at the same point in the control wells 

(Column 1) furthest away from the ethanol containing wells. Control wells in Column 

2 also showed a significant decrease in GSH in comparison with the control wells in 

Column 1 indicating that the the addition of ethanol at 100 nM in Column 4 and 

potentially the 250 and 500 nM ethanol in Column 5 and 6 respectively were affecting 

the control wells.  
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Figure 4-13 Intracellular GSH after incubation of HepG2 cells with ethanol.   

HepG2 cells cultured in 24-well plates with varying concentrations of ethanol in 

medium for 24 and 48 h. Results are Mean ± SEM, n = 4. Column numbers refer to 

the position of the sample on the 24 well plate. * p ≤ 0.05 significantly different from 

column 1 (ANOVA followed by Fischer’s individual error rate) 
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LDH activity was similar for all samples, indicating that there was no detectable 

damage to the membranes of the cells by the insult of ethanol in medium at 

concentration between 100 mM and 500 mM after 24 h (see Figure 4.14). No 

significant difference was demonstrated between the control wells.  

 

Figure 4-14 LDH activity after incubation of HepG2 cells with ethanol.  

HepG2 cells cultured in 24-well plates with varying concentrations of ethanol in 

medium for 24 and 48 h. Results are Mean ± SEM, n = 4. Column numbers refer to 

the position of the sample on the 24 well. No statistical difference was observed in 

comparison with the controls.  
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The Lowry Assay provided data on the total amount of protein in each well after 

incubation of Hep G2 cells with ethanol (100 mM to 500 mM) in medium (see Figure 

4.15). A decrease was noted after 24 h incubation with ethanol in medium in 

comparison with the controls, with a drop below the level of detection after 72 h 

incubation with 250 mM and 500 mM ethanol in medium, indicating that cell death 

had occurred and that cells were detached from the base of the wells and washed away. 

Column 3 control protein values at 24 h and 72 h are significantly decreased from the 

control protein values of Column 1 at the same time point.  

 

 

Figure 4-15 Protein content measured after ethanol exposure to HepG2 cells.  

Protein content measured using the Lowry assay after incubation of HepG2 cells 

cultured in 24-well plates with varying concentrations of ethanol in medium for 24 

and 48 h. Results are Mean ± SEM, n = 4. Column numbers refer to the position of 

the sample on the 24 well plate. * p ≤ 0.05 significantly different from column 1 

(ANOVA followed by Fischer’s individual error rate) 
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4.3.5 Evaluating the effect of Ethanol Evaporation on Primary Rat Hepatocyte 

cultures in Neighbouring Wells on a 24 Well 

GSH levels in rat hepatocytes, showed a decrease after 48 h incubation with ethanol 

in medium (see Figure 4.16). With the addition of ethanol (250 mM) in medium, a 

decrease in GSH was seen in cells between 24 h incubation to 48 h incubation from 

45.82 ±1.35 μM to a value below the limit of detection. Similarly, with the addition of 

500 mM ethanol in medium a decrease was seen in cells between 24 h incubation and 

48 h incubation from 44.61 ± 1.18 μM to an undetectable level by the assay. 

Intracellular GSH concentration was significantly higher in cells at 24 and 48 h in 

Column 1 control in comparison with the other two control cell samples (Column 2 

and 3) measured at the same time points.  

 

Figure 4-16 Intracellular GSH after exposure to ethanol.   

Primary rat hepatocytes on 24 well plates with varying concentrations of ethanol in 

medium for 24 and 48 h. Results are Mean ± SEM, n = 4. Column numbers refer to 

the position of the sample on the 24 well plate. * p ≤ 0.05 significantly different from 

control column 1 (ANOVA followed by Fischer’s individual error rate) 
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After 24 h incubation of rat hepatocytes with ethanol in medium the LDH leakage 

ranged from between 0.61 ± 0.04 μmol/ml/min (Control Column 1) to 0.54 ± 0.03 

μmol/ml/min (500 mM ethanol in medium) (see Figure 4.17). There were no 

significant differences.  

 

Figure 4-17 LDH activity after incubation ethanol.  

Primary rat hepatocytes on collagen (in-house prepared) coated 24 well plates with 

varying concentrations of ethanol in medium for 24 and 48 h. Results are Mean ± 

SEM, n = 4. Column numbers refer to the position of the sample on the 24-well plate. 

No statistical difference was observed in comparison with the controls.  
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The Lowry Assay provided data on the total amount of protein in each well after 

incubation of rat hepatocytes with ethanol (100 mM to 500 mM) (see Figure 4.18). A 

slight decrease was noted after 48 h incubation with ethanol. However, this decrease 

was seen with the control samples also.   

 

Figure 4-18 Protein content measured after exposure to ethanol.   

Protein content measured using the Lowry assay after incubation of primary rat 

hepatocytes on collagen (in-house prepared) 24-well plates with varying 

concentrations of ethanol in medium for 24 and 48 h. Results are Mean ± SEM, n = 

4. Column numbers refer to the position of the sample on the 24 well plate. No 

statistical difference was observed in comparison with the controls.  
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4.3.6 LDH activity in primary rat hepatocytes exposed to ethanol and 

acetaldehyde in sealed culture flasks 

LDH activity in primary rat hepatocytes exposed to ethanol and acetaldehyde showed 

no significant decrease in comparison to controls. Figure 4.19 shows that the highest 

concentration of ethanol added (80 mM) did not increase the levels of LDH activity in 

the medium indicating that the membrane of the cells was not significantly 

compromised after 3 days exposure. LDH leakage for the control flasks which received 

no dose of ethanol was 4.26 ± 0.59 µmol/flask/min in comparison with 4.11 ± 0.46 

µmol/flask/min from the flasks that received a dose of 80 mM ethanol.  

 

Figure 4-19 LDH activity after incubation with ethanol.  

Primary rat hepatocytes with varying concentrations of ethanol in collagen (in-house 

prepared) coated sealed culture flasks for 3 days. Results are Mean ± SEM, n = 3 

separate experiments. No statistical difference was observed in comparison with the 

control.  
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Similarly to the effect of ethanol on the primary rat hepatocytes, Figure 4.20 

demonstrates that acetaldehyde at concentrations of 125 – 175 µM did not significantly 

increase LHD leakage. LDH leakage from control samples was 4.26 ± 0.59 

µmol/flask/min in comparison with 2.91 ± 0.30 µmol/flask/min for the highest 

concentration of acetaldehyde added to samples.  

 

Figure 4-20 LDH activity after incubation with acetaldehyde.  

Primary rat hepatocytes in collagen (in-house prepared) coated sealed flasks with 

varying concentrations of acetaldehyde for 3 days. Results are Mean ± SEM, n = 3 

separate experiments. No statistical difference was observed in comparison with the 

control.  
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4.3.7 The effect of ethanol and acetaldehyde on GSH concentrations of primary 

rat hepatocytes in sealed culture flasks 

Measurement of intracellular GSH was used as an indicator of oxidative stress to detect 

any subtle changes that ethanol and acetaldehyde caused. GSH content was also 

corrected for protein to eliminate changes in cell number as a possible cause of any 

changes in GSH levels. GSH concentrations per mg of protein decreased significantly 

(p ≤ 0.05) in comparison with the control samples after 3 days in culture with the 

addition of 50 and 80 mM ethanol (Figure 4.21). After 3 days in culture GSH 

concentrations from control samples was 27.91 ±1.39 nmol/mg in comparison with 

21.99 ±1.59 nmol/mg with the addition on 80 mM ethanol.  

 

Figure 4-21 GSH concentrations corrected for protein (nmol/mg) after incubation 

with ethanol.  

Primary rat hepatocytes with varying concentrations of ethanol incubated in collagen 

(in-house prepared) coated sealed culture flasks for 3 days. Results are Mean ± SEM, 

n = 3 separate experiments. * p ≤ 0.05 significantly different from control (ANOVA 

followed by Dunnet’s multiple comparison test.) 
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In contrast to the addition of ethanol to the sealed flasks of cultures of primary rat 

hepatocytes, the addition of acetaldehyde for 3 days did not cause a significant increase 

or decrease in GSH concentrations (Figure 4.22).  

 

 

Figure 4-22 GSH concentrations corrected for protein (nmol/mg) after incubation 

with acetaldehyde.  

Primary rat hepatocytes with varying concentrations of acetaldehyde for 3 days in 

collagen (in-house prepared) coated sealed culture flasks. Results are Mean ± SEM, 

n = 3 separate experiments. No statistical difference was observed in comparison with 

the control.  
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4.3.8 The effect of ethanol and acetaldehyde on total protein concentrations of 

primary rat hepatocytes in sealed culture flasks  

Total protein concentration was measured to determine if the addition of ethanol or 

acetaldehyde affected the number of cells in the samples in sealed culture flasks. There 

was no statistical difference in the amount of protein in the control samples (Figure 

4.23) and any of the samples treated with ethanol for 3 days. Protein concentration of 

1.81 ± 0.09 mg/flask was measured for the control samples. The highest concentration 

of ethanol added to samples was 80 mM, the protein concentration calculated for these 

samples was 1.81 ± 0.11 mg/flask. Hence ethanol (20 – 80 mM) did not cause 

significant cell death at 3 days in culture. 

 

Figure 4-23 Total protein concentrations (mg/flask) after incubation with ethanol 

Primary rat hepatocytes with varying concentrations of ethanol for 3 days in 

collagen (in-house prepared) coated sealed flasks. Results are Mean ± SEM, n = 3 

separate experiments. No statistical difference was observed in comparison with the 

control.  

 

 

0

0.5

1

1.5

2

2.5

CTL 20 50 80

P
ro

te
in

 (
m

g
/f

la
sk

)

Ethanol Concentration (mM)



96 

 

Similarly with ethanol, acetaldehyde did not cause cell death at the concentrations 

added to the samples (125 – 175 µM). At these concentrations, Figure 4.24 shows that 

acetaldehyde did not cause a significant decrease in total protein concentration of cells 

exposed to the toxin for 3 days in sealed flasks. 

 

Figure 4-24 Total protein concentrations (mg/flask) after incubation with 

acetaldehyde.  

Primary rat hepatocytes with varying concentrations of acetaldehyde for 3 days in 

collagen (in-house prepared) coated sealed flasks. Results are Mean ± SEM, n = 3 

separate experiments. No statistical difference was observed in comparison with the 

control.  
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4.3.9 IGFBP-5 measured in conditioned medium 

No IGFBP-5 was detected in the supernatant from the cultures insulted with ethanol 

or acetaldehyde. IGFBP-5 was also not detected in the culture medium from the control 

wells. Previously, IGFBP-5 secretion had peaked in cultures between Day 6 and 9 in 

culture (see Figure 2.13 and 4.7). In contrast, this culture was terminated at Day 3 in 

culture and was performed in sealed culture flasks in the presence of HEPES.  
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4.4 Discussion  

With alcohol misuse and with alcohol related deaths on the rise in the UK and in 

Scotland in particular, a biomarker to detect early injury is necessary. In this chapter, 

an in vitro model of oxidative stress via menadione and hydrogen peroxide exposure 

as well as a model of ethanol toxicity was used.  

Utilising the in vitro model developed in Chapter 3, chronic exposure of primary rat 

hepatocytes to menadione and hydrogen peroxide for 9 days was investigated to 

determine if IGFBP-5 was a suitable early marker of oxidative stress in vitro. In 

Chapter 3 it was demonstrated that IGFBP-5 was upregulated as the cells 

dedifferentiated in vitro. Chronic daily dosing for 9 days at sublethal concentrations of 

menadione (0.1 – 10 µM) and hydrogen peroxide (0.01 – 0.5 mM) was carried out and 

the cells were assessed for GSH content, WST-1 reduction, CV staining and IGFBP-5 

secretion into the medium. For both menadione and hydrogen peroxide, no gross cell 

death was observed as assessed by CV staining as a marker of cell numbers until Day 

9 in culture at the higher concentrations of both toxins. The oxidative capacity of the 

hepatocytes was monitored by measuring GSH in the cells. Similar to the results with 

CV, no significant decrease was observed in culture until Day 9 after dosing of both 

toxins at the highest concentrations. The metabolic capacity of the cells to carry out 

reduction reactions was monitored by WST-1, and again it was observed that the 

ability of the cells to reduce WST-1 was not significantly compromised until Day 9 in 

culture at the highest concentrations of both toxins. Both the decrease in cell number, 

in the ability to reduce WST-1 and in GSH levels of the cells could be attributed to the 

cells being highly dedifferentiated after 9 days in culture compounded by the 

continuous toxic insults from both menadione and hydrogen peroxide. The control 

wells from these experiments secreted increasing amounts of IGFBP-5 into the 

medium, as expected, further confirming the results demonstrated in Chapter 3. 

Interestingly, chronic dosing for 9 days with menadione and hydrogen peroxide 

suppressed the release of IGFBP-5 significantly between day 3 - 6 and day 7 - 9 into 

the medium, to levels just above that observed in control wells accumulating IGFBP-

5 between days 1 – 3.  
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Ethanol and acetaldehyde toxicity is also well documented to involve oxidative stress. 

Initial work was carried out with HepG2 cells seeded on 24 well plates with varying 

concentrations of ethanol (0.02 – 1 M). It became evident that the absorbance values 

obtained for the control wells for the MTT and NR studies were lower than expected. 

This was attributed to the evaporation of ethanol from the medium in the wells adjacent 

to the control, and this resulted in contamination of control wells with ethanol. An 

experiment was designed to determine if this was the case. To determine if evaporation 

of ethanol from wells adjacent to the controls was causing the unexpectedly lower 

MTT and NR results, three columns of controls were placed in a 24 well plate, with 

the lowest ethanol concentration adjacent to one of the columns and the highest 

concentration furthest away. If ethanol was evaporating from the wells, some effects 

would be expected to be seen in some of the control wells closest to it. Figure 4.12 

demonstrates that the intracellular GSH content was significantly higher in the control 

wells in Column 1 (furthest from the ethanol-containing wells) in comparison with 

Column 2 and 3 (closest to the ethanol-containing wells). This would suggest that the 

evaporation of ethanol from adjacent wells was affecting the biochemistry of the 

control wells. 

 

A solution to this was to seal the flasks and use a HEPES buffer instead of sodium 

bicarbonate to buffer the pH in the medium. This kept all controls separate from the 

ethanol containing wells and avoided any cross contamination. In the initial 

experiments, concentrations of 20 – 80 mM ethanol and 125 – 175 µM acetaldehyde 

were used. It was critical to use concentrations that did not cause cell death, but caused 

subtle injury to the cells. LDH was used to monitor necrosis and intracellular GSH 

content was used to monitor redox injury caused to the cells.    

 

Ethanol caused significant decreases in GSH content in primary rat hepatocytes when 

the cells were treated with 50 and 80 mM, however, this effect was not observed with 

any concentration of acetaldehyde used. Vina et al. (1980) demonstrated that ethanol 

and acetaldehyde decreased GSH content in primary rat hepatocytes with maximal 
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effects being observed with 20 mM ethanol after 60 min. Interestingly, higher 

concentrations of ethanol caused smaller decreases in GSH content.  Acetaldehyde is 

a volatile liquid and has a boiling point of 20 °C. This makes it rather difficult to work 

with. It was kept on ice prior to adding it to medium on cells. The lack of an effect of 

acetaldehyde on the cells may be due to its volatility. Vina et al (1980) demonstrated 

that GSH decreased after 60 min with 0.1 mM acetaldehyde to 59 % of the control. 

They also demonstrated that this was dependent on the conversion of ethanol to 

acetaldehyde by ADH by using an inhibitor of ADH, Pyrazole. The addition of an 

inhibitor of ALDH, disulfiram, was shown to potentiate the effects of acetaldehyde on 

primary rat hepatocytes in suspension. In the present experiments, ethanol did not 

cause significant cell membrane damage, as no significant increase in LDH leakage 

was observed in comparison with the control at each timepoint. Decreases in GSH 

content associated with alcohol consumption has also been seen in vivo (Gao et al., 

2012). Lack of differentiation of hepatocytes in this in vitro culture system may be the 

reason for the poorly observed toxicity with high concentrations of ethanol and 

acetaldehyde.  

 

IGFBP-5 was the biomarker chosen for this study, as it had previously been implicated 

in the fibrosis of lung and skin and had been identified as a biomarker of ICC as 

previously discussed (Pilewski et al., 2005, Yasuoka et al., 2006a, Yasuoka et al., 

2006b, Blechacz and Gores, 2008). IGFBP-5 secretion from the conditioned flasks 

containing primary rat hepatocytes 3 days post seeding was found to be below the level 

of detection for the ELISA used. The results from this in vitro model indicate that 

IGFBP-5 may not be a suitable biomarker for the detection of ALD, however, to 

determine this, extended cultured would have to be carried out.  

 

As discussed in the introduction of this chapter, fibrosis plays a role in the pathogenesis 

of ALD.  The activation of quiescent hepatic stellate cells to activated myofibroblasts 

is a major event leading to significant ECM formation in the liver. It has been 

previously described that ethanol and its major metabolite, acetaldehyde have the 
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ability to upregulate fibrogenic markers. Svegliati-Baroni et al. (2001) demonstrated 

that as early as 2 h post acetaldehyde administration to human stellate cells, collagen 

I and fibronectin gene expression are increased at transcription level. However, mild 

ALD is usually asymptomatic which would suggest that markers involving invasive 

liver biopsy to be carried out in order to assess ECM accumulation (Collagen I or 

fibronectin) would not be suitable. The diagnosis of mild ALD is determined by non-

specific liver injury serum markers, including aminotransferases, in particular AST 

and gamma-glutamyl transpeptidase (GGT) (Bataller and Brenner, 2005, Gao et al., 

2012). There is a potential to develop a co-culture model with primary rat hepatocytes 

and stellate cells to determine if that would be a more relevant model to determine if 

IGFBP-5 is a possible biomarker for ALD. Stellate cells are the major cell type 

involved in the pathogenesis of fibrosis, through their activation and ECM production 

after liver injury. Oxidative stress has been implicated in the activation of stellate cells 

(Hautekeete and Geerts, 1997). Evidence from clinical and experimental studies have 

implicated ROS in the pathogenesis of fibrosis. ROS has been demonstrated to 

increase stellate cell proliferation and invasion Galli et al. (2005).  

 

The data collated in this chapter highlights the unsuitability of the monolayer culture 

of primary rat hepatocytes for chronic low toxicity studies, of both menadione and 

H2O2, and ethanol and its primary metabolite acetaldehyde. Rapid dedifferentiation of 

the hepatocytes in this in vitro culture could be attributed towards the poor predictivity 

of toxicity for the classic oxidative toxins and ethanol. As discussed above, other 

research groups have published data in contradiction to the results presented here. This 

could be attributed to the dedifferentiation of the hepatocytes. It is well understood 

that monolayer cultures of hepatocytes dedifferentiate in vitro rapidly. However, many 

advances are currently being made to maintain hepatic phenotype over time in culture 

(Elaut et al., 2006, Schug et al., 2008, Godoy et al., 2013, Soldatow et al., 2013, 

LeCluyse et al., 2012, Grant et al., 1985). Chapter 3 highlighted the rapid 

dedifferentiation of cells once plated after isolation. GSTP1 expression (Figure 3.10) 

after 1 day in culture was significantly lower than that observed thereafter up to 9 days 

in culture. Similarly, upon seeding, a loss in P450 activity was observed (Figure 3.11) 
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as monitored via testosterone metabolism. Schug et al. (2008) carried out a study 

comparing monolayer, Matrigel and sandwich cultures for the use in genotoxicity 

studies with particular interest in the following genes; Abat, Gsk3β, Myd116 and 

Sult1a1. Sandwich cultures of hepatocytes prepared by layering hepatocytes between 

two thin layers of collagen type 1 and Matrigel sandwich cultures prepared in the same 

way, outperformed the monolayer culture in maintenance of the genes of interest above 

(Schug et al., 2008). Layering hepatocytes between ECM maintains a more in vivo 

like structure of the hepatocyte and maintains polarity, in contrast to more fibroblastic 

like hepatocytes in monolayer culture, hence overcoming the rapid dedifferentiation. 

In comparison with the testosterone hydroxylation results shown in Chapter 3 with 

primary rat hepatocytes, studies have shown that collagen sandwich cultures can 

maintain testosterone hydroxylase activity for up to 6 days in culture and although the 

metabolic activity was decreasing, metabolites can be detected up to 14 days in culture 

(Kern et al., 1997). These authors also demonstrated the maintenance of Phase II 

activity for up to 14 days in culture. Matrigel is a protein mixture secreted by 

Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells, and is commercially available 

through Corning Life Sciences. Although the exact contents of the mixture are 

unknown, it is well-known to contain levels of growth hormones including hepatocyte 

growth factor (HGF) and epithelial growth factor (EGF). It has also been suggested 

that co-culture of hepatocytes with non-parenchymal cells (stellate, sinusoidal 

endothelial or Kupffer cells) prolongs the life of hepatocytes in vitro. Bhatia et al 

(1999) demonstrated by micropatterning hepatocytes and murine 3T3 fibroblasts, 

hepatocyte phenotype was modulated. Collagen was micropatterned on tissue culture 

plastics where hepatocytes were seeded. Around these patterns of hepatocyte islands, 

murine 3T3 cells were seeded. Micropatterned co-cultures exhibited significantly 

higher liver-specific functions (albumin secretion) for up to 11 days in culture, in 

comparison with micropatterned mono-cultures. In conventional monolayer culture, 

Rogiers et al (1990) demonstrated that co-cultures of primary rat hepatocytes and rat 

liver epithelial cells outperformed monocultures of primary rat hepatocytes. Despite 

an initial decrease in P450 content, the level stabilised out to 14 days in culture in 

comparison with monocultures in which CYP content decreased as a function of time. 
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Likewise, P450 activity (ECOD activity) in co-cultures was also maintained to 14 days 

in culture outperforming the monocultures.  

To conclude, a more sophisticated culture of hepatocytes, whether in mono or co-

culture may be necessary to truly ascertain if IGFBP-5 is a suitable biomarker for 

chronic low toxicity in the liver as a more differentiated state of hepatocytes is 

required. However, monolayers of hepatocytes are cheap and readily available. The 

following chapter begins to determine if IGFBP-5 adenovirally transfected into the 

hepatocytes influences the toxic effects of menadione and H2O2. IGFBP-5 has already 

been shown to induce and exacerbate several fibrotic diseases, and both toxins 

contribute to an oxidative state in cells which chronically can lead to fibrosis in vivo.   
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Chapter 5 Transfection of Primary Rat Hepatocytes with WT-

IGFBP-5 and toxicity with Menadione and Hydrogen Peroxide 

5.1 Introduction 

In Chapter 4, toxicity of menadione, H2O2, ethanol and its major toxic metabolite 

acetaldehyde was assessed to determine if chronic sub lethal dosing for 9 days would 

cause an increase in IGFBP-5 production from primary rat hepatocytes. In this chapter 

we aimed to determine if we could successfully transfect primary rat hepatocytes with 

adenoviral IGFBP-5 and subsequently determine if the presence of IGFBP-5 enhanced 

the toxic effects of both menadione and H2O2.  

 

5.1.1 Liver Fibrosis 

Liver fibrosis, the excessive accumulation of extracellular matrix proteins including 

collagen and fibronectin can be caused by persistent stress on the liver from many 

forms of toxins, including fat, xenobiotic drugs and alcohol (Bataller and Brenner, 

2005f). Various types of autoimmune disease and hepatic infections are also common 

causes of fibrosis i.e. α1-antitrypsin deficiency (de Serres and Blanco, 2014) and viral 

hepatitis (Su et al., 2014). After acute liver injury, parenchymal cells regenerate to 

replace apoptotic and/or necrotic hepatocytes. Limited deposition of ECM occurs with 

an associated inflammatory response. Occurring as an isolated case, this would not 

progress to fibrosis, however, if hepatic injury persists, eventually hepatic regeneration 

will cease and hepatocytes are substituted with ECM (Bataller and Brenner, 2005, 

Friedman, 2003).  

 

It is well understood that hepatic stellate cells are the main source of extracellular 

matrix production. Hepatic stellate cells comprise of about 1.4 % of the total liver 

volume and are present in a 1:20 ratio with hepatocytes. They are typically located in 

the perisinusoidal Space of Disse and recess between endothelial cells and hepatocytes 

(Figure 1.1) (Moreira, 2007, Geerts, 2001, Martini et al., 2007). Stellate cells are the 

main storage site for vitamin A and are essential in the regulation of retinoic acid 

homeostasis. In a healthy liver, stellate cells are responsible for the maintenance of 
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levels of membrane matrix typically collagen types IV and VI in hepatic sinusoids. 

However, upon liver injury stellate cells become activated from a quiescent state to a 

myofibroblastic-like cell. Upon activation, stellate cells exhibit some phenotypic 

changes i.e. increased levels of α smooth muscle actin (αSMA), loss of retinoid storage 

capabilities and the acquisition of their fibrogenic potential. Activation leads to the 

deposition of ECM, including several types of collagen (e.g. I, V and VI), laminin, 

hyaluronan and proteoglycans. As well as producing several types of ECM, stellate 

cells and particularly activated stellate cells produce and secrete matrix 

metalloproteinases (MMPs) and their inhibitors (Geerts, 2001, Hautekeete and Geerts, 

1997).  

 

Oxidative stress plays a role in the progression of acute liver injury to fibrosis. This 

occurs when oxidative stress related molecules i.e. ROS are generated at a level that 

exceeds the intracellular antioxidant defences e.g. catalase, SODs, GSH and GSTs.  

 

5.1.2 IGFBP-5 and its role in fibrosis 

Given this body of evidence supporting a role for IGFBP-5 in fibrosis, in lung, skin 

and liver, we proposed to transfect primary rat hepatocytes with adenoviral IGFBP-5 

and determine if this had any positive or negative effects on cell survival post-dosing 

with both of the commonly used oxidative toxins investigated in Chapter 4.  
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5.2 Methods 

5.2.1 Preparation and Isolation of Primary Rat Hepatocytes 

Primary rat hepatocytes were isolated as previously described in Chapter 2 (see section 

2.2.1-2.2.3).  

 

5.2.2 Transfection with wild-type (WT) IGFBP-5 and an Empty Vector 

5.2.2.1 Production of recombinant wild type IGFBP-5 and IGFBP-5 adenovirus 

Recombinant wild type IGFBP-5 was produced by the David J. Flint Laboratory at 

Strathclyde University (Allan et al., 2002) (see appendix i). 

 

5.2.2.2 Adenoviral transfection with IGFBP-5 and a Null Vector 

5.2.2.3 Assessment of viability and metabolic competence of primary rat 

hepatocytes in the presence of Ad IGFBP-5 or a Null vector.  

24-well plates were prepared by coating with collagen at a concentration of 30 µg/cm2 

and subsequently seeded with primary rat hepatocytes at a density of 1.5 x 105 

cells/cm2 in serum containing complete medium (Williams’ E containing 5 % v/v 

Foetal Calf Serum (FCS), L-glutamine (2 mM), penicillin G (50 units/ml), 

streptomycin sulphate (50 μg/ml) and fungizone (250 μg/ml)). Plates were incubated 

at 37 °C for 2 h after which time medium was removed and replaced with serum-free 

complete medium containing either Ad IGFBP-5 or null vector (NV) at known 

concentrations (See Table 4.1). After a further 2 h in culture, 5 % serum was 

supplemented into each well. 24 h after seeding, medium was removed from each well, 

cells were washed with dPBS x 2 and 500 µl of fresh complete medium was placed in 

each well. After 72 h in culture, a variety of assays were performed including WST-1, 

CV, and IGFBP-5 release into the cell culture medium to determine the effects of 

transfection of hepatocytes with Ad IGFBP-5 or a NV and to determine if the cells 

subsequently produced higher levels of de novo IGFBP-5.  
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MOI  Concentration of stock µl of stock added 

0 (control) No addition No addition 

10 108 virus particles/ml 10  

50 109 virus particles/ml 5 

200 1010 virus particles/ml 2 

1000 1010 virus particles/ml 10  

Table 5-1 Multiplicity of infection (MOI) used for assessment of primary rat 

hepatocytes post infection with Ad IGFBP-5 and an NV. 

 

5.2.2.2 Hydrogen peroxide and menadione dosing post infection with Ad IGFBP-

5 and an NV.  

Primary rat hepatocytes were cultured on collagen coated (30 µg/cm2) 24- and 96- well 

plates were seeded at a density of 1.5 x 105 cells/cm2. Cells were transfected as 

described in Section 5.2.2.1 at an MOI of 50. After transfection, medium was removed 

and replaced with medium containing hydrogen peroxide (0.5 mM) or menadione (10 

µM) in a total volume of 0.5 ml. After 24 h exposure, hydrogen peroxide and 

menadione were spiked into cultures at 0.5 mM and 10 µM, respectively. Control wells 

had medium only added (0.5ml). After a further 24 h incubation, the medium was 

removed and stored at -70 °C awaiting analysis of IGFBP-5 release into the medium. 

Samples were also stored for GSH analysis, total protein measurement and CV 

staining.   

 

5.2.3 WST-1 Assay 

WST-1 was carried out as previously described in Chapter 2 (see section 2.13). 

 

5.2.4 Crystal Violet (CV) assay 

Crystal violet assay was performed as previously described in Chapter 2 (see section 

2.14). 
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5.2.5 LDH 

Lactate dehydrogenase release into the medium was assayed as previously described 

in Chapter 2 (see section 2.11).  

 

5.2.5 Determination of reduced glutathione (GSH) by fluorimetry 

GSH was measured as previously described in Chapter 2 (see section 2.12). 

 

5.2.6 Measurement of IGFBP-5 by ELISA  

Human IGFBP-5 was measured as previously described in Chapter 2 (see section 2.15) 

and mouse IGFBP-5 was measured as previously described in Chapter 2 (see section 

2.9).  
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5.3 Results 

5.3.1 Assessment of viability and metabolic competence of primary rat 

hepatocytes in the presence of WT IGFBP-5 and an EV.  

After 48 h in culture post transfection with either Ad IGFBP-5 or NV, medium samples 

were analysed for the release of IGFBP-5. IGFBP-5 was released into the cell culture 

medium in a dose dependent manner in the presence of increasing concentrations of 

Ad IGFBP-5 (see Figure 5.1). WST-1 activity (Figure 5.2) demonstrated that the 

addition of an empty vector to hepatocytes in culture does not impact on the cells basic 

metabolic competence. There was however a drop in WST-1 activity seen at the 

highest MOI of IGFBP-5. Despite an impact on the cells ability to reduce WST-1, 

there is no impact on CV and total protein content (Figure 5.3 and 5.4) between each 

condition. Reduced intracellular glutathione (Figure 5.5) is also not affected in 

comparison with controls with the addition of either null or Ad IGFBP-5. Figure 5.6 

demonstrates that the addition of either the empty vector or the Ad IGFBP-5 did not 

affect the cells morphology. 

 

  

Figure 5-1 IGFBP-5 secreted after Ad IGFBP-5 infection.   

IGFBP-5 secreted into the medium from primary rat hepatocytes 48 h post infection 

with Ad IGFBP-5 in collagen (in-house prepared) coated 24-well plates. Results are 

Mean ± SEM, n = 3 separate experiments. * p ≤ 0.05 significantly different from 

control (0 MOI) (ANOVA followed by Dunnett’s individual error rate) 
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Figure 5-2 WST-1 activity after infection with EV or Ad IGFBP-5.  

Primary rat hepatocytes 48 h post infection with either Ad IGFBP-5 or an EV in 

collagen (in-house prepared) coated 96-well plates. Results are Mean ± SEM, n = 3 

separate experiments. * p ≤ 0.05 significantly different (ANOVA followed by 

Dunnett’s individual error rate), compared with controls. 
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Figure 5-3 CV assays results afterinfection with EV or Ad IGFBP-5.  

Primary rat hepatocytes 48 h post infection with either Ad IGFBP-5 or an EV in 

collagen (in-house prepared) coated 96-well plates. Results are Mean ± SEM, n = 3 

separate experiments. No statistical difference was observed by ANOVA followed by 

Dunnett’s individual error rate. 

 

 

Figure 5-4 Total protein results after infection with EV or Ad IGFBP-5.  

Primary rat hepatocytes 48 h post infection with either Ad IGFBP-5 or an EV in 

collagen (in-house prepared) coated 24-well plates. Results are Mean ± SEM, n = 3 

separate experiments. No statistical difference was observed in comparison with 

control by ANOVA followed by Dunnett’s individual error rate 
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Figure 5-5 Reduced Glutathione results after infection with EV or Ad IGFBP-5.   

Primary rat hepatocytes 48 h post infection with either Ad IGFBP-5 or an EV in collagen (in-house prepared) 

coated 24-well plates. Results are Mean ± SEM, n = 3 separate experiments. No statistical 

difference was observed in comparison with control by ANOVA followed by Dunnett’s 

individual error rate 
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Figure 5-2 Images (of primary rat hepatocytes after infection with Ad IGFBP-5 or an 

EV. 

Images (10x magnification) of primary rat hepatocytes on collagen coated 24-well 

plate after 48 h after infection with Ad IGFBP-5 or an EV. A, B Control wells; C 50 

MOI of Ad IGFBP-5; D 50 MOI of EV; E 200 MOI of Ad IGFBP-5; F 200 MOI of 

EV.  

 

5.3.2 Assessment of the effects of hydrogen peroxide and menadione dosing for 

48 h post adenoviral infection with WT-IGFBP-5 and Null Vector.   

 

Hydrogen peroxide was demonstrated to be non-toxic at concentrations between 0.01 

and 0.5 mM in Chapter 4. Again, chronic dosing of 0.5 mM H2O2 48 h after 

hepatocytes transfection with Null vector or IGFBP-5 was not acutely toxic. CV 

staining showed no decrease with transfection of either a Null vector or IGFBP-5, or 

after 48 hr exposure to H2O2 (see Figure 5.7). After 24 h exposure to H2O2, no drop in 
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WST-1 (Figure 5.8) activity was measured, this was also the case after 48 h. An 

increase was seen, however, between the 24 and 48 h measurement for all conditions. 

Reduced glutathione (Figure 5.9) was also measured after 24 and 48 h exposure to the 

oxidative toxin. In the presence of 0.5 mM H2O2, a drop in GSH was observed, 

however, this was not compounded by the transfection of the hepatocytes with either 

a null vector or IGFBP-5. Total protein (Figure 5.10) confirmed that no gross cell death 

was observed over the duration of the culture (72 h).     

 

 

 

Figure 5-3 CV staining: infection with EV or Ad IGFBP-5 and H2O2 co-dosing.   

Primary rat hepatocytes infected with either Ad IGFBP-5 (MOI 50) or an EV (MOI 

50) 24 and 48 h post exposure with hydrogen peroxide (H2O2) in collagen (in-house 

prepared) coated 96-well plates. Results are Mean ± range, n = 2 separate 

experiments.  
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Figure 5-4 WST-1 activity: infection with EV or Ad IGFBP-5 and H2O2 co-dosing.   

Primary rat hepatocytes infected with either Ad IGFBP-5 or an EV 24 and 48 h post 

exposure with hydrogen peroxide (H2O2) in collagen (in-house prepared) coated 24-

well plates. Results are Mean ± range, n = 2 separate experiments.   

 

 

Figure 5-5 Intracellular GSH: infection with EV or Ad IGFBP-5 and co-dosing with 

H2O2.   

Primary rat hepatocytes infected with either Ad IGFBP-5 or an EV 24 and 48 h post 

exposure with Hydrogen Peroxide (H2O2) in collagen (in-house prepared) coated 

24-well plates. Results are Mean ± range, n = 2 separate experiments.  
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Figure 5-6 Total cellular protein: infection with EV or Ad IGFBP-5 and co-dosing 

with H2O2.  

Primary rat hepatocytes infected with either Ad IGFBP-5 or an EV 24 and 48 h post 

exposure with Hydrogen Peroxide (H2O2) in collagen (in-house prepared) coated 

24-well plates. Results are Mean ± range, n = 2 separate experiments.  
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A sub-toxic concentration of 10 µM was chosen to determine if the presence of IGFBP-

5 in the cells had any effect on the toxicity. Crystal violet assay (Figure 5.11) 

demonstrated that no toxic effects were elicited post transfection and exposure to 

menadione for 24 and 48 h. Likewise, WST-1 assay demonstrated that no toxic effects 

were seen (Figure 5.12) after transfection and exposure to 10 µM menadione. Reduced 

glutathione was decreased from 33.38 nmol/mg to 28.50 nmol/mg of total protein in 

the presence of menadione for 24 h, and decreased again to 24.34 nmol/mg with both 

transfection with IGFBP-5 and menadione dosing for 24 h. This effect, however, was 

not seen after 48 h (Figure 5.13). Total protein (Figure 5.14) values from each well 

after both 24 and 48 h exposure to menadione in the presence and absence of 

transfected IGFBP-5 confirmed that no gross toxicity was observed.  

 

Figure 5-7 CV staining: infection with EV or Ad IGFBP-5 and co-dosing with 

menadione 

Primary rat hepatocytes infected with either Ad IGFBP-5 or an EV 24 and 48 h post 

exposure with menadione (Men) in collagen (in-house prepared) coated 96-well 

plates. Results are Mean ± range, n = 2 separate experiments. 
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Figure 5-8 WST-1 activity: infection with EV or Ad IGFBP-5 and co-dosing with 

menadione.  

Primary rat hepatocytes infected with either Ad IGFBP-5 or an EV 24 and 48 h post 

exposure with menadione (Men) in collagen (in-house prepared) coated 24-well 

plates. Results are Mean ± range, n = 2 separate experiments.    

 

 

Figure 5-9 Intracellular GSH: infection with EV or Ad IGFBP-5 and co-dosing with 

menadione.  

of primary rat hepatocytes infected with either Ad IGFBP-5 or an EV 24 and 48 h 

post exposure with menadione (Men) in collagen (in-house prepared) coated 24-well 

plates. Results are Mean ± range, n = 2 separate experiments.    
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Figure 5-10 Total cellular protein: infection with EV or Ad IGFBP-5 and co-dosing 

with menadione.  

Primary rat hepatocytes infected with either Ad IGFBP-5 or an EV 24 and 48 h post 

exposure with menadione (Men) in collagen (in-house prepared) coated 24-well 

plates. Results are Mean ± range, n = 2 separate experiments.    
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5.4 Discussion 

 

The ability to infect primary rat hepatocytes with IGFBP-5 using adenovirus permitted 

the study of its effects on oxidative stress induced by the addition of H2O2 and 

menadione. 

 

The first aim of this chapter was to determine if primary rat hepatocytes could be 

successfully infected with adenoviral IGFBP-5 without compromising the viability of 

the hepatocytes. Sokolovic et al (2012) successfully demonstrated in vivo transfection 

of IGFBP-5 in mouse liver. Modifications to the culture protocol designed in Chapter 

2 were made to allow for the transfection of the hepatocytes in the absence of serum 

for 2 h in the early stages of attachment post seeding. A number of MOI were assessed 

for both the adenoviral IGFBP-5 and a null vector as a control. Several parameters 

were measured in assessing cell health 48 h post infection with both vectors. WST-1 

demonstrating the  reductive capacity of the cells showed no significant effects in 

comparison with the control except for the highest MOI of 1000 (p ≤ 0.05) with 

adenoviral IGFBP-5 (0.09 ± 0.01 optical units to 0.05 ± 0.01 optical units 

respectively). Crystal violet staining, a marker of cell number per well, demonstrated 

no significant loss in cell number with either adenoviral IGFBP-5 or the null vector in 

comparison with control. This was also verified by the total protein values 48 h post 

infection with the IGFBP-5 adenovirus or the null vector. Despite the response seen 

with WST-1 at the highest MOI, no significant changes were seen in intracellular GSH 

levels post infection. As a result of this, we could conclude that all MOI except IGFBP-

5 at 1000 would be acceptable for the infection of primary rat hepatocytes. Following 

this, IGFBP-5 secretion into the medium was assessed by ELISA. As expected, from 

results in Chapter 2 and 3, levels of IGFBP-5 are low (~0.2 ng/ml) or not measurable 

at early time points post seeding. In this work, medium was conditioned for 48 h post 

infection, when IGFBP-5 was measured. As expected, IGFBP-5 was not measurable 

in medium from the control well where no IGFBP-5 adenovirus was added. Converse 

to that, the addition of 10 MOI IGFBP-5 adenovirus resulted in a secretion of 1.98 ± 

0.95 ng/ml IGFBP-5 (Figure 5.5). The secretion of IGFBP-5 was in a dose-dependent 
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manner, increasing with higher MOI. The increase was not linear however, as an MOI 

of 1000 elicited IGFBP-5 concentrations in the medium of 38.37 ± 10.09 ng/ml.  

 

Transfection with IGFBP-5 has been successfully achieved in vivo, in skin (Yasuoka 

et al., 2006a), lung (Pilewski et al., 2005) and liver (Sokolovic et al., 2012) previously. 

No literature is available for the transfection of primary rat hepatocytes with IGFBP-

5 in vitro, however. Transfection of primary rat hepatocytes in vitro is achievable, and 

has been demonstrated with many hepatic genes in the literature to study areas 

including cellular pathways and transcription factor activities (Ginot et al., 1989, 

Gardmo et al., 2005, Gao et al., 2012). It is widely accepted that primary rat 

hepatocytes are more difficult to infect with genes in comparison with cell lines such 

as Huh7.5.1, a human hepatoma cell line used to study Hepatitis C virus in vitro (Gao 

et al., 2012).  

 

Upon the successful transfection of primary rat hepatocytes with IGFBP-5, a toxicity 

study was undertaken to determine if the presence of IGFBP-5 enhanced the toxicity 

on hepatocytes of either H2O2 or menadione, both well understood oxidative toxins. 

An MOI of 50 was chosen as the optimum for IGFBP-5 transfection prior to the 

addition of toxins, with high levels of IGFBP-5 secretion into the medium without any 

detrimental effects to the cells. This MOI gave IGFBP-5 concentrations of 11.71 ± 

4.25 ng/ml secreted into the medium. Although not significant, this concentration was 

almost 10 times higher than that produced by normal primary rat hepatocytes in culture 

for over 9 days (Figure 3.13). Once again, no toxicity was observed with the addition 

of Null vector or adenoviral IGFBP-5. As demonstrated in Chapter 4, no toxicity was 

observed with the addition of 0.5 mM H2O2. Although, a significant (p ≤ 0.05) decrease 

in GSH was observed for all H2O2 containing cultures in comparison with control, this 

was not compounded by the presence of either the null vector or adenoviral IGFBP-5.  
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Menadione at 50 µM depleted GSH in primary rat hepatocytes culture after 20 min 

exposure (Thor et al., 1982). Similarly, Starke and Farber (1985) demonstrate 40 % 

cell death after exposure to 175 µM menadione, by LDH leakage. The aim of this work 

was not to completely diminish the culture oxidative capacity and cause apoptosis and 

necrosis, but to impair the cells oxidative capacity chronically over a long period of 

culture. However, two doses of 10 µM menadione did not elicit any effect. This was 

also demonstrated by no significant decrease in CV and no impairment of the reductive 

capacity of the cells as monitored by WST-1. GSH depletion has been demonstrated 

as the main toxic pathway of menadione in vitro rat hepatocytes culture (Ip et al., 2002, 

Sun et al., 1990). The presence of IGFBP-5 in the transfected cells did not influence 

the toxicity of menadione under these conditions.  

 

In this Chapter, it was demonstrated that monocultures of hepatocytes alone dosed with 

oxidative toxins and transfected with IGFBP-5 did not show any overt toxicity in 

comparison with results shown in Chapter 3 despite many papers describing the role 

of IGFBP-5 in fibrosis (Pilewski et al., 2005a, Sureshbabu et al., 2009, Yasuoka et al., 

2006a, Yutaka et al., 2008), albeit not in in vitro cultures of primary rat hepatocytes. 

To fully understand the impact of IGFBP-5 on the progression of fibrosis in in vitro 

cultures of primary rat hepatocytes, the role of stellate cells could be explored.  
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Chapter 6 In vitro Model of Non Alcoholic Fatty Liver Disease 

(NAFLD) 

6.1 Introduction 

In this chapter, the University of Edinburgh in vitro model of NAFLD (Filippi et al., 

2004) was used to determine if IGFBP-5 is a suitable marker for the detection of this 

form of liver disease. C3A cells (a clonal derivative of the hepatoblastoma-based 

HepG2 cell line) were treated with either lactate, pyruvate, octanoate (saturated fatty 

acid) and NH4Cl (LPON) or with Oleate for a period of up to 7 days as a model of lipid 

accumulation in vitro to generate an in vitro model of NAFLD. The C3A cell line was 

derived by James H Kelly at Baylor College of Medicine, Texas in the early 90s for 

use in liver assist devices to replace the use of primary cells (Kelly, 1994). C3A cells 

exhibit an enhanced hepatic phenotype over HepG2 cells, namely albumin secretion 

but also alpha feto protein (AFP) production. 

 

 LX2 cells (human hepatic stellate cell line) were also studied in the presence of 

IGFBP-5 and conditioned medium from C3A cells (a clone of HepG2 cells) treated 

with fatty acids to simulate NAFLD to determine if cell activation could be observed. 

Many studies have demonstrated the need for hepatic stellate cells for the study of 

fibrosis (Moreira, 2007, Hautekeete and Geerts, 1997, Poli, 2000, Bataller and 

Brenner, 2005). An in vitro model of non-alcoholic fatty liver disease (NAFLD) was 

investigated to determine if IGFBP-5 could be a potential biomarker to detect the early 

stages of this disease. Data from a model utilising C3A cells and fatty acids developed 

in the University of Edinburgh are presented in Chapter 5 on the potential of IGFBP-

5 as a biomarker for the detection of NAFLD (Lockman et al., 2012, Filippi et al., 

2004). Conditioned medium from the NAFLD C3A model was also used to determine 

if it initiated the transdifferentiation of stellate cells to myofibroblastic cells. In 

addition, some data are presented from a clinical study to measure IGFBP-5 in the 

blood of patients with liver disease. The patient study was undertaken to complement 

the in vitro study of NAFLD. Serum from patients with different liver diseases e.g. 

steatosis and Type II diabetes, were assessed for IGFBP-5 levels in the serum, and to 
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determine the potential role of IGFBP-5 as a novel biomarker for the detection of liver 

disease.   

6.1.1 Lactate, Pyruvate, Octanoate and Ammonia (LPON) 

LPON was used as a steatoic model of liver disease with ROS. It has previously been 

shown to induce ROS formation. Lactate and pyruvate are employed as substrates for 

gluconeogenesis and lipogenesis to enhance ATP turnover and mitochondrial 

respiration which in turn promote significant intracellular lipid accumulation, due to 

ROS formation e.g. superoxide anion. Ammonia, metabolised in the urea cycle, also 

promotes NADH formation, further fuelling the respiratory chain (Lockman et al., 

2012). Octanoate is a medium chain fatty acid and does not require transport into the 

mitochondria by mitochondrial enzymes such as carnitine palmitoyl transferase (CPT). 

ROS are one of the many factors suggested to have a possible role in insulin resistance 

(IR). Mitochondrial oxidative phosphorylation has been identified as an important 

source in palmitate (saturated fatty acid) induced ROS generation also (Nakamura et 

al., 2009).  

 

6.1.2 Oleate 

In contrast to LPON, oleate was used as a steatoic model of liver disease without 

increased ROS. Oleate is an unsaturated fatty acid and has been shown not to induce 

insulin resistance in H1IIEC3 hepatocytes (a rat hepatocyte cell line) in vitro. Previous 

studies have shown that CPT-1a (carnitine palmitoyltransferase-1a) is not induced in 

the presence of oleate. CPT-1a is rate limiting enzyme in mitochondrial fatty acid β-

oxidation (Nakamura et al., 2009). It was also shown that oleate did not increase the 

expression of the CPT-1a gene (Nakamura et al., 2009). Transport into the 

mitochondria via CPT for oxidation can be attributed to the higher storage of oleate in 

comparison to octanoate which diffuses into the mitochondria (Guo et al., 2000). 

Nakamura et al (2009) demonstrated recently that hepatic insulin resistance could be 

attributed to induced CPT-1a expression by palmitate and not oleate resulting in 

accelerated fatty acid oxidation, excess electrons for mitochondrial oxidative 

phosphorylation, and generation of ROS which in turn impact on insulin signalling 
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pathways by activating JNK and impairing tyrosine phosphorylation of insulin 

receptor substrate-2 (IRS-2).  

The aim of this chapter was to determine if either model of steatosis had any influence 

on the secretion of IGFBP-5.      

 

6.1.3 IGFBP-5 in Human Serum 

The prevalence of NAFLD in Europe and the Middle East is reported to be in the range 

of 20 – 30 % of the population (Loomba and Sanyal, 2013). One third of the US 

population is obese and with correlations between NAFLD and obesity, speculation 

can be made about the percentage of the population with NAFLD (Loomba and Sanyal, 

2013). A patient study was also carried out in collaboration with the Royal Infirmary 

of Edinburgh, Edinburgh, UK. Serum samples from patients with various liver 

diseases were collected and stored at -80 °C for further analysis. Primarily, the aim 

was to determine if patients at different stages of the NAFLD spectrum had 

measureable serum levels of IGFBP-5. Evidence in the literature suggests many roles 

of IGFBP-5 in the progression of fibrosis (Pilewski et al., 2005, Yasuoka et al., 2006, 

Yasuoka et al., 2006b), and potentially it may also play a role in the pathogenesis of 

chronic liver disease. Of interest in the set of patient serum samples were Type II 

diabetes patients. NAFLD has a strong association with metabolic syndrome (MS) 

(Adams et al., 2009), with IR being of huge interest (Adams et al., 2005, Tarantino et 

al., 2010). Samples from these patients allowed us to target the early stages of chronic 

insult on the liver, and investigate the role and expression of IGFBP-5 over a wide 

variety of liver diseases. The aim of this study was to determine if IGFBP-5 could be 

measured easily from human serum and evaluate its potential as a biomarker of early 

stages of liver disease. Samples were obtained from patients with the following liver 

disease: Type II diabetes, Steatosis, NAFLD non cirrhotic, NAFLD cirrhosis and 

NASH non cirrhotic. NAFLD was confirmed by histological imaging of liver tissue 

containing fat accumulation in the form of triglycerides in > 5 % liver cells without 

inflammation. NASH patients, a subgroup of NAFLD, presented with fat accumulation 

accompanied by inflammation and liver cells injury (Krawczyk et al., 2010).  
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6.2 Methods 

6.2.1 In vitro Model of NAFLD 

6.2.1.1 10 x PBS  

NaCl 40 g  1.37 M 

KCl 1 g 26.8 mM 

Na2HPO4 7.2 g 101.4 mM 

KH2PO4 1.2 g 17.64 mM 

  

All chemicals were dissolved in 400 ml of distilled H2O. pH was adjusted to 7.4 with 

1 M NaOH and the volume was made up to 500 ml with distilled H2O.   

 

6.2.1.2 Octanoate 0.1 M 

865.2 mg of caprylic (octanoic) acid was weighed out and added to 40 ml distilled 

water; the acid is a liquid. Mixing for 2 – 3 h was required to break up the oily droplets. 

The volume was then made up in 60 ml distilled water. The pH of the solution was 

adjusted to 7.0 – 7.4 with 3 M NaOH. The octanoate solution was aliquoted into 5 ml 

aliquots and stored at -20 °C in glass bottles.  

 

6.2.1.3 Oleate 18 mM/BSA 18 % w/v solution 

20 ml BSA solution was made up by adding 4 g BSA to 20 ml distilled water. To the 

18 % w/v BSA solution, 109.6 mg oleate was added. The solution was placed in a 

sonication bath surrounded by ice and water for at least 1 working day to dissolve. The 

final solution was aliquoted and then stored at -20 °C in glass bottles. 

 

6.2.1.4 C3A cell culture  

C3A cells (ATCC, USA) were cultured in T 25 flasks (2.5 x 105 cells/cm2) in 3 ml 

minimum essential medium Eagle (MEME; Sigma, UK) with 10 % FCS, penicillin 

(100 IU/ml) and streptomycin (100 mg/ml) and incubated at 37 °C with 5 % CO2 until 
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80 % confluent. Once confluent, cells were divided in to 3 groups, Control, LPON 

(10/1/2/2 mM) and Oleate 250 µM. MEME was removed and replaced with 3 ml of 

either group (Control/LPON/Oleate) (see Table 6.1) and cells were cultured for up to 

7 days. Medium was changed at 3 and 5 days.  

 

LPON (10 ml) 0.1 M Octanoate 200 µl 

 NH4Cl  40 µl 

 L/P 100 µl 

 MEME + 10% FCS 9.66 ml 

   

Oleate (10 ml) 18 mM Oleate  139 µl 

 MEME + 10 % FCS 9.86 ml 

Table 6-1 Formulations for LPON and Oleate for addition to C3A cells for 

preconditioning prepared on the day of culture.  

 

6.2.1.5 Oil Red O  

A stock solution was prepared by dissolving 0.5 g Oil Red O in 60 % alcohol by 

warming at between 56 and 60 °C for approximately 1 h. A working solution was 

prepared by dissolving 6 parts stock solution in 4 parts water. It was allowed to stand 

for 10 minutes, and then filtered for immediate use.  

 

6.2.1.6 Haematoxylin/Oil Red O staining of intracellular lipids 

C3A cells were cultured on chamber slides (Nunc, Lab-Tek Chamber Slide System) 

seeded at 2.5 x 105 cells/cm2 under the same conditions as stated in Section 6.2.4. After 

7 days in culture with LPON, oleate or control medium, cells were fixed with 10 % 

neutral buffered formalin. 60 % ethanol was then used to wash the cells on the slides. 

The cells were then stained for 15 min in Oil Red O. The cells were then differentiated 

(removal of excess stain) in 60 % ethanol, followed by washing in distilled water and 

counterstained with HARRIS Haematoxylin (Sigma Aldrich, Dorset UK), and washed 

in 1 % acid alcohol (1 ml HCl in 100 ml 70 % ethanol) followed by Scott’s tap water 
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substitute (Sigma Aldrich, Dorset UK). The slides were then washed in water and 

examined microscopically. This resulted in unsaturated and hydrophobic acid and 

mineral oils staining red. This staining was kindly carried out by Anne Pryde at The 

Royal Infirmary, Edinburgh.  

 

6.2.1.8 Measurement of IGFBP-5 by human ELISA (R&D Systems, UK) 

IGFBP-5 secreted into the supernatant from day 3, 5 and 7 culture was measured by 

an ELISA using antibodies raised to human IGFBP-5.  

The human IGFBP-5 ELISA (R&D Systems, UK) was carried out as previously 

described in Chapter 2 (see section 2.15).  

 

6.2.1.9 Measurement of IGFBP-5 by human ELISA (Abcam, UK) 

The human IGFBP-5 ELISA (Abcam Plc, UK) was carried out as per the 

manufacturer’s instructions. This ELISA kit is specifically designed for use with 

human serum and plasma and urine.  

Wash buffer 

Prepare a 1 x working solution from the 20 x wash buffer concentrate 

Assay diluent 

Prepare a 1 x working solution with distilled water from 5 x concentrated buffer for 

standard and samples diluent 

Standard Preparation 

A vial of standard was spun down briefly in a centrifuge and 500 µl of 1 x Assay 

diluent was added to prepare an 800 ng/ml stock solution. 1 x assay diluent was used 

as a zero (0 ng/ml) on the standard curve. Serial 3-fold dilutions were used to create 

the standard curve.  
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Detection Antibody Preparation 

A vial of detection antibody was spun down briefly in a centrifuge and 100 µl of 1 x 

Assay diluent was added to prepare the detection antibody concentrate. The detection 

antibody was diluted 80-fold in 1 x assay diluent for use in the assay.  

HRP-Streptavadin concentrate 

 A 1 x solution was prepared from the 700 x concentrated stock in 1 x assay diluent 

Stop solution 

0.2 M H2SO4 

All reagents and samples were brought to room temperature. 100 µl of samples and 

standards were added to the plate, covered and incubated at room temperature for 2.5 

h with gentle shaking. After 2.5 h the solution was discarded and wells were washed 

4 times with 1 x wash buffer. After the final wash, the plate was inverted and blotted 

on a paper towel to insure complete removal of wash buffer. 100 µl of 1 x biotinylated 

detection antibody was added to each well, covered and incubated at room temperature 

for 1 h with gentle shaking. The wash step was repeated. 100 µl of HRP-streptavadin 

was added to each well, covered and incubated for 45 min at room temperature with 

gentle shaking. The wash step was repeated. 100 µ TMB One-step Substrate solution 

was added to each well, covered and incubated at room temperature for 30 min with 

gentle shaking. After 30 min, 50 µl stop solution was added to each well and the plate 

was read at 450 nm immediately on a plate reader.  

 

6.2.3 Induction of fibrosis after exposure to IGFBP-5 

C3A cells were cultured as described in Section 6.2.1.4 for 7 days in the presence of 

LPON, oleate or control medium without any fatty acids added. LX2 cells, gifted from 

Professor John Plevris, University of Edinburgh, were seeded in T25 flasks at a density 

of 1 x 104 cells /cm2 in DMEM with 10 % FBS. The LX2 cells were cultured for 3 

days to coincide with day 7 culture of the C3A cells. Medium from the C3A cells was 

collected for immediate use with the LX2 cells. Several medium (DMEM, Life 

Technologies, UK) compositions were prepared and added to LX2 cells, see Table 5.2. 
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Wild type IGFBP-5 was produced in-house as previously described (Allan et al., 2002, 

Shand et al., 2003). LX2 cells were cultured in these compositions for 24 h, when 

medium was removed and cells were washed 3 x with PBS. Cells were scraped into 

RIPA buffer (See appendix ii for recipe) (0.5 ml) and homogenised with 7 strokes of 

a motor driven pestle in a Teflon glass homogeniser. Samples were frozen at -70 °C 

awaiting analysis for Collagen 1, fibronectin and α-SMA.  

 

Addition Concentration 

Control - 

TGF-β (Lonza, Wokingham) 5 ng/ml 

IGFBP-5 1 µg/ml 

Preconditioned control 1 : 1 ratio with fresh medium 

Preconditioned LPON 1 : 1 ratio with fresh medium 

Preconditioned Oleate 1 : 1 ratio with fresh medium 

Table 6-2 Medium compositions added to LX2 cells after 3 days in culture 

 

6.2.4 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)  

See Section 2.2.9 

 

6.2.5 Immunoblotting for Collagen 1, Fibronectin and αSMA 

 

Primary Antibody Dilution MW (kDa) Source 

Rabbit polyclonal to Collagen 

1 

1:5000 42.2 Abcam (ab292) 

Rabbit polyclonal to 

Fibronectin 

1:2000 220 Sigma Aldrich 

(F3648) 

Rabbit polyclonal to α-SMA 1:400 400 Abcam (ab5694) 

Table 6-3 Primary antibodies used for immunoblotting and dilutions. 
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5.2.1.7 Human serum samples 

Archived patient serum samples were collected from the University of Edinburgh 

Hepatology Biobank. Patients with NAFLD cirrhosis confirmed by biopsy (n = 3), 

NASH non cirrhotic, insulin resistant (n = 4), NAFLD non cirrhotic insulin resistant 

(n = 6), Type II diabetes (n = 6), steatosis (n = 6) and negative controls (n = 6) had 

serum samples collected and IGFBP-5 was measured from these using commercially 

available ELISA kits from Abcam and R&D Systems, UK.  

 

6.2.2 Development of assay for the detection of IGFBP-5 in human serum 

6.2.2.1 Spiking serum samples with a known standard 

Using both commercially available kits, serum samples were spiked with a known 

concentration of standard (R&D Systems: 10 ng/ml and Abcam: 20 ng/ml) to 

determine if the serum was having a quenching effect on the ELISA. Varying volumes 

of serum, between 2 and 50 µl, were used to establish this.  

 

6.2.2.2 Addition of Calf or Chicken serum  

Using R&D Systems ELISA kits, standards curves were spiked with 10 µl of chicken 

serum (Sigma, UK) to determine if it had any interference on the results from the assay. 

Following this, various volumes (0 – 50 µl) of chicken serum was added to the human 

serum. The total volume in each well was 100 µl. The addition of chicken serum was 

carried out to determine if it could prevent the antibodies in the human serum samples 

interfering from with the antibodies in the assay.  
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6.3 Results 

6.3.1 Oil Red O staining  

The images in Figure 6.2 show clearly that the presence of LPON or oleate in the 

medium increased the amount of lipids in the C3A cells in culture over time. The levels 

of lipids present in the controls at 3, 5, and 7 days remain similar, however with the 

addition of LPON or oleate the levels of lipids rise with time. 

 

Figure 6-1 Microscopy images of C3A cells incubated with LPON and oleate.  

C3A cells in culture for up to 7 days in the presence of LPON or oleate or MEME 

with FCS a, b and c are C3A cells in MEME with 10% FCS (control) at 3, 5 and 7 

days respectively. d, e and f are C3A cells in LPON at 3, 5 and 7 days respectively. g, 

h and i are C3A cells in oleate for 3, 5 and 7 days respectively. Arrows indicate 

intracellular lipids stained with Haematoxylin/Oil Red O (10 x magnification). 

Intracellular lipids appear red.  
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6.3.2 IGFBP-5 secretion from C3A cells preconditioned with LPON or Oleate 

IGFBP-5 release from C3A cells in the presence of LPON or oleate was measured (see 

Figure 6.3). IGFBP-5 release increased with time in culture with LPON to 0.3 ng/ml. 

Levels of IGFBP-5 released from cells in the presence of oleate were undetectable at 

3 days and at approx. 0.1 ng/ml at 5 and 7 days. IGFBP-5 release from the controls 

wells were below the limit of detection (not shown on graph). 

 

 

Figure 6-2 IGFBP-5 release from C3A cells in LPON or oleate  

IGFBP-5 release into medium from C3A cells in the presence of LPON or Oleate for 

3, 5, and 7 days. Cultures were naïve of adenovirus and in monoculture. Results are 

mean ± SEM, n = 3 No statistical difference was observed  
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6.3.3 IGFBP-5 measured in Human Serum with varying Liver Diseases 

Initial ELISAs were carried out using the R&D systems ELISA kit, however, no 

IGFBP-5 was measured in the human serum. On consultation with literature, IGFBP-

5 should be present in circulating serum at a concentration between 60 – 400 ng/ml. 

This led to the purchase of a commercially available kit that was specifically developed 

for measuring IGFBP-5 in human serum samples. Initially, this kit failed to measure 

any IGFBP-5 in the samples either. Both kits produced satisfactory standard curves, 

so this led to the thought that it was potentially the serum that was having a quenching 

effect on the kit.  

 

6.3.4 Human serum samples spiked with a known standard 

Using the R&D systems ELISA kit, varying concentrations of the same human serum 

sample were added to the assay and spiked with 10 ng/ml standard. It is clearly 

demonstrated that the wells containing more human serum have a greater quenching 

effect on the standard spiked into the sample. A sample with 50 µl human serum added 

gave an end result of 1.68 ng/ml IGFBP-5, compared with a sample that had 2 µl serum 

added which resulted in 8.63 ng/ml IGFBP-5 (Table 6.4).  
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µl serum sample added to well Absorbance IGFBP-5 (ng/ml) 

50 0.487 1.68 

50 0.481 1.61 

20 0.653 3.50 

20 0.647 3.44 

10 0.806 5.19 

10 0.696 3.98 

5 0.966 6.95 

5 0.927 6.52 

2 1.139 8.85 

2 1.119 8.63 

Table 6-4 IGFBP-5 measured from the same human serum sample with varying 

dilutions. 

Samples were spiked with 10 ng/ml standard. Total volume in each well is 100 µl 

(Mean, n = 2).  
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10 ng/ml on the standard curve (Figure 6.4) gave an absorbance reading of 1.474. This 

is still higher than that read from the wells with the lowest human serum added spiked 

with 10 ng/ml IGFBP-5 (which was 1.119 as shown on Table 6.4). 

 

Figure 6-3 Standard curve using the R&D Systems human ELISA kit (Mean, n = 2) 
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Similarly, varying concentrations of the same human serum sample was added to the 

assay and spiked with 20 ng/ml standard. It is clearly demonstrated that the wells 

containing more human serum have a greater quenching effect on the standard spiked 

into the sample. A sample with 100 µl human serum added gave an end result of 3.98 

ng/ml IGFBP-5, compared with a human sample that had 2 µl serum added which 

resulted in 7.54 ng/ml IGFBP-5 (Table 6.5).  

 

µl serum sample added to 

well 

Spiked 20 ng/ml 

standard 

Absorbance IGFBP-5 

(ng/ml) 

100 N 0.082 0 

50 N 0.086 0 

20 N 0.09 0 

2 N 0.142 0 

100 Y 0.239 3.98 

50 Y 0.277 6.27 

20 Y 0.243 4.22 

2 Y 0.298 7.54 

6-5 IGFBP-5 measured with the Abcam ELISA kit 

The same human serum sample with varying dilutions was spiked with 10 ng/ml 

standard. Total volume in each well is 100 µl (Y = 20 ng/ml IGFBP-5 added, N = no 

standard added). (Mean, n = 1).  
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The standard 20 ng/ml on the standard curve gave an absorbance value of 

approximately 0.5 (Figure 6.5) and this value is again not achieved when the sample 

was spiked with even only 2 µl of human serum (Table 6.5). 

 

Figure 6-4 Standard curve using the Abcam human ELISA kit (Mean, n = 1) 
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6.3.5 Human serum samples spiked with a known volume of chicken serum 

The addition of chicken serum (See Figure 6.6) gave similar results when added to the 

standard curve. This then led to chicken serum being added to the human serum sample 

to determine if it would decrease the quenching effect that had been demonstrated with 

human serum in the assay.  

 

Figure 6-5 Standard curve from R&D Systems human ELISA kit with and without 

chicken serum (10 µl) 

 (Mean, n = 2) 
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Human serum containing no chicken serum had significantly higher levels of IGFBP-

5 detected in comparison with the samples containing even 2 µl of chicken serum (see 

Figure 6.7). However, based on the data in Figure 6.6, the decrease is due to the 

presence of human serum.   

 

Figure 6-6 IGFBP-5 measured in a human serum sample with chicken serum.  

IGFBP-5 measured in a human serum sample with the addition of varying volumes 

of chicken serum (0 – 50 µl). (Mean ± SEM, n = 2). * p ≤ 0.05 significantly different 

control (0 µl added) ANOVA followed by Dunnett’s multiple comparison test) 
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6.3.6 Expression of pro-fibrotic markers in LX2 cell cultures 

LX2 cells were cultured with preconditioned medium from NAFLD C3A cell cultures. 

The conditioned medium used had previously been shown to contain increased 

amounts of IGFBP-5 which had been secreted from the cells. Fibronectin, αSMA and 

collagen 1 were measured by immunoblotting in the LX2 cells after 24 h exposure to 

the conditioned medium. Levels of collagen 1 were undetectable.  Fibronectin was 

measurable in all cases (see Figure 6.8). A slight rise in fibronection expression 

occurred with the addition of IGFBP-5 to the medium, although this was not 

significant. Addition of TGF-β and IGFBP-5 to the medium both caused an increase 

in expression of αSMA (not significant) above control (see Figure 6.9). Decreases in 

αSMA expression were observed with exposure of the cells to all the preconditioned 

media types. Notably, both fibronectin and αSMA were measured in the controls with 

and without conditioning. An example immunoblot is shown in Figure 6.9. 
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Figure 6-7 Fibronectin and αSMA expression in LX2 cells  

Cells were cultured in medium with no addition (CTL), TGF-beta (5 ng/ml), IGFBP-5 

(1 µg/ml), preconditioned medium (Pre CTL), precondition LPON medium (Pre 

LPON) and preconditioned oleate (Pre Oleate) for 24 h. (Results are mean ± SEM, n 

= 3). * p ≤ 0.05 significantly different from controls (ANOVA followed by Dunnett’s 

multiple comparison test).  

 

Figure 6-8 Typical immunoblot for αSMA obtained with 10 µg protein/lane. 

Cells were cultured in medium with no addition (CTL), TGF-beta (5 ng/ml), IGFBP-

5 (1 µg/ml), preconditioned medium (Pre CTL), precondition LPON medium (Pre 

LPON) and preconditioned oleate (Pre Oleate) for 24 h.Bands on the immunoblot 

correspond to the molecular weight of αSMA (400 kDa).  
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6.4 Discussion 

 

With the prevalence of NAFLD on the increase in the developed world, mirroring the 

global epidemic of Type II diabetes and obesity, the need for a diagnostic marker for 

the detection of its early onset is necessary. As IGFBP-5 has already been implicated 

as playing roles in various fibrotic diseases including Idiopathic pulmonary fibrosis 

(Pilewski et al., 2005a) and skin fibrosis in a mouse model (Yasuoka et al., 2006d), it 

was chosen as a candidate biomarker for the detection on early liver disease.  

 

An in vitro model of NAFLD with and without the presence of ROS has previously 

been developed at the Hepatology Department, University of Edinburgh (Filippi et al., 

2004, Lockman et al., 2012). This model was utilised to determine if IGFBP-5 had 

potential as a biomarker for the early detection of this liver disease. The images in 

Fig 6.1 show clearly that the presence of LPON or oleate in the medium increased the 

amount of lipids in culture over time. The levels of lipids present in the controls at 3, 

5, and 7 days remained similar. However, with the addition of LPON or oleate the 

levels of lipids rose with time as demonstrated by microscopy imaging of Oil Red O 

stained lipids. 

 

IGFBP-5 release from C3A cells in the presence of LPON or oleate was measured (see 

Fig 6.3). IGFBP-5 release increased with time in culture with LPON to 0.3 ng/ml. 

Levels of IGFBP-5 released from cells in the presence of oleate were undetectable at 

3 days and at approx. 0.1 ng/ml at 5 and 7 days. IGFBP-5 release from the controls 

was below the limit of detection (not shown on graph). Although the increase in levels 

was not significant, this indicates that IGFBP-5 could be utilised as a marker of 

NAFLD. IGFBP-5 secretion increased to a greater extent after preconditioning the 

C3A cells with LPON in comparison with oleate. The generation of ROS and 

subsequent oxidative stress with the LPON model may be a contributing factor to the 

increased secretion observed.  Lockman et al (2012) demonstrated that LPON 

enhanced superoxide formation, to levels similar to the positive control oligomycin, 
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an ATP synthase inhibitor which increases the mitochondrial membrane potential. 

Dietary induced NAFLD is involved in the increase in energy substrates being made 

available to hepatocytes, hence within the mitochondria increasing the production of 

electron donors, i.e. NADH, fuelling the respiratory chain. This can lead to an increase 

in mitochondrial respiration and subsequent ROS formation. Increases in ROS 

formation have been established as playing a role in the advancement of IR (Pessayre 

and Fromenty, 2005, Newsholme et al., 2007). Excessive ROS will deplete 

intracellular stores of GSH, removing the cells ability to cope with dietary induced 

ROS leading to apoptosis, necrosis and scar tissue forming.  

 

Following these findings, a clinical study was designed to determine if IGFBP-5 was 

also increased in patients with a spectrum of liver diseases. Using commercially 

available sandwich ELISA kits, the levels of IGFBP-5 in any patient samples were 

below the level of detection. IGFBP-5 has previously been measured in human serum 

using a specific radioimmunoassay (RIA) (Ehrnborg et al., 2007), but unfortunately in 

the laboratory where this current experimentation took place there was no resource for 

this type of assay. After a personal communication with Professor Jeff Holly, 

University of Bristol, chicken serum was added to the samples to determine if this 

could overcome the effects of human serum on the commercially available kit. 

Professor Holly is a renowned expert in the area of IGFs and their measurement, 

having published over 250 papers and book chapters on IGFs. IGFBP-5 is mostly 

bound to IGF in the circulation and this binding could be a possible cause of the 

interference in the ELISA. IGFBPs bind IGF with a high affinity (Hwa et al., 1999, 

Firth and Baxter, 2002), with over 95 % of circulating IGFs bound to IGFBP-3 

(Colakoglu et al., 2007). The addition of a commercially available peptide NBI31773 

(Merck, USA) could be used to displace IGF from IGFBP-5 (Perks et al., 2007, Liu et 

al., 2001). However, in March 2013, a research group in Turkey published data 

demonstrating how they used an ELISA to measure serum concentrations of human 

IGFBP-5 in patients with NAFLD (Colak et al., 2012). The study has yet to be repeated 

by another group. This study demonstrated that IGFBP-5 could be a useful marker to 

differentiate patients with advanced fibrosis from patients with early stages of fibrosis 
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and also patients with definite NASH and simple steatosis. IGFBP-5 levels were 

significantly higher in patients with moderate to high fibrosis in comparison to patients 

with mild to no fibrosis. There is no insight in the paper as to why an ELISA kit worked 

in this instance. The study consisted of 92 biopsy confirmed NAFLD patients and 51 

healthy controls. The patient cohort consisted of patients from the wide spectrum of 

NAFLD, namely NASH (borderline and definite). Interestingly, 64 % of the patients 

tested had metabolic syndrome with NAFLD. Serum IGFBP-5 levels were measured 

using an enzyme-linked immunosorbent assay kit, commercially available from 

RayBiotech, USA, and was carried out per the manufacturers’ instructions. The 

minimum detectable level of the kit was 2 µg/l. As this is a commercial kit, very few 

details are available about what antibodies are used in the kit (Colak et al., 2012)  

IGFBP-5 in healthy controls were between 200 and 690 µg/l and NAFLD patients 

were between 242 and 2683 µg/l. IGF1 levels were also measured, and no statistical 

difference was seen between controls and NAFLD patients, indicating that the 

commercially available kit was not measuring IGF1 bound to IGFBP-5. However, the 

IGF1/IGFBP-5 ratio was also not statistically significant. Despite this, IGFBP-5 and 

the IGF1/IGFBP-1 ratios differentiated patients with early fibrosis from those with 

advanced fibrosis as well as differentiating patients with definite NASH from patients 

with simple steatosis and borderline NASH. The IGFBP-5 measurements were not 

carried out using the same kit as was used in Colak et al., 2012.  

Healthy patient IGFBP-5 in the Colak (2012) study correlates with other literature 

values of IGFBP-5 in human serum (Ehrnborg et al., 2007, Ulinski et al., 2000, Jehle 

et al., 2003, Jehle et al., 1998). However, a further 2013 paper from the same group in 

Turkey investigating IGFBP-5 in patients with Crohns Disease report much lower 

levels of IGFBP-5 in healthy controls at between 8 and 44.6 ng/ml (Adali et al., 2013) 

using the same kit as the NAFLD paper (Colak et al., 2012). Concentrations from 

control patients’ serum in several studies are presented in Table 6.6.     
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IGFBP-5 Concentration Reference Assay 

477 ± 8 ng/ml (Jehle et al., 1998) RIA 

523 ± 225.5 µg/l (Ehrnborg et al., 2007) RIA 

200 – 690 µg/l (Colak et al., 2012) ELISA 

8 – 44.6 ng/ml (Adali et al., 2013) ELISA 

Table 6-6 Human serum concentrations from literature measured by both ELISA and 

RIA. 

In conclusion, in vitro studies indicated that IGFBP-5 could be a potential marker of 

NAFLD, however, the clinical study carried out proved unsuccessful in measuring 

IGFBP-5 in human serum using a commercially available ELISA kit. Yet, published 

data from Colak et al (2012) illustrated IGFBP-5 as a marker to differentiate severity 

of fibrosis and NASH using a commercial ELISA assay kit.  

 

Further to this, an investigation was undertaken to determine if IGFBP-5 secreted from 

the C3Aa cells in the NAFLD model would initiate transdifferentiation of stellate cells 

(LX2) in vitro. TGF-β, a well-known inducer of α1a1 collagen was used as a positive 

control (Sysa et al., 2009, Leask and Abraham, 2004, Hellerbrand et al., 1999). A slight 

increase in fibronectin (not significant) was observed with the addition of 5 ng/ml 

TGF-β to LX2 cells. IGFBP-5 (1 µg/ml) also caused a slight increase, but not 

significant in fibronectin and αSMA expression. The preconditioned medium from the 

C3A NAFLD model had much lower levels (> 1000-fold) of IGFBP-5 in the medium. 

Interestingly, IGFBP-5 secreted into the medium from the oleate cultures was much 

lower, and no αSMA was detected via immunoblotting in comparison with LPON and 

the control wells. Reports in the literature have suggested that LX2 cells are already 

partially/fully activated cells once in culture in vitro (Xu et al., 2005). This could be 

one explanation as to why no significant increases in ECM protein production were 

observed. LX2 cells express glial fibrillary acidic protein (GFAP), which is more 

common in cells in a state of chronic liver disease. Also, they express receptors 

βPDGF-R, DDR2 and OB-RL, phenotypic of activated stellate cells and not present in 

quiescent cells (Xu et al., 2005). IGFBP-5 expression has been shown to increase in in 

vitro culture of stellate cells by 200-fold (Boers et al., 2006). Sokolovic et al (2010a) 
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also describe LX2 cells as activated. In their study, they demonstrate that LX2 cells 

express 30 % more IGFBP-5 in comparison with stellate cells in a resting state.    

Xu et al (2005) exposed LX2 cells to TGF-β (2.5 ng/ml for 20 h) which lead to 3-4 

fold increases in α1a1 collagen mRNA. However, in this study, protein expression via 

immunoblot was used to assess increases in collagen and was unable to detect any 

protein expression. 24 h exposure to IGFBP-5 and TGF-β and the preconditioned 

medium may not have been sufficient time to observe changes at the protein level.  

 

To conclude, the aim of the chapter was to determine if IGFBP-5 was a suitable marker 

for NAFLD. Firstly, an in vitro model developed by the University of Edinburgh was 

used. IGFBP-5 was successfully measured from this model, yielding higher secreted 

levels from the C3A cells after LPON addition than after oleate addition, indicating its 

potential role in the pathogenesis of the disease and its potential as a biomarker. 

Further to this, preconditioned medium from these cultures were used to determine if 

the secreted IGFBP-5 stimulated transdifferentiation of stellate cells to more 

fibroblastic like cells. No significant increases in markers of transdifferentiated stellate 

cells were observed, potentially due to the short exposure time, or perhaps to the 

activated state of the LX2 cells already in vitro. To conclude, a study of serum from 

patients with several types of liver disease was carried out to determine if IGFBP-5 

was upregulated in any of the conditions, and indeed if there was any difference in 

serum levels between the different conditions. A component of human serum causing 

an inhibitory effect in the assay kits used in this study contributing to the failure to 

measure IGFBP-5 from human serum.   
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Chapter 7 Final Conclusions and Future Work 

7.1 Final conclusions 

The aim of this work was to elucidate if IGFBP-5 was a suitable biomarker of early 

liver disease. Several in vitro models of hepatocytes were utilised including long term 

culture of primary rat hepatocytes, and models of oxidative stress and NAFLD. 

IGFBP-5 had previously been described as playing roles in progression of fibrosis in 

several models (Feghali-Bostwick, 2005, Sureshbabu et al., 2009, Yasuoka et al., 

2006a, Yasuoka et al., 2006b).  

 

Firstly, Chapter 1 assessed modifications to the in vitro culture system with an aim to 

find the most suitable culture conditions. Collagen source, medium depth, plastic 

source for culture dishes and attachment times were all assessed. The optimal 

conditions (2 h attachment, BD Falcon plates, 0.5 ml medium and in-house prepared 

rat tail tendon collagen-1) were highlighted by NR staining and MTT assay and used 

in all future work throughout the project. Following this, an extended culture of 

primary rat hepatocytes was undertaken and differentiation status was assessed over 9 

days in culture. GSTP1, testosterone hydroxylation and IGFBP-5 secretion into the 

medium were monitored. Rapid dedifferentiation was apparent from day 1 in culture, 

with GSTP1 protein expression increasing and testosterone metabolism decreasing. 

This result was not surprising as there is a large volume of published literature on loss 

of phenotype in hepatocytes during in vitro culture (Elaut et al., 2006, Paine et al., 

1982, Rogiers et al., 1990, Stefan G. Hübscher, 2005). Despite the rapid decline in 

function of the hepatocytes, IGFBP-5 increased in cultures with time, reaching the 

highest concentration at day 9 in culture. The IGF signalling pathways play critical 

roles in cell growth, differentiation and aging, and literature suggests that IGFBP-5 

plays a role in senescence (Kim and Younossi, 2008) . The correlation of loss of 

phenotype and upregulation of IGFBP-5 secretion could point to IGFBP-5’s 

involvement in cellular injury and loss of function.  
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Following the characterisation of the in vitro model and understanding the patterns in 

IGFBP-5 secretion, the model was subjected to chronic oxidative stress via exposure 

to menadione and H2O2. Oxidative stress also plays a role in ethanol hepatotoxicity 

(Cahill et al., 2002, Kannan and Jain, 2000, Nanji et al., 2004, Wang et al., 2009), 

hence ethanol and acetaldehyde toxicity was also assessed to determine if IGFBP-5 

played a role in their toxicity. No toxicity was observed using the selected markers 

(GSH, total protein, CV staining and WST-1 activity) with exposure to ethanol and 

acetaldehyde. However, despite this, IGFBP-5 was suppressed in the cultures that 

received menadione and H2O2. Contrary to the role of IGFBP-5 in cellular senescence 

(Kim et al., 2007), it has also been demonstrated to enhance the survival of LX2 stellate 

cells (Sokolovic et al., 2010). In order to determine if IGFBP-5 was progressing the 

cells into a state of stress, leading to a fibrotic state IGFBP-5 was adenovirally 

transfected into the rat hepatocytes, which were subsequently stressed with menadione 

and H2O2.  No enhancement of the toxicity of either menadione or hydrogen peroxide 

was observed with the presence of adenoviral IGFBP-5. In contradiction to much of 

the published literature on IGFBP-5’s role in the progression of fibrosis, Sokolovic 

and colleagues (2012) demonstrated that IGFBP-5 reduced liver fibrosis in mice with 

chronic cholangiopathy. IGFBP-5 could thus be playing a protective role within the 

hepatocytes.  

 

NAFLD is a worldwide epidemic, mirroring Type II diabetes and obesity.  Definite 

confirmation of a steatotic liver is via biopsy (Adams et al., 2005). Hence, there is a 

real need for a non-invasive biomarker for its detection. Using the University of 

Edinburgh NALFD model, IGFBP-5 release was upregulated with time in C3A cell 

cultures treated with LPON or oleate to simulate NAFLD with and without 

involvement of ROS. After the upregulation of IGFBP-5 production had been 

demonstrated in the in vitro NAFLD model, a patient serum study was undertaken to 

find out if its production was also upregulated in vivo in liver disease resulting in 

increased circulating serum concentrations. Unfortunately, both commercially 

available ELISA kits purchased for the detection of IGFBP-5 in the human serum did 

not detect any IGFBP-5. On further investigation, the addition of serum to a known 
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concentration of IGFBP-5 inhibited the ability of the assay to detect that quantity. The 

higher the concentration of human serum present, the more interference was observed. 

Most literature papers on IGFBP-5 in human serum use RIA for its detection 

(Ehrnborg et al., 2007, Jehle et al., 2003). However, this facility was not available in 

our laboratory at the University of Strathclyde. In 2013, a laboratory in Turkey 

published a paper describing the detection of IGFBP-5 in patient serum using a 

commercially available ELISA (Colak et al., 2012) to evaluate its potential as a 

biomarker for liver fibrosis. In this study, Colak et al. (2012) successfully measured 

IGFBP-5 from human patient serum and demonstrated that IGFBP-5 could be a useful 

marker to differentiate patients with advanced fibrosis from patients with early stages 

of fibrosis and also patients with definite NASH and simple steatosis. IGFBP-5 levels 

were significantly higher in patients with moderate to high fibrosis in comparison to 

patients with mild to no fibrosis. Stellate cells are well known to play a pivotal role in 

the progression of fibrosis. To confirm if IGFBP-5 had an effect on stellate cells, 

preconditioned medium from both LPON and oleate C3A cell NAFLD models, and 

IGFBP-5 itself, were cultured with LX2 cells. TGFβ was used as positive control. 

Neither preconditioned medium nor IGFBP-5 protein caused significant increases in 

markers of stellate cell activation. Similarly, TGFβ did not cause increases in αSMA 

or fibronectin. This could be due to two issues, either the stellate cells were already in 

an activated form (Sokolovic et al., 2010) or the time between exposure to all three 

conditions and harvest of samples was not long enough. Previously, increases in gene 

expression had been  seen after 24 h, but  the exposure time in the current experiments 

may not have been long enough to see upregulation in protein expression (Xu et al., 

2005).  

 

This work highlights some cases where IGFBP-5 could play a crucial role, namely in 

the aging of hepatocyte cultures and in the NALFD model, where an increase in 

secretion is demonstrated. Interestingly, the exposure to H2O2 and menadione 

suppressed its secretion into the medium. This was also the case with ethanol and 

acetaldehyde. More recent publications on IGFBP-5 have suggested its cytoprotective 

role, with both stellate cells (Sokolovic et al., 2010) and hepatocytes in vivo (Sokolovic 
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et al., 2012).  Potentially, IGFBP-5 is involved in the aging process of the hepatocytes, 

but plays a different role in the presence of toxins and the progression of acute and 

chronic drug toxicity.  

The secretion of IGFBP-5 may be a response to injury or insult in an attempt to 

maintain epithelial integrity. Sureshababu et al (2012) demonstrated a novel role of 

IGFBP-5 in the induction of epithelial cell adhesion and spreading. This phenomenon 

could limit the progression of fibrosis. This is further evidence of IGFBP-5 playing a 

protective role. In addition, this may activate stellate cells to create scar tissue in the 

progression of fibrosis and thereby further preserve the tissue. Thus, menadione and 

other toxins investigated in this thesis may act to damage the liver by decreasing 

IGFBP-5 secretion which could potentially aid in hepatocyte survival.  

 

7.2 Future work 

 

The work featured could be aided by a more sophisticated culture system to avoid the 

rapid onset of dedifferentiation. Simple sandwich cultures with collagen or Matrigel 

or more advanced 3D culture systems have been shown to maintain hepatic phenotype 

for longer culture periods.  

 

Co-cultures of hepatocytes and stellate cells would also be an advantage for a model 

of fibrosis, as well as NAFLD. Adding stellate cells would add a level of complexity 

to the in vitro model as they are involved in the progression of liver fibrosis, through 

the over production of ECM upon activation and the prelease of growth factors and 

cytokines. A source of quiescent (non-activated) stellate cells would be critical for the 

success of a fibrosis model. Using activated stellate cells would limit research, 

particularly if a stimulus was being investigated. In this thesis, it was noted that LX2 

cells were already partially activated (Sokolovic et al., 2010).  
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Evidence in this thesis does not necessarily highlight IGFBP-5 as a useful biomarker 

for the detection of liver disease, however, there may be use for it in combination with 

other biomarkers. Unfortunately, after initial positive results with the in vitro NALFD 

model data, the human patient study did not yield positive results, but published 

literature, cited 8 times since publication, has indicated its ability to differentiate 

patients with different stages of NAFLD (Colak et al., 2012).  
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Appendix i 

 

Production of recombinant wild type IGFBP-5 and IGFBP-5 adenovirus 

Rat IGFBP-5 cDNA, without the signal peptide encoding sequence, was cloned into 

the pGEX 6P-1 vector (Amersham Pharmacia Biotech, USA) between BamHI and 

EcoRI  in the multiple cloning site so that the proteins would have a N-terminal 

glutathione S-transferase (GST) tag. The proteins were expressed in the Origami B 

(DE3) pLys strain of Escherichia coli (Novagen, USA) and following cell lysis the 

GST-IGFBP-5 fusion proteins were extracted from the soluble fraction only and 

underwent subsequent rounds of purification. The IGFBP-5 protein was isolated using 

a glutathione-Sepharose column for removal of the GST tag with PreScission protease 

(Amersham Pharmacia Biotech, USA). The untagged IGFBP-5 was then purified 

using an IGF-1 affinity column.  

 

IGFBP-5 adenovirus was produced as follows; briefly, wild type IGFBP-5 was cloned 

between the EcoR1 and HindIII sites of the shuttle plasmid pDC516 (Admax, 

Microbix Biosystems Inc, Canada) containing murine cytomegalovirus immediate 

early gene promoter (MCMVPr). The shuttle plasmids were then co-transfected with 

the adenoviral genomic plasmid (pBHGtrt∆E1,3FLP) into HEK293 cells to employ 

FLP-mediated site-specific recombination  between two plasmids, resulting in 

recombinant, non-replicative, adenovirus (Ad-IGFBP-5). All procedures used were as 

per the manufacturers’ recommendations and their Ad Vector Construction Manual 

(MicroBix Biosystems Inc, Canada). Adenoviral stocks were generated commercially 

and a null vector (Lock and Bonventre) was purchased from the same source (Welgen 

Incorporation, USA).  
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Appendix ii 

 

RIPA buffer preparation 

 

Final 

concentration  

Reagent Stock Concentration Dilution of 

stock 

50 mM Tris-HCl, pH 

7.4 

250 mM 30.285 g/l 1/5 

150 mM NaCl 7.5 mM 43.83 g/l 1/5 

0.5 mM EGTA, pH 

7.4 

50 mM in H2O 19.22 

mg/ml 

1/100 

0.5 mM EDTA, pH 

7.4 

50 mM in H2O 18.61 

mg/ml 

1/100 

1 % v/v Igepal CA-

630 

10 % v/v in H2O 1 ml/10 ml 1/10 

0.25 % w/v Na-

deoxycholate 

10 % w/v in 

H2O 

1 g/10 ml 1/40 

 




