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Abstract 

Hepatocellular carcinoma (HCC) is the major malignancy complicating chronic liver 

disease. New therapies for the prevention of HCC are required due to the limited 

success and high tumour recurrence rates of existing treatments. Emerging evidence 

suggests that HCC arise from the transformation of adult liver progenitor cells (LPCs), 

which have the capacity to differentiate into hepatocytes and biliary cells during liver 

regeneration. LPC activation precedes neoplasia in experimental hepatocarcinogenesis. 

LPCs share antigenic epitopes with HCCs, including α-fetoprotein (AFP) and M2-

pyruvate kinase (M2PK). In animal models of hepatocarcinogenesis, attenuation of the 

LPC response reduces the incidence of HCC following prolonged liver injury via a 

tumour necrosis factor (TNF) dependent mechanism. As TNF is a pro-inflammatory 

cytokine, these data suggest that anti-inflammatory agents may be effective in inhibiting 

LPC activation and hepatocarcinogenesis. 

 

Cyclo-oxygenase-2 (COX-2) is an inducible enzyme that mediates the production of 

many prostaglandins during inflammation and carcinogenesis. Recent investigations 

show that the administration of selective COX-2 inhibitors (SC2Is) may reduce the 

incidence of a variety of tumours including breast, colon and skin. The broad aim of this 

thesis was to conduct a series of detailed studies on the effects of a SC2I on LPC 

activation and the hepatic pathologies associated with hepatocarcinogenesis in order to 

test the hypothesis that S2CIs may be a beneficial therapy that can reduce liver injury 

and pre-neoplastic changes in the choline-deficient, ethionine supplemented (CDE) 

murine model of hepatocarcinogenesis. 

 

Administration of a SC2I (SC-236) significantly inhibited a variety of hepatic cell 

populations that expand during the first month of the CDE mouse model of 

hepatocarcinogenesis (a choline deficient, ethionine supplemented diet). Numbers of 

M2PK-positive LPCs (which are more hepatocytic in morphology and are also COX-2 

positive) and inflammatory cells were all significantly reduced by SC-236. In contrast, 

numbers of A6-positive LPCs (which are more biliary cell-like in morphology and do 

not express COX-2) were unchanged. Hepatic gene expression of Lymphotoxin β 

(LTβ), Tumour Necrosis Factor (TNF) and Interferon γ (IFNγ) were all significantly 

reduced by SC-236 administration. 
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Administration of SC-236 increased hepatic apoptosis. Further evaluation using LPC 

cultures showed that SC-236 directly induced apoptosis of LPCs in a dose-dependent 

manner. LPCs exhibiting a more hepatocyte phenotype were more sensitive to SC-236 

treatment when compared to LPCs that were more cholangiocytic. Apoptosis induced 

by SC-236 was via COX-2 dependent and independent mechanisms, since exogenous 

PGE2 only partially reduced LPC apoptosis. Apoptosis was mediated through the 

marked attenuation of Akt activation following exposure to SC-236. 

 

Long-term administration of SC-236 reduced the development of a variety of 

pathologies and cellular events associated with hepatocarcinogenesis in the mouse CDE 

model. Specifically, SC-236 reduced the severity of hepatic fibrosis and appearance of 

macroscopic nodules and altered hepatocytic foci that developed after 52 weeks of the 

murine CDE diet. Concurrently, SC-236 attenuated LPC activation and proliferation, 

reduced the number of COX-2-positive cells and reduced the expression of LTβ, TNF 

and IFNγ. 

 

In summary, these data suggest that COX-2 inhibitors such as SC-236 inhibit LPC 

activation and a variety of pre-neoplastic liver pathologies as a result of COX-2 

dependent and independent mechanisms that may be mediated through inhibition of Akt 

phosphorylation and induction of apoptosis. Moreover, SC2Is may be useful as 

preventative treatment strategies for HCC in patients with chronic liver disease. 
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1.1 Liver 
1.1.1 Liver physiology and function 
The liver is the largest internal organ in the human body and is located below the 

diaphragm. It is an essential organ that has crucial physiological functions such as bile 

secretion, metabolism of nutrients, detoxification, synthesis of vitamins and production 

of serum proteins such as globulins and albumin. Since the liver has such diverse 

functions it must be able to sustain significant damage and cell death whilst maintaining 

hepatic function. Consequently the liver has developed an ability to regenerate quickly 

from extensive and severe tissue damage. 

 

 

1.1.2 Liver structure 
The liver is made up of large, small and quadrate lobes, which are surrounded by a 

fibrous capsule. Each lobe is constructed around a central vein that empties into the 

right and left hepatic veins, which then drain into the vena cava. 

 

The anatomical unit of the liver is lobule, which is hexagonal and arranged around a 

central hepatic venule with portal tracts at its periphery (Goven, Macfarlane et al. 1991). 

The portal tracts comprise terminal branches of the hepatic artery, portal vein and bile 

duct (Scheuer and Leftkowitch 1994). The lobule is composed of cellular plates that 

consist of a polyhedral prism about 2 mm long and 0.7 mm wide. Each cellular plate 

radiates from the central vein and is two cells thick and between the two cells are small 

bile canaliculi that empty into terminal ducts.  

 

Hepatocytes, also known as parenchymal cells, comprise about 80% of cells in the 

normal adult liver. Hepatocytes are approximately 30 µm long, 20 µm wide and are 

polyhedral. Branches of hepatocytes, one cell thick, radiate from the central vein to the 

periphery of the lobule. Hepatocytes have three different surfaces: (1) an apical surface, 

which forms the canalicular wall, (2) a lateral surface which has direct contact with 

adjacent hepatocytes and (3) a basal surface that faces the sinusoids (Scheuer and 

Leftkowitch 1994).  
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Oxygenated blood is introduced through the hepatic artery of each portal tract. Blood 

then flows through the hepatic sinusoids to the central vein, which drains into the 

hepatic veins. All hepatocytes are also continuously exposed to portal venous blood. 

Hepatocytes that are proximal to portal tracts are referred to as 'peri-portal' hepatocytes 

and receive blood rich in nutrients and oxygen (MacSween and Whaley 1992). These 

peri-portal hepatocytes are the most metabolically active. Mid-zone and peri-central 

hepatocytes are peripheral to the axial blood supply (MacSween and Whaley 1992). In 

particular, peri-central hepatocytes, which are adjacent to the hepatic central venule, are 

at the micro-circulatory periphery and therefore are more susceptible to hypoxic damage 

(MacSween and Whaley 1992). This distinctive architectural pattern maximises 

molecular exchange and cell to cell interactions between the blood and hepatocytes. 

 

All other liver cells, which are not hepatocytes, are commonly referred to as non-

parenchymal cells. 

 

Biliary epithelial cells represent about 3-5% of liver cells and form biliary ductules and 

ducts, which are called bile ducts or cholangiocytes. These cells are involved in 

production and distribution of bile. The Canals of Hering form the junction between the 

terminal bile ducts and the bile canaliculi and are proximal to the portal tract. 

 

Kupffer and Pit cells, the resident liver macrophages and natural killer cells 

respectively, lie in the sinusoidal spaces. Hepatic stellate cells (HSC), previously known 

as the Ito cells or lipocytes are located in the peri-sinusoidal space of Disse and once 

activated synthesize extracellular matrix components. Sinusoidal endothelial cells 

contain fenestrae that act as highly permeable filters allowing small molecules to pass 

into the space of Disse. 

 

 

1.1.3 Liver regeneration 
The regenerative capacity of the adult liver is immense and reflects complex 

physiological responses. During and/or after injury, the remnant liver initiates a series 

of reactions to promote cell replication in order to restore hepatic mass and function. 

Formation of new cells within the injured liver depends on a regenerating system 

comprising mature, pre-existing cells, such as hepatocytes and biliary cells, and liver 
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progenitor cells (LPCs). The hepatocytes and biliary cells constitute the pre-dominant 

cellular response to injury. For example reconstitution of liver mass after surgical 

resection occurs by the proliferation of residual hepatocytes and biliary cells, which 

maintain their mature or terminally differentiated phenotype. In contrast, injury caused 

by drugs, viruses and toxins that impair hepatocyte proliferation induces the transient 

proliferation and differentiation of LPCs that generate hepatocytes and/or biliary cells. 

LPCs seem to be a reserve population that are activated when the regenerative capacity 

of mature liver cells is compromised.  

 

 

1.1.3.1 Compensatory hyperplasia 
In the resting adult liver, hepatocytes and biliary cells are quiescent and rarely undergo 

cell division. However, upon injury these cells exit their resting state and replicate to 

restore tissue function and mass. The process of regeneration by residual differentiated 

liver cells, such as hepatocytes and biliary cells is called compensatory hyperplasia. 

This mode of regeneration relies on proliferation and excludes differentiation of pre-

existing liver cells. 

 

There are several models of compensatory hyperplasia (Table 1.1). The most widely 

used models of compensatory hyperplasia are (1) partial hepatectomy (PHx) where a 

portion of the liver is surgically removed and (2) intoxication with carbon tetrachloride 

or acetaminophen that causes necrosis of centrilobular hepatocytes but not periportal 

hepatocytes. 

 

Model type Reference(s) 

• Partial hepatectomy (PHx) (Higgins and Anderson 1931) 

• CCl4 injury (Lee, Cameron et al. 1998) 

(Koniaris, Zimmers-Koniaris et al. 

2001) (Yin, Lynch et al. 2002) 

• Acetaminophen (APAP) 

injury 

(Lee, Cameron et al. 1998) 

Table 1.1 Models of compensatory hyperplasia. 
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Regeneration by hepatocytes is a tightly controlled process that has a synchronous peak 

of DNA synthesis at 24 and 40 h after hepatic loss for hepatocytes in rat and mouse, 

respectively, and 12 h later for non-parenchymal cells, such as biliary cells, Kupffer and 

stellate cells. In the aforementioned models, after about 1 week the liver has regained its 

original mass reviewed in (Koniaris, McKillop et al. 2003). The restoration of liver 

mass occurring in human liver after surgical resection (Fausto 2000) (Michalopoulos 

and DeFrances 1997) or after liver transplantation into a recipient larger than the donor 

(Van Thiel, Gavaler et al. 1987) is similar to compensatory hyperplasia in rodent 

models. 

 

 

1.2 Liver progenitor cell (LPC) mediated regeneration 
LPCs exit their dormant state and begin to proliferate and differentiate when 

compensatory hyperplasia is insufficient to restore liver function and mass. Following 

LPC activation, they multiply and differentiate to replace the functional loss of 

hepatocytes and/or biliary cells. LPC activation will continue to occur until 

compensatory hyperplasia is completed or when liver function is no longer 

compromised (Santoni-Rugiu, Jelnes et al. 2005). LPC activation originates in the peri-

portal region and expands transiently. LPCs migrate into the parenchyma along bile 

canaliculi between the hepatic cords to where hepatocellular replacement is required 

(Farber 1956). 

 

The first observation of what today is termed liver progenitor cells was made when rats 

were exposed to the carcinogenic dye 'Butter Yellow' (Kinosita 1937). Twenty years 

later these cells were named 'oval cells' because of their characteristic morphology with 

an ovoid nucleus, small size (relative to hepatocytes) and high nuclear to cytoplasmic 

ratio (Farber 1956). 

 

 

1.2.1 LPC function 
LPCs have the characteristics of progenitor cells, which include an immature phenotype 

(Germain, Goyette et al. 1985) (Radaeva and Steinberg 1995), high rate of proliferation 

(Knight, Matthews et al. 2005) and multi-potentiality (Alison 2003). Typically LPCs are 

undetectable in normal liver; however, once activated, they appear as small basophilic 
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ovoid cells with a diameter of approximately 10 μm and with scant cytoplasm. LPCs are 

bi-potential since they can differentiate into two distinct cell types; hepatocytes and 

biliary cells. Differentiation from an immature or primitive progenitor cell to a mature 

cell means that the cell progresses through transitional phenotypical steps of small 

intermediate hepatocytes or biliary cells when restoring the loss of their mature liver 

counterparts. Consequently, during LPC activation, at any time, there is mixture of 

transitional phenotypes differentiating along the hepatocytic and/or biliary lineage. This 

mixture of phenotypes during LPC mediated regeneration in the liver is known as the 

‘oval cell compartment' (Hayner, Braun et al. 1984). 

 

 

1.2.2 Models of regeneration by LPCs 
There are now many animal models of LPC mediated regeneration (Table 1.2). 

Common rat models are N-2-acetylaminofluorene (2-AAF) treatment combined with 

exposure to carbon tetrachloride (2-AAF/CCl4), galactosamine (GalN) treatment and a 

choline deficient, ethionine supplemented (CDE) diet. In mice 1,4-bis [N,N'-di-

(ethylene)-phosphamide] piperazine (Dipin) treatment combined with 70% hepatectomy 

(Dipin/PHx), the CDE diet and a 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)-

containing diet are commonly used procedures to induce LPC mediated regeneration. It 

is generally believed that the LPCs induced in these models are responding to impaired 

hepatocyte proliferation caused by the injuring agents although the mechanisms are 

largely unknown. 

 

1.2.3 LPCs in human liver diseases 
Since the majority of human chronic liver diseases are characterised by cellular damage, 

loss and impaired regeneration of hepatocytes and/or biliary cells, it is not surprising 

that LPC activation is observed in many varied hepatic pathologies (Table 1.3). The 

accumulation of LPCs is caused by injury to and replicative defects of hepatocytes 

and/or biliary cells. Moreover, many liver diseases are characterised by the ‘ductular 

reaction’, which is generally an extensive expansion of cells exhibiting a ductular 

phenotype throughout the parenchyma. It is generally believed that the ductular reaction 

comprises proliferation from pre-existing biliary cells, activated LPCs and small 

intermediate hepatocytes (Roskams, Theise et al. 2004). 
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Model type Reference(s) 

• Galactosamine injury (GalN) (Lemire, Shiojiri et al. 1991) (Dabeva 

and Shafritz 1993) (Koniaris, Zimmers-

Koniaris et al. 2001) 

• Allyl alcohol injury (Yavorkovsky, Lai et al. 1995) (Lee, 

Ilic et al. 1996) 

• Choline deficient, ethionine 

supplemented (CDE) diet 

(Shinozuka, Lombardi et al. 1978) 

(Akhurst, Croager et al. 2001) 

• N-2-acetylaminofluorene (2-AAF) 

treatment combined with exposure to 

carbon tetrachloride (2-AAF/CCl4) 

(Petersen, Zajac et al. 1998) 

• 2-AAF treatment combined with PHx (2-

AAF/PHx) 

(Evarts, Nagy et al. 1987) 

• 2-AAF treatment combined with choline 

deficient diet (2-AAF/CD) 

(Sell, Leffert et al. 1981) 

• CCl4 injury (Engelhardt, Baranov et al. 1984) 

• APAP injury (Kofman, Morgan et al. 2005) 

• 3,5-diethoxycarbonyl-1,4-

dihydrocollidine (DDC) supplemented 

diet 

(Preisegger, Factor et al. 1999) (Wang, 

Foster et al. 2003) 

• Diethylnitrosamine (DEN) treatment (He, Smith et al. 1994) 

• 1,4-bis [N,N'-di-(ethylene)-phosphamide] 

piperazine (Dipin) treatment combined 

with 70% hepatectomy (Dipin/PHx) 

(Factor, Radaeva et al. 1994) 

• Long term ethanol exposure (Smith, Tee et al. 1996) 

Table 1.2 Models of LPC activation. 
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• Acute liver necrosis • Massive hepatocyte necrosis 

• Chronic liver injury e.g. viral, 

autoimmune, drug-induced 

• Primary sclerosing cholangitis 

• Primary biliary cirrhosis • Alcoholic and non-alcoholic 

steatohepatitis 

• α1-anti-trypsin deficiency • Extra-hepatic biliary atresia 

• Wilson's disease • Small cell dysplasia 

• Haemochromatosis • Cirrhosis 

Table 1.3 Human liver diseases with LPC activation. 

Modified from (Roskams, Libbrecht et al. 2003). 

 

LPC activation correlates with the severity of liver disease (Lowes, Brennan et al. 1999) 

(Roskams, Yang et al. 2003); for instance, the extent of progenitor cell activation in 

alcoholic and non-alcoholic steatohepatitis increased with the severity of the disease as 

indicated by the extent of fibrosis (Roskams, Yang et al. 2003). LPC activation during 

cirrhosis increases with the progressive exhaustion of hepatocyte proliferative capacity 

in the late stages of the disease (Falkowski, An et al. 2003). LPC activation also 

correlates with the severity and localisation of the inflammatory cells infiltrating the 

liver during chronic viral hepatitis which suggests inflammatory stimuli may be 

important mediators of LPC activation (Fujio, Evarts et al. 1994) (Lowes, Brennan et al. 

1999). LPCs are likely to be absent or minimal in numbers during liver regeneration 

after PHx for primary or secondary liver tumours, since LPC activation does not occur 

in rodent models of liver regeneration after PHx. 

 

 

1.2.4 Markers of LPCs 
Many protein markers are used to characterise LPC activation in rodent liver. However, 

these protein markers are often shared with hepatic and non-hepatic cell populations. 

This phenotypic heterogeneity seems to reflect a lineage specification between different 

LPC sub-populations in the oval cell compartment. LPCs are known to express biliary 

cell, hepatocyte and haematopoietic proteins (Table 1.4) and consistent with this notion, 

human LPCs express markers of their fate, with the more primitive cells expressing a 

mixture of hepatocyte and biliary cell markers. The profile of these primitive cells 



Chapter 1 General introduction  9 
 

subsequently changes during their differentiation along each lineage (Theise, Saxena et 

al. 1999), (Libbrecht and Roskams 2002). For example ductular progenitor cells and 

biliary cells in the normal rat liver react with antibodies raised against cytokeratin 7 

(CK7), CK8, CK18 and CK19, OV-6, OC.2, γ-glutamyl transpeptidase (GGT) and, 

specific to the mouse, A6, suggesting a specification with the biliary cell lineage. Often 

at the same time, sub-populations of progenitor cells express proteins that are normally 

only expressed by cells committed to the hepatocyte lineage, including albumin, α1-

antitrypsin, hepatocyte nuclear factor 4, and epitopes recognised by HBD.1. Finally, in 

addition to expressing biliary cell and hepatocyte lineage markers, LPCs may also share 

the markers of haematopoietic stem cells including Thy-1, CD34 and c-kit. 

 

 

1.2.5 Origin of LPCs 
LPCs are rarely detected in normal liver; however, once activated LPCs are initially 

observed in the peri-portal region and then radiate towards regions where hepatocellular 

replacement is required. The canals of Hering are the most likely location where LPCs 

originate. This notion was initially based on studies using the rat 2-AAF/PHx LPC 

model where it was shown that: (1) LPCs formed ductules elongated as tortuous 

extensions of the pre-existing canals of Hering that terminated at hepatocytes at the 

limiting plate (Paku, Schnur et al. 2001) and (2) LPC activation is not induced when 

prior bile duct injury has been inflicted by methylene dianiline (Petersen, Zajac et al. 

1997). This hypothesis was further supported by a three-dimensional study that revealed 

LPC expansion was closely associated and commenced near the canals following 

hepatic injury in humans (Theise, Saxena et al. 1999). 

 

Initial rodent and human studies indicated that epithelial liver cells such as hepatocytes, 

biliary cells and progenitor cells could be derived from extra-hepatic bone-marrow 

progenitor cells in an injured liver (Petersen, Bowen et al. 1999) (Lagasse, Connors et 

al. 2000) (Theise, Badve et al. 2000) (Theise, Nimmakayalu et al. 2000) (Alison, 

Poulsom et al. 2000). However, further evidence appears to indicate that the proportion 

of new hepatocytes generated through this avenue is very small and is probably the 

result of cell fusion and not trans-differentiation of haematopoietic stem cells (Wang, 

Montini et al. 2002) (Vassilopoulos, Wang et al. 2003) (Wang, Willenbring et al. 2003) 
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LPC marker  Reference(s) 

Adult  π glutathione-S-transferase (pGST) (Tee, Smith et al. 1992) 

biliary cell γ-glutamyl transpeptidase (GGT) (Cameron, Kellen et al. 1978) 

 Cytokeratin 19 (CK19) (Bisgaard, Parmelee et al. 1993) (Paku, 

Dezso et al. 2005) 

 CK14 (Bisgaard, Parmelee et al. 1993) 

 OV-6 (Dunsford and Sell 1989) (Bisgaard, 

Parmelee et al. 1993)  

 A6 (Engelhardt, Factor et al. 1990) (Factor, 

Radaeva et al. 1994)  

 OC.2 and OC.3 antigen (Hixson and Allison 1985) 

 Connexin 43 (Zhang and Thorgeirsson 1994) 

 Stromal-derived factor (Mavier, Martin et al. 2004) 

Fetal 

Hepatocyte 

α-fetoprotein (AFP) (Evarts, Nagy et al. 1987) (Smith, Tee et 

al. 1996) 

 Muscle-2-Pyruvate Kinase (M2PK) (Lowes, Brennan et al. 1999) 

 Delta-like protein (Tanimizu, Tsujimura et al. 2004) 

(Jensen, Jauho et al. 2004) 

 pGST (Tee, Smith et al. 1992) 

 γ-glutamyl transpeptidase (GGT) (Tee, Smith et al. 1992) 

 c-Met (Hu, Evarts et al. 1993) (Hu, Evarts et 

al. 1996) 

Adult  Albumin (Tian, Smith et al. 1997) 

Hepatocyte α1-antitrypsin (Gauldie, Lamontagne et al. 1980) 

 Hepatocyte nuclear factor  (Nagy, Bisgaard et al. 1994) 

 HBD.1 (Faris, Monfils et al. 1991) (Hixson, 

Chapman et al. 1997) 

Adult  Thy-1 (Petersen, Goff et al. 1998) 

haematopoietic c-kit (Fujio, Hu et al. 1996) 

 CD34 (Omori, Omori et al. 1997) 

 Stem cell factor (Fujio, Evarts et al. 1994) 

 Sca-1 (Fujio, Evarts et al. 1994) 

Table 1.4 Phenotypic markers used to identify LPCs. 
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(Vig, Russo et al. 2006). Similarly, recent data have also demonstrated that LPCs re-

populating the liver after injury are derived from endogenous cells and do not arise from 

trans-differentiation of bone marrow cells (Wang, Foster et al. 2003) (Menthena, Deb et 

al. 2004) (Corcelle, Stieger et al. 2006). 

 

Interestingly, LPCs have recently been isolated from uninjured and healthy livers of 8-

10 week old mice, demonstrating that although not activated and therefore in very low 

numbers it is possible to isolate LPCs from uninjured liver (Fougere-Deschatrette, 

Imaizumi-Scherrer et al. 2006). However, more significantly, this work re-iterates the 

notion that LPCs exist as a dormant resident cell ready for appropriate stimuli to 

commence hepatic regeneration. 

 

 

1.2.6 LPCs and hepatocellular carcinoma (HCC) 
Hepatocellular carcinoma (HCC), also called hepatoma, is a cancer of the liver derived 

from cells exhibiting a hepatocytic phenotype. HCCs usually develop from a pre-

disposing chronic liver disease and/or in the establishment of cirrhosis. The 

development of HCC is termed hepatocarcinogenesis. Until recently, mature 

hepatocytes were thought to exclusively give rise to HCCs; however, studies now 

indicate that LPCs may be a precursor to liver tumours. LPC activation precedes 

hepatocarcinogenesis with some tumours expressing LPC markers such as AFP and 

OV-6 during experimental hepatocarcinogenesis (Sell and Dunsford 1989) (Evarts, 

Nakatsukasa et al. 1990) (Santoni-Rugiu, Nagy et al. 1996) (Hixson, Brown et al. 2000) 

(Sell 2001). Moreover, LPC activation models are based on carcinogens, which 

eventually result in tumours that express LPC markers. To further support their 

carcinogenic role, LPC activation is also observed in models of transgene/gene knock-

out-mediated hepatocarcinogenesis (Bennoun, Rissel et al. 1993) (Santoni-Rugiu, Nagy 

et al. 1996) (Dumble, Croager et al. 2002). Therefore, LPC activation is thought to 

generate HCCs during chronic liver diseases either directly, through a transformed LPC, 

or indirectly, by transformation of mature cells as a result LPC activation (Figure 1.1). 

 

 

 



Chapter 1 General introduction  12 
 

 
Figure 1.1 Model of hepatocarcinogenesis during chronic liver disease. 

There is continual hepatic loss that is normally replaced by compensatory hyperplasia 

during chronic liver disease (1). When hepatocyte proliferation is compromised, LPCs 

are activated and differentiate through phenotypic intermediates to hepatocytes and 

hence regenerate the liver (2). Mutations are likely to occur and later accumulate in the 

susceptible cell types after continual cycles of cellular damage and regeneration 

mediated through hepatocytes and/or LPCs (3). HCCs will develop as they no longer 

respond to cellular regulation in a process called hepatocarcinogenesis once the 

threshold for transformation has been reached. The resultant HCCs are likely to reflect 

the characteristics of the precursor cell type such as phenotypic heterogeneity or a 

poorly differentiated (not exhibiting a terminally differentiated phenotype) and therefore 

tumours will exhibit LPC and/or hepatocyte characteristics (4). 
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Oncogenes such as c-myc, c-Has-ras and p53 appear to be involved in the 

transformation of LPCs (Libbrecht and Roskams 2002) (Goyette, Faris et al. 1990) 

(Dumble, Croager et al. 2002) (Shachaf, Kopelman et al. 2004). Recently, the 

tumorigenic potential of LPCs was supported by a murine experiment using the 

conditional hepatic expression of myc (Shachaf, Kopelman et al. 2004). HCC developed 

in these mice when myc was switched on however, when myc was switched off the 

tumours regressed. The regressing tumours either underwent apoptosis or differentiated 

into LPCs, hepatocytes or biliary cells. Providing further evidence for a role of LPCs in 

hepatocarcinogenesis, a human cell line derived from a liver tumour, HepaRG, 

exhibited bi-potentiality by expressing both hepatocytic and biliary cell features under 

different defined conditions (Parent, Marion et al. 2004). 

 

However, there are experimental hepatocarcinogenesis models in which LPC activation 

is not or scarcely present, for example in tumours induced by the over-expression of 

TGFα (Lee, Merlino et al. 1992). These data indicate that the HCC may also arise from 

mature hepatocytes in these models and some argue that LPC activation during 

hepatocarcinogenesis reflects merely a regenerative response (Sell 2001) (Bralet, 

Pichard et al. 2002). Mature hepatocytes may also function as tumour precursors 

themselves, as long as they are in a continually proliferative state during chronic liver 

injury. 

 

LPCs have been detected in diverse human liver diseases associated with an increased 

risk of HCC development, such as small cell dysplasia, hepatocellular adenomas, 

chronic viral hepatitis, alcoholic hepatitis, non-alcoholic fatty liver disease, hereditary 

haemochromatosis, primary biliary cirrhosis and cirrhosis associated with primary 

sclerosing cholangitis (Vandersteenhoven, Burchette et al. 1990) (Hsia, Evarts et al. 

1992) (Crosby, Hubscher et al. 1998) (Lowes, Brennan et al. 1999) (Libbrecht, Desmet 

et al. 2000) (Rudolph, Chang et al. 2000) (Roskams, Yang et al. 2003). Also, many pre-

malignant and malignant hepatic lesions also express LPC markers such as AFP, CK7, 

CK19, CK14 (Imoto, Nishimura et al. 1985) (Ruck, Xiao et al. 1997) (Wu, Lai et al. 

1999) (Libbrecht, Desmet et al. 2000) (Zimmermann 2002) (Van Eyken, Sciot et al. 

1988) (Yamamoto, Uenishi et al. 2005). Recent studies have suggested that a subtype of 

HCCs, which expresses LPC markers and has a poor prognosis, arises from LPCs 

(Yamamoto, Uenishi et al. 2005) (Lee, Heo et al. 2006). LPCs and intermediate 
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hepatocyte-like cells were observed in half the cases of small cell dysplasia and 

hepatocellular adenoma (Libbrecht, Desmet et al. 2000) (Libbrecht, De Vos et al. 2001), 

which suggests that that these pathologies may arise from LPCs that are differentiating 

along the hepatocytic lineage.  

 

The notion of LPCs as a pre-malignant population is strengthened by the data that show 

LPC markers are not detected in pathologies that are not associated with a risk of 

hepatocarcinogenesis such as large cell dysplasia (Lee, Tsamandas et al. 1997) 

(Santoni-Rugiu, Nagy et al. 1996). HCC models have shown that foci of large cell 

dysplasia did not contain genetic aberrations that are present in adjacent HCC (Marchio, 

Terris et al. 2001). 

 

LPCs may also represent a precursor cell type for cancers derived from biliary cells, 

known as cholangiocarcinoma (CCC), in animal liver (Steinberg, Steinbrecher et al. 

1994) (Lee, Rim et al. 1997); however, currently there is no supporting evidence in the 

case of human liver. 

 

 

 1.2.7 Priming factors for LPC activation 
An extensive inflammatory response is characteristic of a variety of liver pathologies 

associated with LPC activation. The majority of hepatic inflammation is mediated 

through Kupffer cells, hepatic stellate cells and infiltrating inflammatory cells, which 

secrete chemokines, cytokines and growth factors in response to liver injury. LPC 

activation, migration and differentiation are greatly influenced by cytokines; for 

example, the extent of the inflammatory infiltration correlated with the number of LPCs 

and severity of the ductular reaction in chronic hepatitis (Lowes, Brennan et al. 1999) 

(Libbrecht, Desmet et al. 2000) (Braun, Thompson et al. 2003). Similarly, LPC 

activation correlated with hepatic inflammation and cytokine production in a recent 

time-course analysis of the murine CDE model (Knight, Matthews et al. 2005). 

 

 

1.2.7.1 Tumour Necrosis Factor (TNF) 
TNF is a multi-functional pro-inflammatory cytokine that is involved in lipid 

metabolism, coagulation, insulin resistance and endothelial cell function. TNF 
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signalling is mediated through the interaction with either of its receptors, TNFR 1 or 2, 

which are expressed on the surface of Kupffer cells. Receptor binding activates the 

downstream transcription factor NF-κB. 

 

TNF is important for the proliferative response of LPCs, both in vivo and in vitro; for 

example, LPC activation was reduced by dexamethasone, an anti-inflammatory agent 

and TNF inhibitor (Nagy, Kiss et al. 1998). In addition, TNF stimulated the 

proliferation of LE6 cells, a LPC line derived from the rat CDE model (Kirillova, 

Chaisson et al. 1999). LPC activation is impaired in TNFR1-deficient mice subjected to 

the CDE protocol showing that TNFR1 downstream signalling is required for optimal 

LPC activation (Knight, Yeoh et al. 2000). In contrast, TNFR2 was not involved, since 

the extent of LPC activation of TNFR2 knockout mice and controls were similar 

(Knight, Yeoh et al. 2000). Mice deficient in TNFR1, but not TNFR2, have impaired 

liver regeneration when subjected to PHx (Knight, Yeoh et al. 2000) (Strey, Markiewski 

et al. 2003). The impaired regeneration of TNFR1-deficient mice can be restored by 

interleukin-6 (IL-6) treatment, which suggests IL-6 expression is mediated by TNF 

signalling during regeneration (Knight, Yeoh et al. 2000) (Yamada, Kirillova et al. 

1997). Recently, TNF was shown to have a different effect on LPC populations; for 

example, TNF was pro-proliferative in immature undifferentiated LPCs, whilst being 

pro-apoptotic to cells differentiating along the hepatocytic lineage (Sanchez, Factor et 

al. 2004). This finding supports the notion that TNF is more important for rapid 

expansion of LPCs than differentiation towards hepatocytes (Knight, Matthews et al. 

2005). 

 

 

1.2.7.2 Interferon γ (IFNγ) 

IFNγ is a member of the interferon family of cytokines that is expressed by activated 

CD4+ T cells, natural killer (NK) cells, and non-haematopoietic cells such as 

hepatocytes, in response to other cytokines such as IL-18, IL-12 and IL-1β (Okamura, 

Tsutsi et al. 1995) (Schroeder, Gu et al. 1998) (Leite-De-Moraes, Hameg et al. 1999) 

(Kawakami, Koguchi et al. 2000). IFNγ is involved in anti-viral activity, cell 

proliferation, apoptosis, regulation of innate and adaptive immune response, antigen 

processing and presentation and leukocyte-endothelium interactions (Pestka, Krause et 

al. 2004). IFNγ interacts and binds as a homodimer to cell surface IFNγ receptors. This 
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interaction trans-activates Janus tyrosine kinases (JAKs) leading to the phosphorylation 

and dimerisation of signal transducers and activators of transcription (STATs), which in 

turn translocate to the nucleus and regulate the expression of a plethora of genes. 

 

The IFN-γ signalling network seems to have a proliferative effect on LPCs. IFNγ, IFNγ 

receptor β subunit (IFNγRβ), the IFNγ-inducing factor IL-18, the interleukin-1β-

converting enzyme (ICE), intercellular adhesion molecule-1 (ICAM-1), urokinase-type 

plasminogen activator (uPA) protease and its receptor urokinase-type plasminogen 

activator receptor (uPAR) are all up-regulated during LPC activation and are localised 

to LPCs (Bisgaard, Muller et al. 1999). Interestingly, only IL-1β and ICE were up-

regulated during compensatory hyperplasia, indicating that the IFNγ network is 

involved in both priming and maintenance of LPC activation (Bisgaard, Muller et al. 

1999). 

 

In agreement with the notion that IFNγ is involved in LPC mediated regeneration, the 

combination of IFNγ and TNF or LPS (lipopolysaccharide) induces the proliferation of 

rodent LPCs in vitro, in contrast to the growth inhibitory effect of IFNγ on hepatocytic 

cell lines (Brooling, Campbell et al. 2005). Additionally, up-regulation of IFNγ and 

lymphotoxin β (LTβ) mRNA has been detected during LPC expansion in the mouse 

CDE model, with a significant contribution to the expression of these transcripts by the 

LPCs themselves (Akhurst, Matthews et al. 2005). Confirming the importance of IFNγ 

signalling for the LPC mediated regeneration; the LPC response was impaired in IFNγ 

deficient CDE treated mice (Akhurst, Matthews et al. 2005). In particular, the number 

of MPK-positive LPCs was reduced, while the number of LPCs expressing A6, a 

marker for the biliary cell lineage, was not reduced indicating a role for the IFNγ 

network in the differentiation of LPCs along the hepatocytic lineage (Akhurst, 

Matthews et al. 2005). 

 

1.2.7.3 Lymphotoxin α and β (LTα and LTβ) 

LTα and LTβ are members of the TNF family of cytokines that play important roles in 

organ development, inflammation and immune response by affecting cell survival, 

proliferation and differentiation (Schneider, Potter et al. 2004). LTα and LTβ interact to 

form a ligand for their receptors LTβ receptor (LTβR), TNFR1 and TNFR2 (Browning, 
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Dougas et al. 1995) (Schneider, Potter et al. 2004). Once bound to LTs, the TNFR and 

LTβR signal downstream to activate different isoforms of the NF-κB family of 

transcription factors (Abe, Yarovinsky et al. 2003) (Schneider, Potter et al. 2004) 

(Kabashima, Banks et al. 2005).  

 

Studies using the TNF/LTα double knockout mouse indicated that hepatocyte and LPC 

mediated regeneration are hindered when signalling via TNFR1 is abolished (Knight 

and Yeoh, 2005). However, LTβ mRNA expression is down-regulated in compensatory 

hyperplasia and up-regulated in LPC activation (Akhurst, Matthews et al. 2005). 

Similarly, LTβ and LTβR knockout mice display reduced numbers of LPCs in response 

to the CDE diet (Akhurst, Matthews et al. 2005), suggesting an active role of LTβ-

mediated signalling in the expansion of these cells. A possible role for LTβ in 

modulating LPC-mediated liver regeneration has also been suggested by observations in 

human patients with chronic hepatitis C, where LTβ expression is localised to cells of 

the ductular reaction, small portal hepatocytes and inflammatory cells, and correlated 

with the severity of fibrosis (Lowes, Croager et al. 2003). 

 

 

1.2.7.4 Interleukin-6 (IL-6) 
IL-6 is a pleiotropic cytokine influencing antigen-specific immune responses and 

inflammatory reactions. IL-6 is a physiological mediator of acute phase reaction, a 

response to injury in which the liver produces the acute phase proteins including C - 

reactive protein, mannose binding protein and α2-macroglobulin. The secreted IL-6 

binds to the IL-6 receptor (IL-6R) resulting in the activation of cytoplasmic JAKs, 

which turn on downstream pathways such as activation and translocation of STAT to 

the nucleus. Subsequently, the translocated STATs function as transcription factors for 

genes encoding a large number of proliferation-promoting factors, including IL-6 itself, 

other cytokines, growth factors, and a range of immediate early gene products (Levy 

and Lee 2002) (May, Schniertshauer et al. 2003) (Matthews, Klinken et al. 2004). 

 

 

IL-6 re-instated the attenuated LPC activation and TNF expression caused by 

dexamethasone, an anti-inflammatory drug, suggesting that IL-6 has a mitogenic impact 

on the LPC response (Nagy, Kiss et al. 1998). This mitogenic effect has been 
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substantiated by in vitro studies where IL-6 increased LPC proliferation through the 

activation of STAT-3 (Matthews, Klinken et al. 2004). IL-6 was up-regulated during 

LPC activation and IL-6 null mice had impaired LPC activation (Knight, Yeoh et al. 

2000). However, even though impaired, LPC activation in IL-6 null mice was less 

affected than in the TNFR1 null mice, suggesting involvement of other TNF-inducible 

mitogenic factors (Knight, Yeoh et al. 2000).  

 

Conflicting data suggest that IL-6 may not be necessary for LPC activation in cocaine-

induced peri-portal injury (Nagy, Kiss et al. 1998). IL-6 null mice exhibited increased 

LPC activation due to the loss of effective regeneration by existing parenchyma. 

However, it is possible that other members of the IL-6 cytokine family, leukaemia 

inhibitory factor (LIF) and/or Oncostatin M (OSM), may compensate for the absence of 

IL-6 in these mice (Rose and Bruce 1991). 

 

 

1.2.7.5 Oncostatin M (OSM) 
OSM is a member of the IL-6 family of secreted cytokines, whose components share 

structural features and pleiotropic biological functions with IL-6. OSM is involved in 

the regulation of growth, differentiation and function of haematopoietic and immune 

cells and has anti-proliferative effects on several tumour cell lines, such as A375 

melanoma and lung carcinomas. Each member of the IL-6 cytokine family acts through 

its own receptor chain that binds gp130, a co-receptor subunit, to form an active 

signalling complex (Kishimoto, Akira et al. 1995). Complexing OSM to its receptor, 

OSMR results in the activation of the JAK intracellular signalling pathways. 

 

Recent data have shown OSM to be important for fetal and adult homeostasis as OSM 

co-ordinated the maturation of fetal hepatocytes during embryonic liver development 

(Kinoshita, Sekiguchi et al. 1999) (Kamiya, Kinoshita et al. 1999) (Miyajima, Kinoshita 

et al. 2000) (Lazaro, Croager et al. 2003). In adult liver OSM promotes compensatory 

hyperplasia following acute liver injury. Current data indicate that OSM does not have 

the same effect on LPCs. OSM expression is up-regulated in parallel with LPC 

activation in the murine CDE injured liver, suggesting that OSM expression may 

control LPCs (Matthews, Knight et al. 2005). However, OSM did not support or induce 

proliferation of cultured LPCs despite expression of the OSM receptor and activation of 
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the STAT-3 signalling pathway upon OSM stimulation. Furthermore OSM stimulation 

fails to induce any differentiation of cultured LPCs (Matthews, Knight et al. 2005). 

 

 

1.2.7.6 Leukaemia inhibitory factor (LIF) 
LIF is a glycoprotein that belongs to the IL-6 family of secreted cytokines and signals 

through its own receptor LIFR (Kuropatwinski, De Imus et al. 1997). LIF is involved in 

growth, differentiation and function of haematopoietic and non-haematopoietic systems 

(Santoni-Rugiu, Jelnes et al. 2005). LIF is able to induce haematopoietic progenitor cell 

growth and synthesis of hepatic acute phase proteins (Taga and Kishimoto 1997). 

 

Transcriptional up-regulation of LIF and its receptor was significant and sustained 

during LPC activation whilst during compensatory hyperplasia was only transient 

(Omori, Evarts et al. 1996). LIF was expressed in parenchymal and non-parenchymal 

cells, especially LPCs (Omori, Evarts et al. 1996). LIF compensated for a deficiency in 

IL-6 signalling in the acute ductular proliferative response to bile duct ligation in IL-6 

null mice (Liu, Sakamoto et al. 2000). Furthermore LIF is expressed in the ductular 

reaction which is present in cirrhotic patients (Znoyko, Sohara et al. 2005). 

 

 

1.2.7.7 Interleukin-1β (IL-1β) 

IL-1β is a multi-functional inflammatory cytokine secreted by activated monocytes, 

macrophages and granulocytes (Howard, Kostura et al. 1991). IL-1β is able to induce 

the expression of other cytokines, transcription factors, COX-2 and nitric oxide synthase 

(Dinarello 2002) (Lee, Kim et al. 2004). 

 

IL-1β is upregulated and co-localises with LPCs in the rat 2-AAF/PHx model 

(Bisgaard, Muller et al. 1999). The IL-1β converting or activating enzyme (ICE), in 

concert with the IFNγ signalling network, has a proliferative effect on LPCs (Bisgaard, 

Muller et al. 1999). IL-1β induces the expression of LTβ in LPCs through the activation 

of the NK-κB pathway (Subrata, Lowes et al. 2005). 
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1.2.7.8 Transforming Growth Factor-β (TGF-β) 

TGF-β is a superfamily of structurally related regulatory cytokines, which mediate a 

variety of physiological processes including cell proliferation, embryogenesis, tissue 

repair and remodelling, carcinogenesis and apoptosis. TGF-β exists in at least five 

isoforms, known as TGF-β1, TGF-β2, TGF-β3, TGF-β4 and TGF-β5 (Albright, 

Salganik et al. 2003). There are three types of TGF-β receptors and signalling through 

the receptors requires heterodimeric complexes between two types of receptors. TGF 

receptor-associated signal transduction mechanisms in LPCs are largely unknown. 

 

TGF-β has anti-proliferative and apoptotic effects on hepatocytes in vivo and in vitro 

(Braun, Mead et al. 1988) (Schulte-Hermann, Bursch et al. 1997) (Fausto 2000) 

(Nakamura, Ueno et al. 2004). The TGF-β family of cytokines is likely to play an 

important role in the modulation and cessation of liver growth (Fausto 2000) (Sumitani, 

Kamijo et al. 2001). LPCs express TGF-β during the early phase of their activation 

(Nagy, Evarts et al. 1989). LPC activation was impaired and survival was severely 

decreased in TGF-β transgenic mice, in which hepatocytes produce active TGF-β 

(Preisegger, Factor et al. 1999). These data are consistent with the concept that TGF-β 

inhibited LPC activation as well as hepatocyte proliferation (Preisegger, Factor et al. 

1999). Interestingly, an untransformed rat LPC line, RLE, underwent apoptosis when 

exposed to TGF-β while the transformed versions of RLE, using Ha-ras or v-raf, were 

resistant to the TGF-β induced growth arrest (Arsura, Mercurio et al. 2000). 

 

 

1.2.8 HCC and inflammation 
Chronic inflammation is thought to be involved in the pathogenesis of several types of 

cancers such as HCC and colorectal, lung, cervical, ovarian cancers and oesophageal 

adenocarcinoma (Balkwill and Mantovani 2001). The contribution of inflammation to 

cause malignancy is consistent with the observation that many diverse liver pathologies 

that predispose to hepatocarcinogenesis are inflammatory in nature (Wang, Hussain et 

al. 2002) (Yoshida, Ogata et al. 2004) (Hino 2005). Furthermore the consequences of 

prolonged chronic inflammation is hyper-proliferation of liver cells which is likely to 

lead to an accumulation of genetic changes that may eventually manifest as the 

development of HCC (Wang, Hussain et al. 2002) (Hino 2005). Thus, inflammatory-
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mediated events such as the production of cytokines and reactive oxygen species and 

also mediators of the inflammatory pathways such as cyclo-oxygenase-2 (COX-2) may 

contribute to tumour formation. Therefore attenuation of inflammation may be a useful 

strategy to reduce the risk of hepatocarcinogenesis in chronic liver diseases. Recent 

evidence suggests that anti-inflammatory drugs such as specific COX-2 inhibitors may 

be important anti-cancer therapeutics. 

 

 

1.3 Selective COX-2 inhibitors and chemoprevention 
Non-steroidal anti-inflammatory drugs (NSAIDs) inhibit the enzyme activity of the 

isoforms of cyclo-oxygenase (COX). A subclass of these drugs, selective COX-2 

inhibitors (SC2Is) has recently been shown to reduce tumorigenesis. The relevance of 

COX-2 in tumorigenesis will be discussed in the following sections. 

 

 

1.3.1 The development of selective COX-2 inhibitors 
Aspirin was used as an anti-pyretic, anti-inflammatory and analgesic drug at the end of 

the nineteenth century. Since then, many drugs with similar properties have been 

discovered and collectively called NSAIDs. The best known of these compounds are 

ibuprofen, indomethacin and sulindac. Unfortunately the use of NSAIDs results in the 

non-specific inhibition of COX-2, which means the inhibition of both COX-1 and COX-

2. The inhibition of the homeostatic COX-1 subsequently causes adverse effects such as 

gastrointestinal ulceration and platelet dysfunction. These side effects have provided 

impetus to develop NSAIDs with reduced COX-1 inhibition while retaining COX-2 

selectivity to inhibit inflammatory parameters. 

 

In the eight years following the discovery of COX-2 in 1991, selective inhibitors were 

developed to treat rheumatoid arthritis, osteoarthritis and for pain relief. However, even 

before the discovery of COX-2, pharmaceutical companies were searching for anti-

inflammatory drugs that would have fewer side effects than existing therapies. In the 

1980s, nimesulide, etodolac and meloxicam were developed with anti-inflammatory 

activity but with fewer side effects than established NSAIDs. After the discovery of 

COX-2, these drugs were shown to have a selective inhibitory action on COX-2 

compared to COX-1. After the cloning of COX-2, more drugs were developed that 
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could specifically inhibit COX-2, called selective COX-2 inhibitors (SC2I), and 

therefore increase the efficacy for treating  inflammation while reducing the extent of 

side effects associated with NSAID use. 

 

There are now many different drugs available to treat inflammation that can either non-

specifically or specifically inhibit COX-2 (Table 1.5). This range illustrates the diversity 

of chemicals with the capacity to selectively inhibit COX isoforms. 

 

Moderate selection 

for COX-1 

Both isoforms 

(non-selective) 

Moderate selection 

for COX-2 

Highly selective 

for COX-2 

Ketorolac Indomethacin Sulindac Celecoxib 

Flurbiprofen Aspirin Nimesulide  Rofecoxib 

Ketoprofen Naproxen Etodolac Lumiracoxib 

Peroxicam Ibuprofen Meloxicam Valdecoxib 

   Etoricoxib 

Table 1.5 Drugs with the capacity to inhibit COX-2. 

 

The US Food and Drug Administration registered the SC2Is, celecoxib (Celebrex) and 

rofecoxib (Vioxx) in December of 1998 and May 1999 respectively, for the treatment of 

osteoarthritis, rheumatoid arthritis, acute pain and osteoarthritic pain. Through extensive 

controlled trials (VIGOR [Vioxx Gastrointestinal Outcomes Research] (Bombardier, 

Laine et al. 2000) and CLASS [Celecoxib Long-term Arthritis Safety Study] 

(Silverstein, Faich et al. 2000), these SC2Is have demonstrated anti-inflammatory and 

analgesic activity equal to NSAIDs but with much greater GI safety and tolerability, 

presumably through reduced inhibition of COX-1. However, these same studies 

indicated that SC2I treatment increased cardiovascular and thrombotic adverse effects 

(Drazen 2005) (Gislason, Jacobsen et al. 2006), perhaps through the promotion of 

platelet aggregation (Mukherjee and Topol 2003). 

 

 

1.3.2 COX-2 function and physiology 
COX enzymes (or PGH synthase [prostaglandin endoperoxide synthase; prostaglandin 

G/H synthase]; EC1.14.99.1) catalyse the synthesis of prostaglandins (PGs) from 
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arachidonic acid (Figure 1.2). Arachidonic acid is released from membrane 

phospholipids in a reaction catalysed by phospholipase A2. COX catalyses the insertion 

of molecular oxygen into arachidonic acid to form the unstable intermediate PGG2, 

which is rapidly converted to PGH2 by the peroxidase activity of COX (Williams, 

Mann et al. 1999). Tissue specific isomerases convert PGH2 into a range of biologically 

active PGs such as PGD2, PGE2, PGF2 and PGI2 and thromboxane A2. The profile of 

end-products made by cells expressing COX-1 or COX-2 is determined by the presence 

of different downstream enzymes. 

 

 

Figure 1.2 COX activity is required for the production of prostaglandins. 

 

PGs are short living chemicals, acting as local hormones and are important in normal 

physiology as well as pathogenic conditions (Needleman and Isakson 1997). In humans, 

PGs are involved in diverse functions including inflammation, pain, fever, blood 

clotting, ovulation, initiation of labour, bone metabolism, nerve growth and 

development, wound healing, kidney function, immune responses and protection of the 

gastroduodenal mucosa. PGs are synthesized in a broad range of tissue types and serve 
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as autocrine or paracrine mediators to signal changes within the immediate environment 

(Dubois, Abramson et al. 1998). 

 

The mechanism for the action of COX enzymes began to unravel when Samuelsson and 

Bergstrom discovered the prostaglandin synthesis pathway in the late 1960s (Nugteren, 

Van Dorp et al. 1966) (Anggard, Matschinsky et al. 1969). In 1971, Vane et al (1971) 

identified the therapeutic targets of NSAIDs as the COX enzyme (Vane 1971). 

Subsequently, the 1982 Noble Prize for Physiology or Medicine was awarded to Vane, 

Samuelsson and Bergstrom ‘for their discoveries concerning prostaglandins and related 

biologically active substances. In the late 1980s, Simmons et al (1989) and Herschman 

et al (1989) made significant progress towards the discovery of the inducible form of 

COX (Simmons, Levy et al. 1989) (Varnum, Lim et al. 1989). These groups 

independently identified immediate-early genes in fibroblast-like cells activated by 

mitogens. In 1991, each group reported that one of their sequences encoded a new 

inducible COX enzyme. Also contributing to the identification of COX-2 in 1991, 

Young and colleagues published a partial predicted sequence of COX-2 from murine 

cDNA (O'Banion, Sadowski et al. 1991). 

 

 

1.3.2.1 COX activity during liver regeneration 
COX has a significant role in hepatic regeneration. Compensatory hyperplasia was 

markedly impaired when COX activity was inhibited as demonstrated by a 90% 

reduction of proliferating hepatocytes at 42 h after PHx (Rudnick, Perlmutter et al. 

2001). Inhibition of COX-1 delayed regeneration with a peak hepatocyte proliferation at 

48 h instead of 42 h. Whereas COX-2 inhibition did not delay but impaired regeneration 

by as much as 50% without significantly increasing the mortality rate or postoperative 

body weight (Rudnick, Perlmutter et al. 2001). A further study showed that COX-2 was 

mainly expressed by peri-central hepatocytes as early as 5 h after PHx and persisted for 

at least 96 h (Casado, Callejas et al. 2001). The absence of COX-2 during PHx resulted 

in as much as an 80% reduction in the hepatic expression of the cell cycle regulators 

PCNA, cyclin D1 and E (Casado, Callejas et al. 2001). 
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1.3.3 COX-1 and COX-2 expression 
Although the COX enzymes share the same substrate, their expression patterns are 

vastly different. COX-1 was first purified from bovine vesicular glands in 1976 

(Miyamoto, Ogino et al. 1976). COX-1 is expressed constitutively in most tissues 

including kidney, lung, stomach, duodenum, jejunum, ileum, colon and cecum of rat, 

dog, Rhesus monkey and human (Kargman, Charleson et al. 1996). COX-1 activity 

appears to be responsible for the production of PGs that control normal physiological 

functions such as regulation of renal blood flow. COX-1 produces the cytoprotective 

prostaglandins, prostacyclin and PGE2, which are thought to be critical for maintaining 

the integrity of the gastric mucosa (Miller 1983) (Allison, Howatson et al. 1992) (Soll, 

Weinstein et al. 1991).  

 

Contrasting COX-1 expression patterns, COX-2 is not detected in normal physiological 

conditions in the vast majority of tissues. COX-2 is inducible and an early response 

gene and some inducers are displayed in Table 1.6. 

 

Furthermore, anti-inflammatory molecules such as corticoids, IL-13, IL-10 and IL-4 

suppress COX-2 expression (Niiro, Otsuka et al. 1998). Induction of COX-2 is 

transient, with a return to baseline within 24 to 48 h following the cessation of the 

stimulating agent (Williams, Mann et al. 1999). 

 

Some tissues, however, express COX-2 constitutively. These include (1) seminal 

vesicles, (2) glomeruli and small blood vessels of the kidney and (3) neuronal and non-

neuronal cells in the cortex, hippocampus, hypothalamus and spinal cord (Ek, Engblom 

et al. 2001). 

 

 

1.3.4 Regulation of COX-2 expression 

1.3.4.1 Transcriptional regulation of COX-2 
Over-expression of cox-2 appears to be a consequence of both increased transcription 

and enhanced mRNA stability. The inducibility of cox-2 may be due to the presence, in 

the 5’-flanking region of its gene promoter, of several potential transcription regulatory 

sequences, including a TATA box and multiple transcription factor binding sites such as  
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Inducer of COX-2 expression Reference(s) 

Inflammatory inducers Bacterial 

lipopolysaccharide (LPS) 

(Hempel, Monick et al. 1994) 

(Riese, Hoff et al. 1994) (Chen, 

Sun et al. 2001) 

 IL-1β  (Laporte, Moore et al. 2000) 

 IFNγ  (Riese, Hoff et al. 1994) 

 TNFα (Chen, Sun et al. 2001) 

 TGFβ1 (Fong, Pang et al. 2000) 

Growth factors Epidermal growth factors 

(EGF) 

(Peppelenbosch, Tertoolen et al. 

1993) 

 Platelet derived growth 

factors (PDGF) 

(Pomerantz, Summers et al. 

1993) 

Tumour promoters 12-tetradecanoylphorbol-

13-myristate (TPA) 

(Kujubu, Fletcher et al. 1991) 

 Peroxisome proliferators (Ledwith, Pauley et al. 1997) 

 v-src  (Xie and Herschman 1995) 

 v-Ha-ras  (Subbaramaiah, Telang et al. 

1996) (Sheng, Williams et al. 

1998) 

 HER-2/neu  (Vadlamudi, Mandal et al. 

1999) 

 Wnt (Howe, Subbaramaiah et al. 

1999) (Haertel-Wiesmann, 

Liang et al. 2000) 

Table 1.6 Inducers of COX-2 expression. 

 

CCAAT/enhancer-binding proteins (C/EBPs), AP-1, nuclear factor-κB (NF-κB), cyclic 

adenosine monophosphate (cAMP) response element (CRE), nuclear factor of activated 

T cells (NFAT), peroxisome proliferators activated receptor γ (PPARγ) response 

elements, GATA-1 and polyoma virus enhancer activator 3 (PEA3) (Appleby, 

Ristimaki et al. 1994) (Tazawa, Xu et al. 1994) (Smith, DeWitt et al. 2000). The histone 

acetyltransferase activity of the CREB binding protein/p300 co-activator complex was 
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found to be important for AP-1-mediated induction of COX-2 (Kosaka, Miyata et al. 

1994). 

 

Transcriptional control of cox-2 is cell-specific and it seems that expression is regulated 

through multiple cooperating pathways. Araki et al (2003) reported increased COX-2 

mRNA and protein in human HCC from the combined deregulation of the wnt and ras 

pathways (Araki, Okamura et al. 2003). Interestingly while cultured fetal hepatocytes 

expressed cox-2 in response to LPS and pro-inflammatory cytokines (Martin-Sanz, 

Callejas et al. 1998), cultured adult hepatocytes failed to express cox-2 even when 

challenged with the same pro-inflammatory factors. This effect was presumably due to 

the presence of C/EBP-α in fetal hepatocytes (Callejas, Bosca et al. 2000). 

 

Dixon et al (2000) speculated that the ARE-binding proteins, which are able to 

negatively regulate cox-2 transcript stability and modulate translation, are defective in 

tumour cells (Dixon, Kaplan et al. 2000). However, promoter activation by C/EBPs, an 

upstream stimulatory factor, appears to be important in mouse skin carcinogenesis (Kim 

and Fischer 1998). Bile acids, which have been implicated in the promotion of 

gastrointestinal tumours, stimulate AP-1 activity and increase cox-2 transcription and 

transcript stability (Zhang, Subbaramaiah et al. 1998) (Zhang, Sheng et al. 2000). HCC 

cell lines expressed high levels of HuR, which may therefore contribute to increased 

expression of COX-2 in these tumours (Sheflin, Zhang et al. 2001). 

 

HBV infection increased COX-2 expression; once the HBV surface protein (HBx) was 

expressed it transactivated the cox-2 promoter through NFAT and thereby increasing 

COX-2 expression (Lara-Pezzi, Gomez-Gaviro et al. 2002) (Cheng, Chan et al. 2004). 

Additionally, the expression of HBV surface protein may also increase COX-2 

expression through the activation of NF-κB and p38 MAPK (Hung, Su et al. 2004). 

Similarly, HCV infection induces production of reactive oxygen species and subsequent 

activation of NF-κB, which then mediates COX-2 expression and PGE2 production 

(Waris and Siddiqui 2005). 
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1.3.4.2 Post-transcriptional regulation of COX-2 
Post-transcriptional mechanisms may also determine COX-2 levels in neoplastic tissues. 

The 3'-untranslated region (3’-UTR) of cox-2 mRNA contains a series of 

adenosine/uracil (AU)-enriched regions called AU-rich sequence elements (ARE), 

which enhance mRNA stability and protein translation (Xu, Robida et al. 2000). 

Molecules such as tristetraprolin and AUF1 bind to the 3’-UTR, which causes a 

reduction in the stability of cox-2 mRNA (Cok, Acton et al. 2004). Augmented binding 

of HuR, an RNA binding protein, to the AU-enriched regions of cox-2 mRNA increases 

message stability in colon cancer (Dixon, Tolley et al. 2001) (Sengupta, Jang et al. 

2003). 

 

 

1.3.5 Expression of COX-2 in disease and cancer 
Early studies have recognised that growth factors, tumour promoters and oncogenes 

induce prostanoid synthesis (Levine 1981). It is now acknowledged that such effects are 

due to the induction of COX-2 in various cell types (Dubois, Abramson et al. 1998). 

Many human malignancies produce more PGs than the normal tissues from which they 

arise (Bennett, Carter et al. 1980) (Bennett, Carroll et al. 1982) (Sano, Kawahito et al. 

1995). The increased synthesis of PGs in transformed cells and tumours may be a 

consequence of enhanced expression of COX-2 (Pentland, Schoggins et al. 1999). 

 

 

1.3.5.1 Liver disease and tumours 
COX-2 expression is significantly increased in HCC while COX-1 expression is usually 

unchanged (Kondo, Yamamoto et al. 1999) (Koga, Sakisaka et al. 1999). Patients with 

HCC exhibited a positive correlation between increased COX-2 expression in non-

tumour liver tissue and a shorter disease-free survival (Kondo, Yamamoto et al. 1999). 

Histologically, well-differentiated HCC exhibits marked COX-2 expression, whereas 

less differentiated HCC expresses little or no COX-2 (Koga, Sakisaka et al. 1999) 

(Shiota, Okubo et al. 1999) (Kondo, Yamamoto et al. 1999). These findings suggest the 

involvement of COX-2 during hepatocarcinogenesis and tumour differentiation.  
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COX-2 is also up-regulated in conditions that precede the development of HCC. COX-2 

expression was elevated in dysplastic nodules, which are implicated in 

hepatocarcinogenesis (Kondo, Yamamoto et al. 1999) (Koga, Sakisaka et al. 1999). 

COX-2 expression increased in non-cancerous liver tissue in parallel with disease 

progression from chronic hepatitis to cirrhosis and dysplasia (Kondo, Yamamoto et al. 

1999) (Koga, Sakisaka et al. 1999) (Shiota, Okubo et al. 1999) (Morinaga, Yamamoto 

et al. 2002). COX-2 expression is also high in non-tumourous liver tissue with cirrhosis, 

especially in nodules, but almost absent in adjacent non-tumourous tissue with a 'more 

normal' appearance (Koga, Sakisaka et al. 1999). 

 

COX-2 expression and active inflammation correlated strongly in adjacent non-

cancerous liver tissue (Kondo, Yamamoto et al. 1999) (Morinaga, Yamamoto et al. 

2002) and with the presence of inflammatory cells, macrophages and mast cells 

(Cervello, Foderaa et al. 2005). However, both COX-2 expressing cells and the number 

of inflammatory cells decreased with progression of the disease, perhaps indicating their 

involvement in the early stages of hepatocarcinogenesis (Kondo, Yamamoto et al. 1999) 

(Hayashi, Yamamoto et al. 2001) (Cervello, Foderaa et al. 2005).  

 

Kondo et al (1999) further defined the association of the COX-2 expression of HCCs 

with the background disease (Kondo, Yamamoto et al. 1999). COX-2 was not detected 

in control liver with liver metastases of colorectal cancer, whereas COX-2 expression 

was confirmed in all non-tumourous liver tissue from patients with Hepatitis C Virus 

(HCV) related HCC. High COX-2 expression was associated with inflammatory activity 

in non-tumourous liver tissue. These data indicate that COX-2 expression may play an 

important role not only during the transformation of liver cells but also liver 

inflammation. 

 

 

1.3.5.2 Colorectal cancer 
Colorectal cancer studies have shown that COX-2 is increased in about 90% of cancers 

and 40% of pre-malignant colorectal adenomas and is not expressed in non-tumour 

tissues (Eberhart, Coffey et al. 1994) (Kargman, O'Neill et al. 1995) (Sano, Kawahito et 

al. 1995). These studies observed up-regulated COX-2 expression in colon carcinomas, 

while COX-1 expression was weak, universal and unchanged in both normal and 
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cancerous colon. In colorectal carcinomas, COX-2 protein was localized predominantly 

to the epithelial component but was also detected in the tumour-associated fibroblasts, 

vascular endothelial cells and inflammatory mononuclear cells (Sano, Kawahito et al. 

1995) (Kutchera, Jones et al. 1996). 

 

The COX-2 index values are higher in tumours with larger diameters, greater surface 

areas and deeper invasions for primary colorectal tumours (Fujita, Matsui et al. 1998). 

COX-2 expression was also detected in intestinal adenomas from rodent models of 

intestinal tumorigenesis (Boolbol, Dannenberg et al. 1996) (DuBois, Radhika et al. 

1996) (Williams, Luongo et al. 1996) (Singh, Hamid et al. 1997).  

 

 

1.3.5.3 Breast cancer 
Increased prostaglandin concentration in breast cancer, especially PGE2, was first 

reported in the early 1980s (Rolland, Martin et al. 1980). Long-term use of NSAIDs has 

also been associated with reduced risk of breast cancer (Badawi and Badr 2002). 

However it appears that COX-2 over-expression only occurs in a sub-set of breast 

tumours and is not over-expressed in the majority of human breast tumours (Hwang, 

Scollard et al. 1998). Costa et al (2002) showed that COX-2 was expressed in 8 of 46 

carcinomas studied, and the magnitude of COX-2 expression correlated with 

microvessel density, lymph node metastasis, apoptotic index, and shorter disease-free 

survival time (Costa, Soares et al. 2002). Furthermore, Half et al (2002) observed COX-

2 expression in epithelial cells of 43% of invasive breast cancers, 63% of ductal 

carcinoma in situ and 80% of normal-appearing breast tissues that were adjacent to 

cancer (Half, Tang et al. 2002). 

 

COX-2 was up-regulated 9-fold in malignant tissue versus proximal normal tissues and 

so it has been proposed that COX-2 up-regulation is an early event in mammary gland 

tumorigenesis and the continued expression might become less important after the 

development of an invasive tumour (Half, Tang et al. 2002). 
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1.3.5.4 Prostate cancer 
COX-2 expression was initially reported to be elevated in prostate cancer in comparison 

with normal prostate tissue (Gupta, Srivastava et al. 2000) (Yoshimura, Sano et al. 

2000). However, since then consensus has not been established regarding the expression 

of COX-2 in prostate cancer (Zha, Gage et al. 2001). A recent study of 144 cases, 

confirmed that COX-2 expression is very low or undetectable in normal prostate tissue; 

however, different to other reports, COX-2 expression was not elevated in prostatic 

intraepithelial neoplasia, which is the proposed precursor lesions, or in established 

cancer (Zha, Gage et al. 2001). The same study showed that in limited cases, when 

COX-2 staining was observed in prostate cancer, the extent of the staining did not 

correlate with clinical and/or pathological risk factors. 

 

In contrast to the neoplastic lesions, there was consistent COX-2 expression in 

proliferative inflammatory atrophy lesions, which have been proposed as an important 

etiological factor for prostate cancer, where the expression was mostly seen in the 

atrophic luminal epithelial cells themselves and in infiltrating macrophages (De Marzo, 

Marchi et al. 1999). 

 

 

1.3.5.5 Other cancers 
Elevated COX-2 expression has been detected in pre-malignant and malignant lesions 

of the stomach (Ristimaki, Honkanen et al. 1997) (Saukkonen, Nieminen et al. 2001), 

esophagus (Zimmermann, Sarbia et al. 1999), pancreas (Tucker, Dannenberg et al. 

1999), lung (Hida, Yatabe et al. 1998) (Wolff, Saukkonen et al. 1998) and skin (Grewe, 

Trefzer et al. 1993) (Buckman, Gresham et al. 1998). 

 

 

1.3.6 Involvement of COX-2 in tumorigenesis 
COX-2 has been shown to play a role in a number of important areas of tumour biology 

including angiogenesis, invasiveness, cellular proliferation, immune surveillance, 

apoptosis and drug resistance. The mechanisms that are involved in the ability of COX-

2 to induce tissue changes that lead to tumorigenesis continue to be elucidated. 
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1.3.6.1 Genetic association between COX-2 and cancer 
The initial investigation showing a genetic association between COX-2 and cancer 

come from the murine model of familial adenomatous polyposis (FAP) (mice carrying 

ApcΔ716). The Apc Δ716 deletion results in the truncation of the APC tumour suppressor 

gene that regulates the level and activity of the β-catenin protein. Enhanced expression 

of β-catenin caused transcriptional activation of various growth regulatory genes 

including c-myc and cyclin D1. Consequently, mice with the ApcΔ716 deletion developed 

intestinal polyps with a very high penetrance (Taketo 1998). The size and number of 

small intestinal and colonic polyps, especially the number of large polyps, were reduced 

in a dose dependent manner when ApcΔ716 mice were crossed with mice containing 

targeted mutations that inactivate the cox-2 gene compared to the wild-type litter mates 

(Oshima, Dinchuk et al. 1996). In addition, COX-2 inhibition reduced the incidence of 

polyps in the Apc Δ716 deleted mice. Collectively, these data indicated that COX-2 

expression is required for intestinal tumorigenesis (Oshima, Dinchuk et al. 1996). 

 

Cox-2 null mouse have also provided data supporting the notion of the association of 

COX-2 and cancer. Cox-2 null mouse were susceptible to chemically induced papilloma 

formation in skin (Chulada, Thompson et al. 2000) (Tiano, Loftin et al. 2002). Cox-2 

null embryonic stem cells had a dramatically reduced ability to form teratomas when 

injected into syngeneic mice (Zhang, Morham et al. 2000). Furthermore tumour growth 

was attenuated in cox-2 null mice compared to wild type (Williams, Tsujii et al. 2000). 

 

Lui et al (2001) showed that COX-2 over-expression alone can induce tumorigenesis 

(Liu, Chang et al. 2001). Human COX-2 was over-expressed in the mammary glands of 

mice using the murine mammary tumour virus promoter, which is only expressed in the 

mammary epithelium and is hormonally induced. Therefore over-expression of COX-2 

was induced in the mammary glands during pregnancy and lactation. COX-2 transgenic 

mice underwent normal pregnancy and lactation in the first cycle, however mammary 

involution was delayed and was associated with decreased apoptosis of the epithelial 

cells. After repeated cycles of pregnancy and lactation the COX-2 transgenic mice 

developed mammary gland tumours (Liu, Chang et al. 2001). COX-2-induced tumours 

continued to express COX-2 and contained lower levels of the pro-apoptotic proteins 

Bax and Bcl-XL as well as higher levels of the anti-apoptotic protein Bcl-2 (Liu, Chang 

et al. 2001). These data suggest that ectopic or unregulated expression of cox-2, perhaps 
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induced by carcinogenic stimuli or other tumour promoters, is an important contributor 

to tumorigenesis. 

 

 

1.3.6.2 COX-2 in tumour angiogenesis and invasion 
Induction of angiogenesis by COX-2 may contribute to the development of tumours 

(Hla, Ristimaki et al. 1993) (Ben-Av, Crofford et al. 1995) (Tsujii, Kawano et al. 1998). 

Angiogenesis is regulated by a plethora of factors, the balance of which is thought to be 

critical. COX-2 expression and secretion of PGE2 induced angiogenesis during cancer 

development through accelerated production of vascular endothelial growth factor 

(VEGF) (Tsujii, Kawano et al. 1998) (Bamba, Ota et al. 2000) (Murono, Inoue et al. 

2001) (Cianchi, Cortesini et al. 2001) and increased invasiveness via the activation of 

matrix metalloproteinases (MMPs) (Murono, Yoshizaki et al. 2000) (Jiang, Liao et al. 

2001) (Abiru, Nakao et al. 2002).  

 

Tumour angiogenesis is similar to normal neo-vascular formations as it involves the 

destabilisation of pre-existing blood vessels, proliferation of vascular endothelial cells, 

invasion by endothelial cells into the extracellular matrix (ECM) and finally the 

migration and positioning of endothelial cells. COX-2 has been shown to directly 

promote angiogenesis in several different experimental systems (Dermond and Ruegg 

2001) (Fosslien 2001). COX-2 was present in the angiogenic vasculature in most of the 

tumours analysed in a study of 150 different human cancers (Masferrer, Leahy et al. 

2000). An early observation linking COX-2 and angiogenesis showed that diclofenac, a 

SC2I, suppressed the growth of COX-2 positive colon-26 cells in nude mice by 

inhibiting angiogenesis (Seed, Brown et al. 1997). Subsequently, other studies have 

demonstrated that COX-2 inhibition is able to block/abrogate the up-regulation of 

angiogenesis.  

 

Endothelial progenitor cells which are involved in angiogenesis during normal function 

and malignancy express COX-2 and commence apoptosis upon exposure to a SC2I 

(Colleselli, Bijuklic et al. 2006). 

 

In various cancer types, COX-2 co-localises with angiogenesis factors such as VEGF, 

PDGF (platelet-derived growth factor), bFGF (basic fibroblast growth factor) and TGF-



Chapter 1 General introduction  34 
 

β (Fosslien 2001). Enhanced COX-2 expression in breast and cervical cancers has been 

associated with increased microvascular density (MVD), which is a marker for tumour 

angiogenesis, and poor prognosis (Visscher, Smilanetz et al. 1993) (Hockel, Schlenger 

et al. 2001) (Honjo, Kase et al. 2004). COX-2 expression increases with VEGF 

expression and they co-localised in many different cancer cells (Tatsuguchi, Matsui et 

al. 2004). MVD was significantly higher in COX-2 and VEGF positive cases when 

compared to COX-2 and VEGF negative cases (Joo, Rew et al. 2003).  

 

The extent of tumour angiogenesis and COX-2 expression correlated in patients with 

HCV and HBV associated HCC (Rahman, Dhar et al. 2001) (Cheng, Chan et al. 2004). 

Furthermore, there was a positive correlation between COX-2 expression in HCC and 

the presence of microvessels within the tumour mass (Cervello, Foderaa et al. 2005). 

 

COX-2 over-expression induced the production of MMPs, which are implicated in the 

invasion of the extracellular matrix (Takahashi, Kawahara et al. 1999). Furthermore, 

COX activity is essential for the maintenance and attachment of endothelial cells 

through the integrin pathways (Dormond, Foletti et al. 2001). COX-2 expression in 

Caco-2 cells or in the breast cancer cell line Hs578T increased expression and activity 

of enzymes capable of digesting the basement membrane, presumably contributing to 

the observed increase in the ability to invade through a layer of matrigel (Tsujii, 

Kawano et al. 1997) (Takahashi, Kawahara et al. 1999). HBx expression up-regulated 

MMP-2, which was mediated by COX-2, and enhanced invasiveness of liver cells 

(Lara-Pezzi, Gomez-Gaviro et al. 2002). COX-2 inhibition in HuH-7, a human HCC 

cell line, reduced the expression of MMP-2 and MMP-9 and the cell adhesion factor 

αVβ3 (Mayoral, Fernandez-Martinez et al. 2005), showing that COX-2 expression may 

be a significant contributor to liver tumour invasiveness. 

 

1.3.6.3 COX-2 as a stimulator of proliferation 
Increased PG production is the most obvious consequence of COX-2 over-expression 

since COX-2 is a PG synthase. The excessive production of PGs in cancerous tissues, 

mainly PGE2, enhances tumour growth. Enhanced PG synthesis may contribute to 

carcinogenesis by direct stimulation of cell growth. PGE2 and/or PGF2 stimulated 

mitogenesis of mammary epithelial cells, fibroblasts and osteoblasts in the presence of 

EGF (Bandyopadhyay, Imagawa et al. 1987) (Nolan, Danilowicz et al. 1988) (Goin, 
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Pignataro et al. 1993). PGE2 prevented chemically induced attenuation of epithelial cell 

proliferation in a mouse model of colonic injury (Tessner, Cohn et al. 1998). PGE2 

release is a critical event for mediating the growth promoting effect of growth factors 

and oncogenes such as EGF and G 12 (Coffey, Hawkey et al. 1997) (Dermott, Reddy et 

al. 1999). Moreover synergistic effects on cell proliferation and expression of the 

oncogene c-myc were observed when PGE2 treatment was combined with EGF 

(Handler, Danilowicz et al. 1990). PGs increased DNA synthesis and cell proliferation 

of hepatocytes (Kimura, Osumi et al. 2000) and human HCC cells (Leng, Han et al. 

2003). These data suggest that the proliferation-promoting effect of PGs may be critical 

during tissue injury. 

 

However PGs do not act as mitogens for all cell types, particularly for the immune 

system (Marnett 1992). 

 

 

1.3.6.4 COX-2 as an immune modulator 
Anti-proliferative effects may contribute to the immune suppression associated with 

PGs. PGE2 is able to modulate humoral and cellular immunity (Goodwin 1981). 

Immune effector cells such as lymphokine-activated killer cell, cytotoxic T-

lymphocytes (CTLs) and macrophages can destroy tumour cells (Young 1994), however 

these effector cells are impaired in cancer patients (Farinas, Rodriguez-Valverde et al. 

1991) (Yoshino, Yano et al. 1991). 

 

One mechanism for impairment can be attributed to increased PGE2 production as 

immunosuppression occurs in tissues with high PGE2 concentrations (Brunda, 

Herberman et al. 1980) (Kubota, Sunouchi et al. 1992). PGE2 negatively regulated T-

lymphocyte proliferation, cytokine production and cytotoxicity (Goodwin and Ceuppens 

1983). Specifically, PGE2 mediated the suppression of macrophage-derived, TNF-α 

induced colon cancer cell killing via attenuated IL-10 (Kambayashi, Alexander et al. 

1995) and increased IL-12 (Kuroda and Yamashita 2003). COX-2 is known to mediate 

the imbalance between IL-10 and IL-12 in favour of IL-10 production (Huang, Stolina 

et al. 1998) (Berg, Zhang et al. 2001). Selective COX-2 inhibition restored the tumour-

induced imbalance between IL-10 and IL-12 and promoted anti-tumour responses in 
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lung cancer (Stolina, Sharma et al. 2000) and colorectal cancer (Yao, Kargman et al. 

2003). 

 

Indomethacin increased the number of CTLs in cancer patients (Cross, Platt et al. 1992) 

and stimulated mononuclear cells to increase their tumoricidal capacity (Braun, Ahn et 

al. 1993). More recently, impaired mononuclear cell function was restored with 

treatment by a SC2I (Lang, Lauffer et al. 2003). A recent study showed that the density 

of CD8+ T cells was significantly reduced in COX-2 expressing HCCs compared with 

non-expressing HCCs, suggesting that elevated COX-2 levels lead to a suppression of 

the local hepatic immune response (Iwamoto, Ikeguchi et al. 2006). Thus PG mediated 

immune suppression may contribute to tumorigenesis, since this suppression may allow 

tumours to avoid immune surveillance that might otherwise limit their growth. 

 

 

1.3.6.5 COX-2 mediated resistance to apoptosis 
COX-2 modulates the inhibition of apoptosis, which in many cases constitutes a 

mechanism that promotes tumour cell growth. The initial study that lead to uncovering 

COX-2 mediated resistance to apoptosis showed that NSAIDs induced apoptosis in 

chicken embryo fibroblasts (Lu, Xie et al. 1995). Subsequently, Tsujii and DuBois 

(1995) produced a rat intestinal epithelial cell line that expressed COX-2 which 

increased resistance to butyrate-induced apoptosis (Tsujii and DuBois 1995). The 

apoptotic resistance resulting from COX-2 expression was mediated through increased 

expression of the anti-apoptotic factors Bcl-2 and TGF-β and the delayed transit through 

the G1 phase of the cell cycle (DuBois, Shao et al. 1996). Sulindac, a NSAID, treatment 

reversed the behaviour of these cells by causing them to undergo apoptosis during 

butyrate exposure (Tsujii and DuBois 1995). COX-2 expression may prevent apoptosis 

not only by generating the anti-apoptotic products PGE2 (Sheng, Shao et al. 1998) 

(Narko, Ristimaki et al. 1997) and PGI2 (Cutler, Graves-Deal et al. 2003), but also by 

removing the pro-apoptotic substrate, arachidonic acid (Cao and Prescott 2002). 

 

Further studies have revealed that NSAIDs caused apoptosis in a variety of cancer cells 

including colon (Li, Wu et al. 2001), glioma (Joki, Heese et al. 2000), gastric (Uefuji, 

Ichikura et al. 2000), pancreatic (Ding, Tong et al. 2000) and lung cancer cells (Hida, 

Kozaki et al. 2000). These results, coupled with the finding that apoptosis of mammary 
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epithelial cells is inhibited in COX-2 over-expressing mice (Liu, Chang et al. 2001) 

suggest that COX-2 might play an important role in preventing apoptosis during 

tumorigenesis. 

 

The resistance to apoptosis is partly due to PGE2, as cell lines have increased resistance 

to apoptosis when PGE2 was added to the culture media. This phenomenon suggests 

that increased prostaglandin production via COX-2 may account for the resistance to 

apoptosis (Sheng, Shao et al. 1998) (Narko, Ristimaki et al. 1997) 

 

 

1.3.6.6 COX-2 and multi drug resistance 
The multi-drug resistance gene, Mdr1, belongs to the ABC (ATP-binding cassette) 

superfamily of transporter proteins: these proteins are capable of transporting a wide 

range of different drugs out of cells (Higgins 1992; Gottesman and Pastan 1993). Mdr1 

encodes the multi-drug efflux pump P-glycoprotein (P-gp) (Patel, Dunn et al. 2002). 

COX-2 over-expression up-regulates Mdr1 and P-gp (Patel, Dunn et al. 2002) (Sorokin 

2004). COX-2 could therefore contribute to the development of resistance to 

pharmacological treatment by the tumour cells (Patel, Dunn et al. 2002) (Sorokin 2004). 

A Mdr1 phenotype was associated with COX-2 over-expression in a HCC cell line, 

PLC/PRF/5 (Fantappie, Masini et al. 2002). 

 

 

1.3.7 Chemoprevention by SC2Is 

1.3.7.1 Human studies with COX inhibitors 
In the 1990s the regular consumption of NSAIDs, particularly aspirin, was associated 

with a reduction in the incidence of colon cancer possibly via inhibition of COX-2 

(Dubois, Abramson et al. 1998). Human studies have shown low dose aspirin (81 

mg/day) and standard doses (325 mg/day) reduced adenomas occurring in colon cancer 

(Baron, Cole et al. 2003) (Sandler, Halabi et al. 2003). Further epidemiological studies 

indicated that NSAIDs reduced carcinogenesis by decreasing tumour incidence by up to 

50% in cancers including colon, intestinal, gastric, breast and bladder (Thun, Henley et 

al. 2002). Specifically, sulindac treatment for one year decreased polyp multiplicity and 

induced regression of polyps for patients with FAP and Gardner's syndrome (Waddell 
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and Loughry 1983). A follow-up report six years later showed that cessation of 

treatment resulted in adenoma recurrence (Waddell, Ganser et al. 1989). 

 

NSAID use also has associations with a lower death rate from cancers of the esophagus, 

stomach, breast, lung, prostate, urinary bladder and ovary as reviewed in (Subbaramaiah 

and Dannenberg 2003). Interestingly, aspirin doses required to induce anti-cancer 

effects are far lower than those needed to produce anti-inflammatory inhibition of COX-

2 (Thun, Henley et al. 2002).  

 

The SC2Is celecoxib and rofecoxib significantly reduced adenoma incidence and 

evoked tumour regression in patients with FAP (Steinbach, Lynch et al. 2000) (Phillips, 

Wallace et al. 2002) (Higuchi, Iwama et al. 2003) Duodenal adenomas, which are 

usually resistant to treatment, show some reduction with celecoxib (Phillips, Wallace et 

al. 2002). Celecoxib (400 mg twice daily for 6 months) reduced the number of 

colorectal polyps by 28% (P = 0.003) (Phillips, Wallace et al. 2002) and reduced 

duodenal polyposis (Steinbach, Lynch et al. 2000). Clinical trials in other high-risk 

populations generally show a reduction in adenoma number and size (Ruffin, Krishnan 

et al. 1997) (Huls, Koornstra et al. 2003) (Baron, Cole et al. 2003) (Sandler, Halabi et 

al. 2003). 

 

Celecoxib inhibited the marked increase in levels of PGE2 usually detected in human 

primary lung tumours (Altorki, Keresztes et al. 2003). Rofecoxib inhibited COX-2 

expression, PGE2 release and proliferation in Barrett’s esophagus (Kaur, Khamnehei et 

al. 2002). Also a preclinical study showed that celecoxib enhanced the anti-tumour 

efficacy of chemotherapy and radiotherapy for local advanced pancreatic cancer (Crane, 

Mason et al. 2003). Collectively, these data indicate that SC2I treatment may be useful 

in attenuating preneoplasia and carcinogenesis. 

 

1.3.7.2 SC2Is in experimental carcinogenesis 
The administration of SC2Is reduced the incidence of intestinal (Oshima, Dinchuk et al. 

1996), gastric (Sawaoka, Kawano et al. 1998), esophageal (Buttar, Wang et al. 2002), 

breast (Harris, Alshafie et al. 2000), tongue (Shiotani, Denda et al. 2001), skin (Fischer, 

Lo et al. 1999), lung (Rioux and Castonguay 1998) and bladder (Grubbs, Lubet et al. 

2000) tumours in animals, which supports the notion that SC2Is might be useful for 
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preventing cancer. For example NS-398, an experimental SC2I, reduced the tumour 

volume of gastric cancer xenografts into nude mice in a dose-dependant manner 

(Sawaoka, Kawano et al. 1998). Furthermore, Fu et al (2004) showed that celecoxib 

reduced blood vessel quality and tumour size of SGC7901 cancer xenografts (Fu, Wu et 

al. 2004). Celecoxib also inhibited the development of gastric cancers induced by the rat 

N-methyl-N-nitro-N-nitrosoguanidine (MNNG) model (Hu, Yu et al. 2004). 

 

 

1.3.7.2.1 Liver cancer models 

Animal models of liver cancer have shown that a variety of non-selective and selective 

COX-2 inhibitors exert chemopreventative effects (Tanaka, Kojima et al. 1993) (Denda, 

Tang et al. 1994) (Endoh, Tang et al. 1996) (Denda, Endoh et al. 1998) (Denda, 

Kitayama et al. 2002) (Yamamoto, Kondo et al. 2003) (Marquez-Rosado, Trejo-Solis et 

al. 2005). Administration of the NSAIDs, aspirin or nimesulide, reduced the size and 

multiplicity of preneoplastic and neoplastic lesions in a dietary model of 

hepatocarcinogenesis (Denda, Tang et al. 1994) (Denda, Kitayama et al. 2002). 

Celecoxib significantly reduced preneoplastic events such as the number of altered 

hepatocytic foci by 85% and the expression of pGST by 90%, which were induced by 

DEN, 2-AAF and partial hepatectomy (Marquez-Rosado, Trejo-Solis et al. 2005). 

Furthermore, fibrosis, cirrhosis and the development of preneoplastic lesions were 

inhibited in a dose dependent manner by JTE-522, an experimental SC2I (Yamamoto, 

Kondo et al. 2003). 

 

Nimesulide also inhibited the growth of implanted H22, a mouse hepatoma cell line, in 

a dose dependent manner by as much as 60% over 21 days (Li, Li et al. 2003). 

Celecoxib and meloxicam reduced the growth of liver tumours implanted in nude mice 

by enhancing tumour cell apoptosis and reducing proliferation (Kern, Schoneweiss et al. 

2004). 

 

Also, JTE-522 administration reduced the number of colon cancer metastatic nodules on 

the surface of nude mouse livers (Nagatsuka, Yamada et al. 2002). 
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Recently, the capacity of celecoxib to inhibit tumorigenesis after the initiation of 

chemical hepatocarcinogenesis was investigated (Arellanes-Robledo, Marquez-Rosado 

et al. 2006). This study observed SC2I administration reduced the extent of pre-

neoplasia as judged by the number of pGST- and GGT-positive lesions and attenuated 

PCNA and cyclin D1 levels whilst not inducing apoptosis. Thus, SC2Is may decrease 

the number of existing pre-neoplastic liver lesions through a reduction in proliferation. 

 

 

1.3.7.2.2 Colorectal cancer models 

Celecoxib reduced the preneoplastic event of aberrant crypt formation by 40% and 

multiplicity by almost 50% in experimental colorectal cancer (Reddy, Rao et al. 1996). 

Furthermore celecoxib inhibited the incidence and multiplicity of tumours by 90% in an 

experimental model of colorectal cancer (Kawamori, Rao et al. 1998). Nimesulide also 

demonstrated a dose-dependent inhibition of tumour multiplicity, incidence and size 

during experimental colon carcinogenesis (Fukutake, Nakatsugi et al. 1998). In a more 

comprehensive study, celecoxib inhibited pre-neoplasia events, tumour development 

and burden in a dose-dependent manner in a rodent colorectal carcinogenesis (Reddy, 

Hirose et al. 2000). 

 

 

1.3.7.2.3 Other cancer models 

Administration of SC2Is reduced pre-malignancy and malignancies of a variety of 

experimental tumour models including mammary (Harris, Alshafie et al. 2000) (Kundu 

and Fulton 2002), Barrett’s esophagus (Buttar, Wang et al. 2002), pancreas (Schuller, 

Zhang et al. 2002), lung (Diperna, Bart et al. 2003), skin (Fischer, Lo et al. 1999) 

(Pentland, Schoggins et al. 1999) and bone metastases (Sabino, Ghilardi et al. 2002). 

 

 

1.3.7.3 SC2I in vitro studies 
In the tissue culture setting, NSAIDs and SC2Is have been shown to induce apoptosis in 

multiple tumour cell lines and suppress the expression of angiogenesis factors (Hsu, 

Ching et al. 2000) (Ricchi, Zarrilli et al. 2003). Interestingly normal human prostate 
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epithelial cells do not undergo apoptosis when exposed to SC2Is, suggesting that SC2I 

mediated induction of apoptosis could preferentially affect proliferating tumour cells. 

 

Administration of SC2Is induces apoptosis in several colon and gastric cancer cell lines 

(Erickson, Longo et al. 1999) (Husain, Szabo et al. 2001) (Jiang, Lam et al. 2002) 

(Wong, Jiang et al. 2003) (Wong, Jiang et al. 2004). For example, the intestinal cancer 

cell line, IEC-18, which has a high potential for producing liver metastases and 

expresses COX-2 protein and PGE2, undergoes apoptosis upon SC2I treatment 

(Erickson, Longo et al. 1999). 

 

SC2I treatment suppresses cell growth by inducing apoptosis in a variety of HCC cell 

lines (Bae, Jung et al. 2001) (Kern, Schubert et al. 2002) (Cheng, Imanishi et al. 2002) 

(Leng, Han et al. 2003) (Cheng, Chan et al. 2003) (Hu, Yu et al. 2003) (Ostrowski, 

Wocial et al. 2003) (Schmidt, Wang et al. 2003) (Wu, Zou et al. 2003) (Lai, Zhang et al. 

2003) (Fodera, D'Alessandro et al. 2004) (Wu, Leng et al. 2004). For example celecoxib 

has been shown to induce apoptosis of the human HCC cell lines Hep3B and HepG2 

(Leng, Han et al. 2003). 

 

However, the molecular mechanism(s) that SC2Is targets for apoptosis induction or 

anti-tumour activity remains unclear. There is growing evidence that the induction of 

apoptosis by SC2Is is not restricted to inhibition of COX-2 activity. This notion can be 

exemplified in HCCs (Wu, Zou et al. 2003) (Leng, Han et al. 2003) (Lampiasi, Fodera 

et al. 2006). Investigations have shown that SC2Is inhibit HCC cell growth through a 

number of diverse mechanisms including cell cycle arrest (Cheng, Imanishi et al. 2002) 

(Hu, 2003) (Cheng, Imanishi et al. 2004), induction of apoptosis (Leng, Han et al. 2003) 

(Hu, Yu et al. 2003) (Fodera, D'Alessandro et al. 2004) or necrosis (Cheng, Imanishi et 

al. 2002). 

 

 

1.3.7.4 Cell death mechanisms independent of COX-2 activity caused 

by SC2Is 
Whilst the effects of SC2Is on tumour growth remain unclear; these effects are most 

likely multi-factorial, comprising tumour-specific and independent effects. The 

molecular basis for the chemo-preventative effects has been attributed to the inhibition 
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of COX-2 and the resulting decrease in PG production (Prescott and White 1996). This 

hypothesis is consistent with elevated COX-2 expression of various tumours and 

decreased tumorigenesis as a consequence of inactivation of cox-2 in mice (Oshima, 

Dinchuk et al. 1996). However, recent experiments have suggested that there are 

mechanisms independent of the COX enzyme inhibition that confers apoptotic 

resistance to a COX-2 over-expressing cell. 

 

Three key observations have lead to the suggestion that induction of apoptosis is 

independent of inhibition of COX-2 activity. 

 

Firstly, metabolised NSAIDs, such as sulindac sulfone, induced apoptosis (Piazza, 

Rahm et al. 1995) (Merlani, Fox et al. 2001) and reduced tumour incidence (Marx 2001) 

despite being unable to inhibit COX-2.  

 

Secondly, the SC2I doses required to exert an anti-tumour effect were in excess of anti-

inflammatory doses. For example, celecoxib reduced tumour incidence during 

azoxymethane (AOM)-induced colon carcinogenesis but only at plasma concentrations 

7-fold higher than those needed to exert an anti-inflammatory effect (Reddy, Hirose et 

al. 2000). 

 

Lastly, tumour cells that do not express COX-2 were induced to undergo apoptosis upon 

SC2I treatment (Zhang, Morham et al. 1999) (Sawaoka, Tsuji et al. 1999). Song et al 

(2002) generated PC3 prostate cancer cells with varying levels of COX-2 expression 

(Song, Lin et al. 2002). The sensitivity of the PC3 cells to apoptosis which was induced 

by celecoxib and its non-COX-2 inhibiting derivatives was similar regardless of the 

levels of COX-2 (Song, Lin et al. 2002). 

 

Multiple mechanisms are now implicated in the induction of apoptosis in tumour cells 

by SC2I. The exact mechanisms that are involved seem to differ with tumour cell type 

and the SC2I used for treatment. These issues will be discussed in the following 

sections. 
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1.3.7.4.1 Bcl-2 protein family 

Cellular stress can trigger apoptosis through the release of cytochrome c from the 

mitochondria. The anti-apoptotic Bcl-2 family of proteins such as Bcl-2, Bcl-xL and 

Mcl-1 bind the mitochondria and inhibit the release of cytochrome c and thereby 

prevent the activation of mitochondrial death pathway. The pro-apoptotic Bcl-2 

members include, Bid, Bim, Bax and Bak reside in the mitochondrial outer membrane 

or in the cytosol; their interaction triggers the release of cytochrome c and other proteins 

from the mitochondria which commences apoptosis. Whether apoptosis occurs through 

this pathway appears to be dependent on the balance between the pro and anti-apoptotic 

members of the Bcl-2 protein family. 

 

Sulindac reduces the levels of the anti-apoptotic factor Bcl-xL, consequently increasing 

the ratio of the pro-apoptotic factors to anti-apoptotic factors, and then causes apoptosis 

of human colorectal tumour cells (Zhang, Yu et al. 2000). SC2Is treatment sensitises 

colon and prostate cancer cells to apoptosis by down-regulating Bcl-2, an anti-apoptotic 

protein (Sheng, Shao et al. 1998) (Liu, Yao et al. 1998). 

 

SC2I treatment has been shown to induce apoptosis of HCC cell lines, such as Hep3B 

and Hep2G, through a reduction of anti-apoptotic proteins, such as Bcl-xL or Mcl-1 

(Schmidt, Wang et al. 2003) (Yamanaka, Shiraki et al. 2006) (Kern, Haugg et al. 2006). 

Yamanaka et al (2006) showed that, in addition to Bcl-xL, apoptosis was mediated 

through a reduction in the activation of the Akt pathway (Yamanaka, Shiraki et al. 

2006). However, celecoxib did not induce apoptosis through changes in Bcl-2 or Bcl-xL 

levels in a CCC cell line; rather the effect was mediated through a reduction in Akt 

activation and Bax translocation to the mitochondria (Zhang, Lai et al. 2004). 

 

 

1.3.7.4.2 PI3K/Akt pathway 

Multiple cell growth factors including insulin and insulin-like growth factors and 

cytokines such as IL-2 and IL-6, activate the phosphatidylinositol 3-kinase (PI3K) 

family of enzymes (Burgering and Coffer 1995) (Franke, Kaplan et al. 1997). These 

enzymes in turn produce the lipid messenger phosphoinositol triphosphate (PIP3) and 

related messengers. PIP3 in turn activates Akt/protein kinase B. Akt activation is a 
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multistep process involving both membrane translocation and phosphorylation. 

Activated Akt is a survival factor, exerting anti-apoptotic activity by preventing release 

of cytochrome c from mitochondria and inactivating forkhead transcription factors that 

induce expression of pro-apoptotic factors such as Fas ligand (Brunet, Bonni et al. 

1999). Activated Akt phosphorylates and thereby inactivates pro-apoptotic factors Bad 

and pro-caspase-9 (Cardone, Roy et al. 1998). Akt activates IκB, a positive regulator of 

NF-κB, which results in the transcription of anti-apoptotic genes. Akt activation also 

affects cell cycle progression by regulating cyclin D1 stability (Muise-Helmericks, 

Grimes et al. 1998) and decreasing the expression of p27Kip1 protein, which is a cyclin-

dependent kinase inhibitor (Collado, Medema et al. 2000). 

 

Hsu et al (2000) showed that celecoxib induced apoptosis, in part, by directly blocking 

the activation of the anti-apoptotic kinase Akt in human prostate cancer cells (Hsu, 

Ching et al. 2000). This induction of apoptosis was independent of Bcl-2, as cellular 

levels of Bcl-2 did not change, and over-expression of Bcl-2 did not confer resistance to 

celecoxib treatment. Supporting this data, over-expression of constitutively active Akt 

protected these prostate cancer cells against celecoxib induced apoptosis (Hsu, Ching et 

al. 2000). 

 

SC2Is may also induce apoptosis of HCC and CCC cells by blocking Akt 

phosphorylation and kinase activity (Leng, Han et al. 2003) (Wu, Leng et al. 2004) 

(Zhang, Lai et al. 2004) (Yamanaka, Shiraki et al. 2006). For example, the induction of 

apoptosis of Hep3B and HepG2 cell lines by celecoxib was mediated through the almost 

complete inhibition of Akt signalling at the Ser473 and Thr308 phosphorylation sites 

(Leng, Han et al. 2003). This effect was shown to be independent of Bcl-2 and Bax 

levels. Similar results have been obtained using CCC cell lines whereby celecoxib 

induced apoptosis through blocking Akt signalling and did not affect Bcl-2 and Bax 

levels (Wu, Leng et al. 2004).  

 

 

1.3.7.4.3 Peroxisome proliferation activating receptors (PPARs) 

Peroxisome proliferator activated receptors (PPAR) α, δ and γ are members of the 

nuclear hormone receptor superfamily. PPARs are transcription factors that control gene 
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expression when complexed with the retinoic acid receptor. PPARs are generally 

involved in lipid metabolism (Motojima 1993) and regulate cellular proliferation and 

differentiation (Tontonoz, Hu et al. 1994) (Sarraf, Mueller et al. 1998) (Morrison and 

Farmer 1999). PPARs have been shown to modulate the apoptotic response in many 

types of cells (Roberts, James et al. 1998) (Tsubouchi, Sano et al. 2000). 

 

PPARγ can be activated by 15-deoxy-Δ12,14-PGJ2 which is an endogenous ligand for this 

nuclear receptor (Forman, Tontonoz et al. 1995) (Kliewer, Lenhard et al. 1995). 15-

deoxy-Δ12,14-PGJ2 significantly suppressed IL-β1-induced COX-2 expression and PGE2 

production in mesangial cells (Sawano, Haneda et al. 2002) and human astrocytes 

(Janabi 2002). Activation of PPARγ by citglitazone, a selective PPARγ ligand, resulted 

in apoptosis and suppressed COX-2 expression of HT-29 human colon cancer cells 

(Yang and Frucht 2001). Activation of PPARδ resulted in increased cox-2 mRNA and 

protein expression in human HCC (Glinghammar, Skogsberg et al. 2003), and PPARα 

activators also induced COX-2 expression in rat liver in vivo (Leung and Glauert 1998). 

Interestingly, LPCs express PPARγ, and treatments with the agonists, 15-deoxy-Δ12,14-

PGJ2 and citglitazone, attenuated LPC expansion in the murine CDE model and induced 

apoptosis in vitro of LPC lines (Cheng, Nakamura et al. 2004) (Knight, Yeap et al. 

2005).  

 

COX inhibitors may act as agonists for PPAR and therefore inhibit their activity 

(Lehmann, Lenhard et al. 1997) (He, Chan et al. 1999) (Jaradat, Wongsud et al. 2001). 

The PPARγ-mediated growth inhibitory effect has been induced by COX inhibitors of 

human oral squamous carcinoma cells, rheumatoid synovial cells and lung carcinoma 

cells (Nikitakis, Hebert et al. 2002) (Yamazaki, Kusunoki et al. 2002). It is therefore 

suggested in human hepatoma cells that the previously demonstrated COX-2-

independent growth inhibitory effect of NS-398, a SC2I, is derived from PPARγ-

mediated action (Bae, Jung et al. 2001) (Cheng, Imanishi et al. 2002). Indeed, studies 

have demonstrated a growth-inhibitory function through PPARγ stimulated by its 

ligands in human hepatoma cells (Koga, Sakisaka et al. 2001) (Koga, Harada et al. 

2003) and rodent LPC lines (Li, Deng et al. 2003). Planaguma et al (2005) showed that 

SC-236, an experimental SC2I, activated hepatic PPARγ along with reducing liver 

fibrosis by inducing apoptosis of non-parenchymal cells in a rodent model of 

fibrogenesis (Planaguma, Claria et al. 2005). 
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1.3.7.4.4 NF-κB 

NF-κB is an inducible and ubiquitously expressed transcription factor responsible for 

regulating the expression of genes involved in cell survival, cell adhesion, 

inflammation, differentiation and growth (Sen and Baltimore 1986) (Grimm and 

Baeuerle 1993). Active NF-κB complexes as dimers with various combinations of the 

Rel family of polypeptides, consisting of p50, p52, c-Rel, v-Rel, p65 and Rel B. In most 

resting cells, NF-κB is retained in the cytoplasm by binding to one of the inhibitory IκB 

proteins (IκBα, IκBβ, IκBε, p105 and p100), which blocks the nuclear localization to 

NF-κB (Nolan and Baltimore 1992). Localization of NF-κB is activated by a wide 

variety of stimuli that promote the dissociation of IκBα from NF-κB through 

phosphorylation followed by ubiquitination and degradation. 

 

NSAIDs promote apoptosis by inhibiting the NF-κB pathway, which is thought to be 

mediated through IκB kinase β (IKKβ), an enzyme that activates the NF-κB pathway by 

phosphorylating the inhibitory subunit of NF-κB (IκBα) (Yamamoto, Yin et al. 1999) 

(Lim, Kim et al. 2001) (Lim, Kim et al. 2002). NSAIDs block the activity of IKKβ and 

thereby inhibited the activation of the NF-κB pathway (Yin, Yamamoto et al. 1998). 

Yasui et al (2003) reported that sulindac inhibited NF-κB activation and sensitised a 

human gastric cancer cell to TNFα-induced apoptosis (Yasui, Adachi et al. 2003). 

Moreover, Wong et al (2003) showed that SC-236, an experimental SC2I, inhibited NF-

κB mediated gene transcription and binding activity in gastric cancer cells (Wong, Jiang 

et al. 2003). Unlike aspirin, SC-236 suppressed the nuclear translocation of RelA/p65 

without affecting the phosphorylation, degradation or expression of IκBα. These 

findings suggested, in these cells, SC-236 are acting independently of IKK activity and 

IκBα gene transcription, and may have directly targeted proteins that facilitate the 

nuclear translocation of NF-κB (Wong, Jiang et al. 2003). 

 

 

1.3.7.4.5 Protein Kinase C (PKC) 

PKC comprise a large family of closely related serine/threonine kinases that are 

involved in signal transduction pathways that regulate development, memory, 

differentiation, proliferation and carcinogenesis (Nishizuka 1992).  
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The NSAIDs aspirin and indomethacin induced apoptosis through the up-regulation of 

the proto-oncogene c-myc in gastric cancer cells (Zhu, Wong et al. 1999). PKC 

activation abrogated the effect of these NSAIDs by reducing c-myc expression (Zhu, 

Wong et al. 1999). SC-236 induced apoptosis mediated through the reduction in 

expression and kinase activity of PKC-β1 in AGS cells, a gastric cancer cell line (Jiang, 

Lam et al. 2002). 

 

 

1.3.7.4.6 p53 

p53 is the most frequently inactivated tumour suppressor gene in human cancer (King 

and Cidlowski 1998). p53 exhibits sequence-specific DNA-binding and can directly 

interact with various cellular and viral proteins, and induce cell cycle arrest , apoptosis 

or senescence in response to DNA damage (Levine 1997) (King and Cidlowski 1998) 

(Vogelstein, Lane et al. 2000). In response to signals generated by a variety of 

genotoxic stresses, e.g., UV irradiation or DNA damage, p53 is expressed and 

undergoes post-translational modification that results in its accumulation in the nucleus 

(Jimenez, Khan et al. 1999). The p53-dependent pathways help to maintain genomic 

stability by eliminating damaged cells either by arresting them permanently or through 

apoptosis. 

 

Some PGs produced by COX-2 are electrophilic (e.g. PGA1 and PGA2) and can inhibit 

wild-type p53 activity by covalently binding and impairing p53 in cytosol (Moos, Edes 

et al. 2000). However, celecoxib treatment of human colon cancer cells ameliorated the 

impairment of p53 function by reducing electrophilic PG production (Swamy, Herzog et 

al. 2003). Therefore, through this mechanism, SC2Is may enhance p53 tumour 

suppressor function in certain cell types. 

 

 

1.3.7.4.7 Caspases 

The caspases comprise a class of cysteine proteases of which many members are 

involved in apoptosis. An apoptotic signal mediated through caspases relies on a 
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proteolytic cascade, with caspases cleaving and activating other caspases that 

subsequently degrade cellular targets that lead to cell death. The activating caspases 

include caspase-8 and caspase-9. Caspase-8 is the initial caspase activated in response 

to receptors with a death domain that interacts with the Fas death domain (FADD) 

(Earnshaw, Martins et al. 1999) (Adrain and Martin 2001). The mitochondrial stress 

pathway begins with the release of cytochrome c from mitochondria, which then 

interacts with Apaf-1, causing self-cleavage and activation of caspase-9 (Earnshaw, 

Martins et al. 1999) (Adrain and Martin 2001). The effector caspases, caspase-3, -6 and-

7 are downstream of the activator caspases and act to cleave various cellular targets. 

Granzyme B and perforin, proteins released by cytotoxic T cells, induce apoptosis in 

target cells by forming transmembrane pores and triggering apoptosis, perhaps through 

cleavage of caspases (Earnshaw, Martins et al. 1999) (Adrain and Martin 2001). 

 

SC2Is induced apoptosis through reduction in Bcl-2 protein, activation of caspase-9 and 

-3 and down-regulation of caspase inhibitors, c-IAP-1 and survivin of a Burkitt's 

lymphoma cell line (Kobayashi, Nakamura et al. 2005). There are numerous reports 

showing that administration of SC2Is induces HCC cell lines (such as Hep3B and 

HepG2) and CCC cell lines to undergo apoptosis through activation of caspases (Kern, 

Schubert et al. 2002) (Leng, Han et al. 2003) (Wu, Leng et al. 2004) (Cui, Yu et al. 

2005). Kern et al (2002) showed that celecoxib induced Hep3B, HepG2 and HuH-7 to 

undergo apoptosis through activation of capase-3, -6 and -9 and did not change Bcl-2, 

Bax or the phosphorylation status of Akt (Kern, Schubert et al. 2002). 

 

 

1.3.7.4.8 Fas ligand signalling pathway 

Fas is a member of the TNF receptor superfamily, a family of transmembrane receptors 

that also includes TNFR1 and a variety of other cell surface receptors. Fas is an 

important mediator of apoptotic cell death, as well as being involved in inflammation 

(Huang, Hahne et al. 1999). The Fas receptor (CD95) mediates apoptotic signalling by 

Fas-ligand expressed on the surface of other cells. The Fas-FasL interaction plays an 

important role in the immune system and a deficiency of this system leads to 

autoimmunity. Fas signalling is also involved in immune surveillance to remove 

transformed cells and virus infected cells (Huang, Hahne et al. 1999). Binding of the 
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Fas ligand (Fas-L) induces trimerization of Fas in the target cell membrane (Juo, Woo et 

al. 1999). Activation of Fas causes the recruitment of Fas-associated protein with death 

domain (FADD) via interactions between the death domains of Fas and FADD. Pro-

caspase 8 binds to Fas-bound FADD via interaction between their respective death 

effector domains (DED) leading to the activation of caspase 8. Activated caspase 8 

cleaves (activates) other pro-caspases, initiating a caspase cascade that ultimately leads 

to apoptosis (Juo, Woo et al. 1999). Caspases cleave nuclear lamins, causing the nucleus 

to break down and lose its normal structure. 

 

COX-2 inhibition may induce apoptosis variably through FADD and caspase 8 of 

human colon carcinoma cells (Martin, Phillips et al. 2005). For example, NS-398 

induced a CCC cell line to commence apoptosis via Fas (Nzeako, Guicciardi et al. 

2002). However, NS-398 induced apoptosis of the HCC cell lines, Hep3B, HepG2 and 

HKCI-4, independently of Fas and through Bcl-2 family members (Cheng, Chan et al. 

2003). 

 

 

1.3.7.4.9 TRAIL (TNF-related apoptosis-inducing ligand) 

TRAIL is a transmembrane protein with a carboxy-terminal extracellular domain that 

exhibits homology to other TNF family members (Pitti, Marsters et al. 1996). TRAIL is 

a ligand for two death domain-containing receptors, TRAIL-R1 (DR4) and TRAIL-R2 

(DR5) that transduce apoptotic signals (MacFarlane, Ahmad et al. 1997). These 

receptors are members of the TNF receptor family that also includes Fas and TNFR. 

TRAIL induces apoptosis by binding to its death receptors, DR4 or DR5, which then 

recruits caspase-8 via the FADD. Activated caspase-8 then directly activates caspases-3, 

-6, and -7 or activates the intrinsic mitochondria-mediated pathway through caspase 8–

mediated Bid cleavage, which indirectly activates caspase -3, -6, and -7 (Ashkenazi and 

Dixit 1998) (Wang and El-Deiry 2003). DR5 and DR4 expression is up-regulated by 

p53 (Wu, Burns et al. 1997) (Guan, Yue et al. 2001). TRAIL initiates apoptosis of many 

transformed cell lines but not of normal cells (Pitti, Marsters et al. 1996) (Suliman, Lam 

et al. 2001). TRAIL is thought to be regulated by NF-κB (Baetu, Kwon et al. 2001). 
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SC2Is induce TRAIL mediated apoptosis, through enhanced expression of DR5, of 

human non-small-cell lung, colon cancer and leukaemia cell lines (He, Luo et al. 2002) 

(Liu, Yue et al. 2004) (Martin, Phillips et al. 2005) (Secchiero, Barbarotto et al. 2005). 

Similar results have been obtained using HCC cell lines, such as HepG2, Huh7, along 

with down-regulation of Mcl-1 and Bcl-xL, members of the anti-apoptotic Bcl-2 family 

members (Kern, Haugg et al. 2006) (Yamanaka, Shiraki et al. 2006) or activation of 

caspase-8 and -3 (Nakamoto, Higuchi et al. 2006). 

 

 

1.4 Research proposal 
Hepatocellular carcinoma (HCC) is a major cause of global mortality with an estimated 

600,000 deaths in 2002 and up to 1 million new diagnoses of HCC made each year 

(Schafer and Sorrell 1999) (Parkin, Bray et al. 2001). Rising incidences have been 

reported in Japan, United Kingdom and France (Okuda, Fujimoto et al. 1987) (Taylor-

Robinson, Foster et al. 1997) (Deuffic, Poynard et al. 1998). The prognosis of HCC is 

poor despite the significant improvement of clinical diagnosis and management of 

early-stage HCC (Okuda, Fujimoto et al. 1987) (El-Serag, Mason et al. 2001). In the 

United States, the five-year survival rate of patients with HCC is 5% (El-Serag, Mason 

et al. 2001). HCC is usually diagnosed in its late stage, which makes curative therapies 

such as surgical resection and liver transplantation unlikely. Limited treatment options 

and poor prognosis underscore the importance of developing an effective HCC-

prevention program, possibly involving chemoprevention. 

 

Liver progenitor cells (LPCs) contribute to the development and pathologies associated 

with HCC, such as inflammation and pre-neoplasia. There is evidence to suggest that 

LPCs are a precursor cell for some HCCs. LPC activation is an early event in the 

development of HCC in mice fed a choline deficient, ethionine supplemented (CDE) 

diet. Previously, Knight et al (2001) demonstrated that reduced hepatocarcinogenesis 

was associated with a reduction of LPC numbers in TNF receptor null mice fed a CDE 

diet (Knight, Yeoh et al. 2000). Furthermore the inflammatory response is an important 

mediator of LPC activation (Knight, Yeoh et al. 2000) (Knight, Matthews et al. 2005) 

(Knight and Yeoh 2005). 
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SC2Is are a new generation of anti-inflammatory drugs that have the capacity to reduce 

tumorigenesis in experimental and clinical settings. Studies have shown that a decrease 

in HCC incidence was coupled with SC2I administration during experimental 

hepatocarcinogenesis (Denda, Kitayama et al. 2002) (Yamamoto, Kondo et al. 2003). 

SC2Is may be useful in reducing hepatocarcinogenesis by attenuating cell populations 

that facilitate tumour development. 

 

The broad aim of this thesis was to conduct a series of detailed studies on the effects of 

a SC2I on LPC activation and the hepatic pathologies associated with 

hepatocarcinogenesis in order to test the hypothesis that S2CIs may be a beneficial 

therapy that can reduce liver injury and pre-neoplastic changes in the choline-deficient, 

ethionine supplemented (CDE) murine model of hepatocarcinogenesis. Chapter 2 

evaluates the effects of a SC2I on LPC activation and inflammation during experimental 

hepatocarcinogenesis. Chapter 3 then examines in more detail the specific effects of 

S2CI treatment on LPCs directly. Finally, Chapter 4 examines the relationship between 

changes in LPC activation and pathologies associated with the chronic liver injury 

preceding the development of hepatocarcinogenesis in vivo. 

 



  
 

 

 

 

 

 

Chapter 2 

 

Short-term effects of SC-236 administration 

on the murine CDE model 
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2.1 Introduction 
2.1.1 Background 
There is emerging evidence to suggest that hepatocellular carcinomas (HCCs) may arise 

as a result of the transformation of adult liver progenitor cells (LPCs), called “oval” 

cells in mice and “intermediate hepatobiliary” cells in humans (Hixson, Brown et al. 

2000) (Xiao, Ruck et al. 2003) (Kim, Park et al. 2004) (Roskams, Theise et al. 2004). 

LPCs have the capacity to differentiate into hepatocytes and biliary epithelial cells 

during liver regeneration (Lemire, Shiojiri et al. 1991) (Hsia, Evarts et al. 1992) 

(Steinberg, Weisse et al. 1994) (Alison, Golding et al. 1997). LPCs proliferate in 

response to liver injury in the early stages of most rodent models of 

hepatocarcinogenesis and are strongly associated with the presence of inflammation 

(Lenzi, Liu et al. 1992) (He, Smith et al. 1994) (Tian, Smith et al. 1997) (Libbrecht, 

Desmet et al. 2000) (Knight, Matthews et al. 2005). They share antigenic epitopes with 

liver tumour cells, including M2-pyruvate kinase (M2PK) and α-fetoprotein (AFP) 

(Gerber, Thung et al. 1983) (Hacker, Steinberg et al. 1998) (Dumble, Croager et al. 

2002). In humans, hepatic progenitor cells proliferate following chronic liver injury due 

to chronic viral hepatitis, alcoholic liver disease or metabolic liver conditions, and their 

numbers increase in direct proportion with the disease severity (Lowes, Brennan et al. 

1999) (Roskams, Yang et al. 2003). Recent studies have shown that when mice have an 

attenuated M2PK-positive LPC response they have a reduced incidence of HCC 

following prolonged liver injury via a tumour necrosis factor (TNF) dependent 

mechanism (Knight, Yeoh et al. 2000). As TNF is a pro-inflammatory cytokine, this 

suggests that anti-inflammatory agents may be effective in inhibiting the activation of 

LPCs and, therefore, HCC formation. 

 

The cyclo-oxygenase (COX) isozymes COX-1 and COX-2 mediate the conversion of 

arachidonic acid into a range of prostaglandins that have effects on inflammation and 

carcinogenesis. Whilst COX-1 plays a constitutive homeostatic role, COX-2 is induced 

locally during inflammation and carcinogenesis (Dubois, Abramson et al. 1998) (Vane, 

Bakhle et al. 1998) (Zha, Yegnasubramanian et al. 2004). COX-2 expression is up-

regulated in subjects with chronic hepatitis, cirrhosis and HCC, and COX-2 is expressed 

in non-parenchymal cells during experimental hepatocarcinogenesis (Koga, Sakisaka et 

al. 1999) (Kondo, Yamamoto et al. 1999) (Yamamoto, Kondo et al. 2003) (Zhang, Lai 
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et al. 2004). Investigations now show that the administration of a selective COX-2 

inhibitor (SC2I) may reduce the incidence of a variety of tumours comprising intestinal 

(Oshima, Dinchuk et al. 1996), esophageal (Buttar, Wang et al. 2002) and breast 

(Harris, Alshafie et al. 2000) tumours in animals. 

 

Several studies have demonstrated that SC2Is can reduce hepatic pathologies mediated 

by a choline deficient (CD) diet in the rat such as hepatocyte dysplasia, fibrosis and 

HCC (Endoh, Tang et al. 1996) (Denda, Endoh et al. 1997) (Denda, Kitayama et al. 

2002) (Yamamoto, Kondo et al. 2003). Despite the detailed analyses by Denda et al, the 

potential effects of SC2Is on LPCs have not been directly investigated (Denda, Endoh et 

al. 1997). Interestingly, studies using the SC2I nimesulide described cells with 

morphological traits of LPCs that were strongly immuno-reactive for COX-2 (Denda, 

Kitayama et al. 2002). The influence of nimesulide on the number or distribution over 

time of these oval-like cells remains unclear. Furthermore, there are few in vivo studies 

reporting specific cellular effects of SC2I administration during liver damage (Rudnick, 

Perlmutter et al. 2001) (Casado, Callejas et al. 2001) (Yamamoto, Kondo et al. 2003). 

 

 

2.1.2 Aims of the study 
The aim of this study was to test the hypothesis that SC2Is may modulate 

hepatocarcinogenesis by reducing the hepatic LPC response and inflammation during 

the early stages of hepatocarcinogenesis. Specifically, the effect of a SC2I, SC-236, on 

LPC numbers and other hepatic cell populations was examined within the first month of 

chronic liver injury in mice fed the carcinogenic choline deficient, ethionine 

supplemented (CDE) diet. 

 

 

2.2 Methods and materials 
2.2.1 Experimental design 
Four-week old C57Bl/6J mice (Animal Resources Centre, Perth, Australia) were housed 

under specific pathogen free conditions, in accordance with the guidelines of the 

National Health and Medical Research Council of Australia and the Animal Ethics 

Committee of the University of Western Australia. Mice were fed either normal chow 
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and drinking water or choline deficient chow (ICN Biomedicals Inc., USA) and 

drinking water supplemented with 0.165% ethionine (Sigma-Aldrich, USA) (CDE diet). 

Mice fed either type of diet were further randomized to receive either SC-236 (Pfizer, 

USA; 5 mg/kg/day) or vehicle alone (0.05% Tween 20 and 0.95% polyethylene glycol 

200; Sigma-Aldrich, USA) in drinking water, according to the method of Kishi (2000); 

this resulted in four experimental groups: (1) normal chow + SC-236, (control) (2) CDE 

diet, (3) CDE diet + vehicle and (4) CDE diet + SC-236 (CDE+D) (Kishi, Petersen et al. 

2000). At 2 and 4 weeks, 5-7 mice from each group were sacrificed and their livers 

collected. Throughout the experiments there were no significant differences between the 

CDE and CDE + vehicle groups so these groups were combined and named CDE-D. 

Experimental animals were observed for 10 to 15 mins every second day to determine 

their overall state of health as measured by weight and behaviour. 

 

 

2.2.2 Tissue and serum preparation 
Mice were anaesthetized using Avertin (stock = 25 g 2-2-2 tribromoethanol in 15.5 mL 

tertiary amyl-alcohol, working solution (20 mg/mL) = 0.5 mL stock in 39.5 mL normal 

saline, dosage = 0.5 mg/g of mouse of working solution). Blood was collected by 

cardiac puncture using a 1 mL syringe and a 26 gauge needle. Blood samples were 

allowed to clot at room temperature and were centrifuged at 2,000 g for 10 min at room 

temperature. The serum was separated into a 1.5 mL microfuge tube and stored frozen 

at –80°C until analysis. The liver was perfused with phosphate-buffered saline (PBS). 

Portions of liver tissue (approximately 5 mm3) were either: 

• snap frozen with liquid nitrogen and stored at – 80oC, 

• snap frozen in Cryomatrix with liquid nitrogen and stored at – 80oC, 

• fixed in 10% Neutral Buffered Formalin (NBF) for 24 hours or, 

• fixed in Carnoy's Fixative for 1 hour. 

Following fixation, tissues were processed and embedded in paraffin. 

 

 

2.2.3 Serum aspartate transaminase (AST) assay 
Serum AST activity was measured using the GO-Transaminase Kit (Sigma Diagnostics) 

according to the manufacturer’s instructions. Briefly, duplicate tubes containing 100 μL 

substrate (DL-aspartate 0.2 M, α-ketoglutaric acid 1.8 mM in phosphate buffer, pH 7.5) 
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and 20 μL serum were mixed and incubated for 1h at 37°C. After this incubation 100 

μL of 2,4-Dinitrophenylhydrazine (DNP) (0.2 g/L in acid solution) was added and the 

tubes mixed and incubated at room temperature for 20 min. As icteric and haemolysed 

samples may give false elevations in the measured AST activity, sample blanks were 

assayed in parallel by combining 20 μL serum, 100 μL substrate and 100 μL DNP and 

incubating at room temperature for 20 min. One mL 0.4 M sodium hydroxide was 

added to all tubes which were incubated at room temperature for 5 min, followed by 

measurement of absorbance of the reaction mixture at 490 nm. The assay was calibrated 

using the pyruvic acid standard.  The AST activity in the serum samples was calculated 

from the resulting standard curve with results expressed in International units/L (IU/L). 

 

 

2.2.4 PGE2 assay 
The PGE2 concentration in liver tissue was determined using an immunoassay kit and 

following the manufacturer's instructions (Cayman Chemicals, USA). 50 mg of frozen 

tissue was homogenized in 0.5 mL of homogenization buffer (0.1 M Tris-HCl, 10 μM 

indomethacin) on ice. The homogenate was centrifuged for 10 min at 16,000 g and the 

supernatant was removed to measure the PGE2 content using the PGE2 purification kit 

as per manufacturers' instructions (Cayman Chemicals, USA). 

 

 

2.2.5 Immunohistochemistry (IHC) 

2.2.5.1 Single IHC 

A6 (an LPC marker associated with the biliary cells) IHC was performed on 5 μm 

frozen liver sections using the rat and mouse A6 antibody (gift from Dr. V. Factor). 

Sections were adhered to glass slides and then fixed in ice cold acetone/methanol (1:1) 

for 5 minutes. Following fixation, sections were left to air-dry at room temperature 

(RT). Sections were rehydrated in tap water and then incubated in 3% H2O2 for 5 min at 

RT. Sections were then rinsed in Tris buffered saline (TBS) and then encircled by a wax 

ring. Normal rat serum (1:4) was added to the sections and incubated for 2 min at RT 

and then tipped off each section. The A6 antibody (1:30) was added to the sections and 

then incubated overnight at 4oC. Sections were washed using TBS and then incubated 

with goat anti-rat IgG conjugated to HRP (1:80, Amersham Biosciences, USA) for 60 
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min at RT. Sections were washed with TBS and incubated with DAB (DAKO 

Corporation, USA) for 5 min at RT. Sections were rinsed in tap water and then 

counterstained with hematoxylin (Sigma-Aldrich, USA). Sections were then 

dehydrated, cleared in xylene and mounted in Depex (Sigma-Aldrich, USA). CD45 (a 

marker for inflammatory cells) (BD Pharmingen, USA), COX-2 (Santa Cruz, USA), 

Ki67 (a marker for cellular proliferation) (Dako, USA) and M2PK (a LPC marker 

associated with hepatocytes) (ScheBo Biotech, Germany) IHC was performed on 4 μm 

sections prepared from formalin-fixed liver tissue. Sections were cut and adhered to 

superfrost plus glass slides, which was followed by drying and rehydration. Sections 

then underwent antigen retrieval by boiling the slides in either EDTA buffer or citrate 

buffer for 15 mins and then left to cool for 20 mins at RT (Table 2.1). Sections were 

washed and then incubated in 3% H2O2 for 5 min at RT. Sections were then rinsed in 

TBS and encircled by a wax ring. Normal rabbit serum (1:4) was added to the sections 

and incubated for 2 mins at RT and then tipped off. Primary antibodies were added to 

the sections and then incubated overnight at 4oC. Sections were washed using TBS and 

then incubated with secondary antibodies for 30 min at RT. Sections that were 

incubated with biotinylated antibodies were then incubated with peroxidase conjugated 

streptavidin (1:100, DAKO Corporation, USA) for 30 min at RT. All sections were 

washed with TBS and incubated with DAB (DAKO Corporation, USA) for 1-5 min at 

RT. Sections were rinsed in tap water and then counterstained with hematoxylin. 

Sections were then dehydrated, cleared and mounted in Depex (Sigma-Aldrich, USA). 

 

1° antibody 

(dilution) 

Fixative Antigen 

retrieval 

2° antibody 

(dilution) 

2° antibody 

manufacturer 

M2PK (1:50) Formalin EDTA anti-mouseA (1:100) Dako, USA 

CD45 (1:50) Carnoy's Citrate anti-mouseA (1:100) Dako, USA 

COX-2 

(1:500) 

Formalin Citrate anti-goat HRP (1:1000) Rockland 

Immunochemicals, 

USA 

Ki67 (1:100) Formalin Citrate anti-rat HRP (1:80) Amersham  

Biosciences, USA 

Table 2.1: Antibodies for IHC.
A biotinylated antibody 
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2.2.5.2 Double IHC 
For double staining it was necessary to use an alternate yet analogous LPC marker (pan-

cytokeratin) in place of A6. Cytokeratin IHC comprises the A6 antigen and has also 

been described as a LPC marker (Kofman, Morgan et al. 2005). Double IHC is a 

combination of two single IHC procedures with each marker being visualized with a 

different chromogen. The double IHC was performed as described in Tian et al (1997), 

using antibodies against COX-2 (1:500, Santa Cruz), M2PK or pan-cytokeratin (1:200, 

Dako). To facilitate double labeling the chromogens AEC (3.5 mg 3-amino-9-

ethylcarbozole and 1.2 mL dimethyl sulphoxide added to 10 mL acetate buffer pH 5.0 

with 10 μL 30% H2O2) and chloronaphthol (CN) (3 mg 4-chloro-1-naphthol in 1 mL 

methanol added to 5 mL TBS with 3 μL 30% H2O2) were used and yielded red or blue 

products, respectively (Tian, Smith et al. 1997). Co-localization of the chromogens 

resulted in a purple product. Briefly, single IHC was performed for either of the 

antibodies as described above except that TBS/saponin (TBS with 0.2% saponin) was 

used instead of TBS. Sections were then washed with TBS/saponin and immunostained 

using a different primary antibody and chromogen. The slides were then mounted using 

glycerol/gelatin (glycerol 5% (v/v) and gelatin 15% (v/v)). 

 

 

2.2.5.3 Terminal deoxynucleotidyltransferase-mediated dUTP nick 

end-labelling (TUNEL) 

Apoptosis was detected in 4 μm paraffin embedded sections using the DeadEnd 

Colorimetric TUNEL System (Promega Corporation, USA) according to manufacturer’s 

protocol. Briefly, once cut and adhered to superfrost plus glass slides, sections were 

dried, cleared and rehydrated. Slides were immersed in TBS for 5 mins at RT and fixed 

in NBF for 15 mins at RT. Slides were then washed in TBS for 5 mins at RT followed 

by digestion in Proteinase K solution for 15 mins at RT. The slides were washed in TBS 

for 5 mins at RT and then re-fixed in NBF for 5 mins at RT. After the slides were 

washed, equilibration buffer was added for 5 mins at RT. Equilibration buffer was then 

removed and reaction mixture added and incubated with the sections for 60 mins at 

37°C inside a humidified chamber. Each reaction was terminated by removing the 
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reaction mixture and adding 2 x SSC solution to sections for 15 mins at RT. Sections 

were washed and then incubated in 3% H2O2 for 5 min at RT. The slides were washed 3 

times in TBS for 5 mins at RT and then incubated with peroxidase conjugated 

streptavidin (1:500, Promega Corporation, USA) for 30 min at RT. Sections were 

washed with TBS and incubated with DAB (Dako, USA) for 1 min at RT. Sections 

were rinsed in tap water and then dehydrated, cleared and mounted in Depex (Sigma-

Aldrich, USA). 

 

 

2.2.5.4 Immuno-reactive cell quantitation 
LPCs were identified and scored when they fulfilled standard morphological (peri-

portal small cells with ovoid nuclei and scant cytoplasm) and immunohistochemical 

(positive M2PK or A6 staining) criteria. TUNEL-positive oval-like cells were identified 

using morphological criteria; care was taken to exclude small hepatocytes and 

endothelial cells. The number of immuno-positive cells was determined by counting 10 

peri-portal non-overlapping fields at 40X magnification. Cell numbers were expressed 

as the average percentage of total cell number per field of view. 

 

 

2.2.6 RNA isolation 

2.2.6.1 Extraction 
RNA was extracted from frozen liver tissue using TRIzol reagent [Invitrogen] following 

the manufacturer’s instructions. One mL TRIzol reagent was added to 50-100 mg frozen 

liver. Liver tissue was immediately homogenized using a polytron homogenization 

blade [Janke and Klunkel Ultra Turrex T-25 homogenizer]. The homogenate was then 

incubated at RT for 5 min and centrifuged at 12,000 g for 10 min at 4°C. The 

supernatant was separated from the pelleted debris, 200 μL chloroform/mL TRIzol 

added and the mixture vortexed for 1 min. After incubation at room temperature for 2-3 

min the extract was centrifuged at 12,000g for 15 min at 4°C.  The upper aqueous phase 

was transferred to a clean tube containing 250 μL isopropanol and 250 μL high salt 

solution. The tube was mixed by inversion and incubated at 4°C for 10 min to 

precipitate the RNA, which was pelleted by centrifugation at 12,000 g at 4°C.  The 

RNA pellet was washed with 1 mL 75% ethanol/mL TRIzol (ethanol 75% (v/v) and 
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DEPC-treated water 25% (v/v)), centrifuged at 7,500g for 5 min at 4°C, then air-dried 

and re-dissolved in 100 μL DEPC-treated water. 

 

 

2.2.6.2 Quantification and assessment 
The RNA concentration was measured and its purity checked after an appropriate 

dilution in Tris-EDTA (TE) buffer. Absorbance measurements were taken at 260 and 

280 nm. A 260/280 ratio of 2.0 indicates an RNA extract relatively free of protein 

contamination. Ratio measurements between 1.8 and 2.0 were considered acceptable for 

Ribonuclease Protection Assay (RPA) and RT-PCR. 

 

 

2.2.6.3 Electrophoresis 
RNA was electrophoresed in a 1.2% agarose gel containing 6.6% formaldehyde in 1X 

MOPS buffer. Two μg aliquots of RNA were made up to 15 μL with RNA 

electrophoresis sample buffer. After denaturation of the resuspended samples at 65°C 

for 15 min they were loaded into wells and electrophoresed at 80 mA until the dye front 

had migrated 6 cm from the sample wells. The bands were visualised under UV 

illumination. Typically the 28S band was 2-3 times more intense than the 18S indicating 

an RNA solution acceptably free of degradation. The integrity of the RNA preparation 

was assessed to be sufficient when the 28S and 18S ribosomal RNA bands were not 

degraded and the bands were distinct for each sample. 

 

 

2.2.7 Ribonuclease protection assay (RPA) 
RPAs were conducted using the RiboQuant Multiprobe RNase Protection Assay System 

[Pharmingen] according to manufacturer's protocol. This comprises an In Vitro 

transcription kit, an RPA Kit and the mCK3b multi-probe template set. The mCK3b 

template set contained probes for the mouse mRNAs encoding the cytokines LTα, LTβ, 

TNFα, IL6, IFNγ, IFNβ, TGFβ1, TGFβ2, TGFβ3, MIF and the loading controls L32 

and GAPDH. 
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2.2.7.1 Probe synthesis 
To synthesise the probe from a template set, the following reagents were combined in a 

1.5 mL microfuge tube, 1 μL RNasin (40 U/μL), 1 μL GCAU pool (GAC 2.75 mM 

each, U 61 μM), 2 μL DTT (100 mM), 4 μL 5X Transcription Buffer, 1 μL of the 

mCK3b template set, 10 μL [α-32P] UTP (10 mCi/mL, 3000 Ci/mmol [Amersham]) and 

1 μL T7 RNA polymerase (20 U/μL). The tube was mixed gently, centrifuged briefly 

and incubated at 37°C for 1 h.  The reaction was terminated by the addition of 2 μL 

DNase (1 U/μL) and the reagents mixed and incubated at 37°C for 30 min, to complete 

the DNase digestion. The RNA probe was extracted from the reaction mix by the 

addition of 26 μL EDTA (20 mM), 50 μL phenol:chloroform:isoamyl alcohol (25:24:1) 

and 2 μL yeast tRNA (2 mg/mL). The reagents were vortexed to an emulsion and 

centrifuged at 18,000 g for 5 min at RT [IEC MicroMax centrifuge]. The upper aqueous 

phase was transferred to a new tube and 50 μL Chloroform:Isoamyl alcohol (24:1) 

added. The tube was vortexed and centrifuged for 2 min at 18,000 g at RT. The upper 

aqueous phase was transferred to a clean tube and the RNA probe precipitated after the 

addition of 50 μL 4 M ammonium acetate and 250 μL ice-cold 100% ethanol, by 

inversion of the tube to mix the reagents and incubation at –80°C for 1-2 h. The 

precipitated probe was pelleted by centrifugation at 18,000 g for 15 min at 4°C, washed 

in 100 μL ice-cold 90% ethanol and re-centrifuged at 18,000 g for 5 min at 4°C. Once 

air dried for 5-10 min, the probe was redissolved in 50 μL hybridisation buffer. The 

radioactivity of the probe was measured as Cherenkov counts in duplicate 1 μL aliquots 

diluted in 200 μL DEPC-treated water [Beckman Coulter LS6500 multipurpose 

scintillation counter]. The probe was diluted to 2.7 x 105 cpm/μL for use. 

 

 

2.2.7.2 RNA preparation and hybridisation 

Twenty μg of target RNA, 2 μg of positive control mouse RNA (provided in kit) or 5 

μg of negative control yeast tRNA was added to 1.5 mL microfuge tubes. The RNA 

aliquots were dried under vacuum and 8 μL hybridisation buffer added to each. The 

tubes were vortexed for 3-4 min to dissolve the RNA and centrifuged briefly. Two μL 

of diluted probe was added to each RNA sample and mixed gently with the pipette. 

Forty μL of mineral oil was added to each tube, which was flash spun for 5 s. The 
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samples were denatured at 90°C for 10 min and then incubated at 56°C overnight (12-

16 h). The following morning the hybridised samples were cooled slowly to 37°C. An 

RNase cocktail was prepared containing, for each sample, 125 μL 1X RNase buffer and 

0.3 μL of RNase A/T1 mix (80 ng/μL). Once the samples had reached 37°C, 100 μL of 

the RNase cocktail was pipetted beneath the oil into the reaction mix, the samples were 

flash spun for 10 s and incubated at 30°C for 1 hour. During this incubation a proteinase 

K cocktail was prepared for each sample containing, 19.5 μL 1X Proteinase K buffer, 

1.5 μL Proteinase K and 1.5 μL yeast tRNA was prepared and 18 μL volumes aliquoted 

into fresh 1.5 mL microfuge tubes. The RNA digests were pipetted from beneath the oil 

and transferred into the correspondingly labelled tubes containing Proteinase K. The 

tubes were vortexed, flash spun and incubated at 37°C for 15 min. Probe hybridised to 

sample mRNA transcripts were extracted from the reaction mixture by the addition of 

130 μL of phenol:chloroform:isoamyl alcohol (25:24:1). The sample/solvent mixtures 

were vortexed to an emulsion and centrifuged at 18,000 g for 5 min at room 

temperature. The upper aqueous phase was transferred into a clean 1.5 mL microfuge 

tube and the RNA precipitated with the addition of 120 μL 4 M ammonium acetate and 

650 μL ice-cold 100% ethanol, a mix by inversion and incubation for 1-2 hours at –

80°C. Once precipitated the RNA was pelleted by centrifugation at 18,000 g for 15 min 

at 4°C. The pellet was washed with 100 μL 90% ethanol and centrifuged again at 

18,000 g for 5 min at 4°C. The ethanol was removed and the pellet air dried for 30 mins. 

Five μL 1X loading buffer was added to each sample, followed by vortexing for 2-3 

min and flash spun. Size markers for the gel were prepared by diluting unreacted probe 

to 1000 cpm/μL in DEPC-treated water and adding 1 μL to 5 μL loading buffer. All the 

samples were denatured at 90°C for 3 min and kept on ice until loaded onto the gel. 

 

 

2.2.7.3 Electrophoresis 
A 5% polyacrylamide gel was prepared using 4.5 mL 40% acrylamide:bisacrylamide 

19:1, 12.6 g urea, 3.5 mL 10X TBE and the volume made up to 35 mL with water and 

degassed under vacuum. Fifty μL each of 25% ammonium persulphate (APS) (25% 

(w/v) solution of ammonium persulphate was prepared in water. Aliquots were kept 

refrigerated for short periods (<1 week) or stored at –20°C) and TEMED were added 

and the solution immediately mixed by inversion. The Hoefer SE 400 vertical slab 
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electrophoresis unit [Hoefer Scientific Instruments, USA] comprising 18 x 24 cm glass 

plates and 0.75 mm rubber spacers, was clamped together and assembled on the vertical 

gel caster unit. The gel mix was introduced uniformly between the glass plates using a 

50 mL syringe and a 23G needle and left for 1 h to polymerise. Once the gel was 

polymerised, the electrophoresis apparatus was assembled and 1X TBE buffer added to 

the reservoirs. The wells were flushed with 1X TBE buffer and the gel pre-

electrophoresed for 45 min at 16 W. The wells were flushed again before loading the 

samples and size markers, which were electrophoresed at 16W until the front dye 

(bromophenol blue) reached the bottom of the gel. The apparatus was disassembled and 

the gel adsorbed onto filter paper, covered in cling film and dried under vacuum for 1 h 

at 80°C [BioRad 583 Gel Dryer]. 

 

 

2.2.7.4 Gel imaging and calculation of results 
The dried gel was exposed to a BAS-IIIS [Fuji Photo Film Co. Ltd.] phosphor-imaging 

plate for between 30 min and 48 h, as appropriate to the signal intensity. The image on 

the exposed plate was visualised using the FujiFilm BAS 2500 phosphorimager. Using 

the undigested probe as size markers, a standard curve was constructed on semi-log 

graph paper, plotting migration distance against log marker-probe length. This curve 

was used to establish the identity of the ‘RNase-protected’ bands in the samples by their 

size. The photostimulated light (PSL) intensity of the bands in the image was quantified 

using the Fuji ImageGauge Software V3.45 [Fuji Photo Film Co. Ltd.]. The GAPDH 

signal was used to normalise cytokine PSL intensities to those of other samples on the 

gel. Where normalisation between gels was required, for instance to compare cytokine 

mRNA abundance in the CDE-treated mice both within and between time points, a 

group of 3 samples was assayed on each of the gels and used to normalise the signals 

given by samples on different gels in units designated as ‘arbitrary units’ or a.u. 

 

 

2.2.8 RT-PCR (Reverse Transcriptase PCR) 
RNA was converted to cDNA using the Thermoscript Reverse Transcription System 

(Invitrogen, USA) according to the instructions of the manufacturer. PCR was 

performed using specific primers directed against murine COX-2 (forward primer: 5’ 

AAAACCGTGGGGAATGTATGAGCAC 3’, reverse primer: 5’ 
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AAACTTCGCAGGAGGGGGATGTTG 3’) or β-actin (forward primer: 5’ 

CTGGCACCACACCTTCTA 3’ reverse primer: 5’ GGGCACAGTGTGGGTGAC 3’). 

For analysis of whole liver COX-2 levels, quantitative PCR was performed in real time 

using a RotorGene 2000 (Corbett, Australia) incorporating SYBR green to measure the 

formation of double stranded amplicons. Data were normalised against a plasmid 

construct containing the COX-2 fragment, generated exactly as previously described 

(Matthews, Knight et al. 2005). Quantitation data for COX-2 PCR was normalised 

against that of β-Actin. PCR products were separated using agarose gel electrophoresis 

and stained using ethidium bromide. Resultant bands were compared to a molecular 

weight marker to confirm the products were the expected size. 

 

 

2.2.9 Statistical analysis 
Data are reported as the mean + SEM. Comparisons between groups were performed 

using unpaired t-test or Fisher's exact test (GraphPad Prism version 4.00 for Windows, 

GraphPad Software, USA). Data were deemed to be significantly different when P < 

0.05. 

 

 

2.3 Results 
2.3.1 SC-236 did not affect physiological parameters of mice fed the 

CDE diet 
Administration of SC-236 did not affect animal behaviour or appearance. 

 

 

2.3.1.1 Body and liver weights 
Body and liver weights were measured in order to determine the physiological effect of 

SC-236 administration in mice fed the CDE diet. CDE fed mice had a 25% reduction in 

body weight at 2 and 4 weeks compared to controls (P < 0.001) (Figure 2.1A). Feeding 

mice the CDE diet for 2 or 4 weeks did not change liver weight (Figure 2.1B). SC-236 

did not affect liver or body weights in 2 or 4 week CDE fed mice (Figure 2.1).  
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2.3.1.2 Serum AST 
AST is a liver enzyme that leaks out of the cytoplasm of necrotic hepatocytes and is 

consequently released into the blood. Thus the amount of serum transaminase activity 

provides an indication of the extent of liver damage. The CDE diet induced AST 

activities 4.5-fold greater than controls at 2 weeks (P < 0.01) after which levels returned 

to below baseline (Figure 2.2). Administration of SC-236 did not affect the AST 

activities of CDE fed mice. 

 
control
CDE-D
CDE+D

control
CDE-D
CDE+D

0.00

0.25

0.50

1.75

1.00

1.25

2 4
Time point (weeks)

2 4
Time point (weeks)

A
ve

ra
ge

 li
ve

r w
ei

gh
t (

g)

0

10

20

30

A
ve

ra
ge

 w
ho

le
 m

ou
se

 w
ei

gh
t (

g)

2 4
Time point (weeks)

***
***

0

10

20

30

A
ve

ra
ge

 w
ho

le
 m

ou
se

 w
ei

gh
t (

g)

2 4
Time point (weeks)

2 4
Time point (weeks)

******
******

A B
 

 

 

 

 

 

 

 

 

Figure 2.1 SC-236 administration did not affect whole animal (A) or liver weights 

(B) of mice fed the CDE diet for 2 and 4 weeks.  

Bars represent group averages with +SEM. *** P < 0.001. 
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Figure 2.2 SC-236 did not affect the serum AST activities in mice fed the CDE diet 

at 2 and 4 weeks. 

Bars represent group averages with +SEM. ** P < 0.01. 



Chapter 2 Short term effects of SC-236 administration on the murine CDE model 66 
 

2.3.1.3 Hepatic PGE2 
PGE2 is a product of COX-2 activity and therefore hepatic PGE2 was assayed to 

determine whether SC-236 inhibits hepatic COX-2 activity. Hepatic PGE2 content 

increased significantly from 481 +18 pg/mg protein in control mice to 863 +35 pg/mg 

protein in CDE-D mice at 2 weeks (P < 0.05). SC-236 did not affect COX-2 activity, 

with a total hepatic PGE2 content of 800 +30 pg/mg protein in CDE+D mice at 2 

weeks. 

 

 

2.3.2 SC-236 effect on LPC markers 
 

2.3.2.1 SC-236 reduced the number M2PK-positive cells 
The LPC marker M2PK was used to examine the effect of SC-236 on LPC numbers in 

CDE treated animals. SC-236 did not change the distribution of M2PK-positive LPCs 

when compared to CDE-D mice (Figure 2.3). The CDE diet induced significant 

numbers of M2PK-positive LPCs when compared to mice fed normal or CDE+D diets. 

The CDE diet induced more than an 11-fold increase in the number of M2PK-positive 

LPCs at both 2 and 4 weeks when compared to control values (Figure 2.4). SC-236 

administration significantly reduced the number of M2PK-positive LPCs by 

approximately 60% at 2 weeks and 70% at 4 weeks when compared to CDE-D mice 

(Figure 2.4). 
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Figure 2.3 M2PK-positive cells induced by the CDE diet in mice at 2 weeks. 

Photomicrographs of livers of CDE-D (A) and CDE+D (B) at 2 weeks. Arrows show 

M2PK-positive LPCs. Scale bar represents 100 μm. 
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Figure 2.4 SC-236 reduced the number of M2PK-positive LPCs at 2 and 4 weeks of 

administration of the CDE diet. 

Bars represent group averages with +SEM. ** P < 0.01, *** P < 0.001. 

 

 

2.3.2.2 SC-236 did not affect the number of A6-positive cells 
The LPC marker A6 was another LPC marker used to examine the effect of SC-236 in 

vivo. SC-236 did not change the distribution of A6-positive cells in animals fed the 

various CDE-containing diets (Figure 2.5). The CDE diet induced significant numbers 

of A6-positive LPCs when compared to animals fed the control (Figure 2.6). The 

proportion of A6-positive cells in mice fed CDE was about 12.5% of the total cell 

population at 2 weeks and then increased to 20% at 4 weeks. SC-236 administration did 

not significantly change the number of A6-positive cells in CDE fed mice (Figure 2.6). 
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Figure 2.5 A6-positive cells induced by the CDE diet in mice at 2 weeks. 

Photomicrographs of livers of CDE-D (A) and CDE+D (B) at 2 weeks. Scale bar 

represents 100 μm. 
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Figure 2.6 SC-236 did not affect the number of A6-positive LPCs at 2 and 4 weeks 

of administration of the CDE diet.

Bars represent group averages with +SEM. ** P < 0.01, *** P < 0.001. 

 

 

2.3.3 SC-236 reduced inflammation 

2.3.3.1 SC-236 reduced the number of CD45-positive cells 
CD45 is a generic marker of inflammatory cells, which identifies B cells, T-cell 

subtypes, monocytes, macrophage and granulocytes. CD45 IHC was used to assess the 

effect of SC-236 administration on the numbers of hepatic inflammatory cells. SC-236 

did not change the distribution of CD45-positive cells when compared to CDE-D mice 

(Figure 2.7). The CDE diet induced a 2-fold increase in the numbers of CD45-positive 

cells at 2 and 4 weeks when compared to mice fed normal chow (Figure 2.8). SC-236 

administration reduced the number of CD45-positive cells by approximately 25% at 2 

weeks (P < 0.05) and 35% at 4 weeks compared to CDE-D mice (Figure 2.8). 
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Figure 2.7 CD45-positive cells induced by the CDE diet in mice at 2 weeks. 

Photomicrographs of livers of CDE-D (A) and CDE+D (B) at 2 weeks. Scale bar 

represents 100 μm. 
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Figure 2.8 SC-236 reduced the number of CD45-positive cells at 2 and 4 weeks of 

administration of the CDE diet. 

Bars represent group averages with +SEM. * P < 0.05 and ** P < 0.01. 

 

 

2.3.3.2 SC-236 reduced hepatic COX-2 expression 
COX-2 is up-regulated during pathologies involving inflammation. COX-2 RT-PCR 

and IHC was used to determine whether COX-2 is up-regulated during the murine CDE 

diet. Kupffer cells, sinusoidal and endothelial cells were immuno-reactive for COX-2, 

whilst mature hepatocytes and biliary cells were not (Figure 2.9). Cells exhibiting the 

morphological characteristics of LPCs were also COX-2-positive. SC-236 did not 

change the distribution of COX-2-positive cells when compared to CDE-D mice (Figure 

2.9). The CDE diet induced up to a 44-fold increase in hepatic COX-2 mRNA levels 

when compared to control values (Figure 2.10). The CDE diet induced a 2-3 fold 

increase in the numbers of COX-2-positive cells when compared to control mice or 

CDE+D diets at 2 and 4 weeks (Figure 2.11). The number of COX-2-positive cells in 

CDE mice did not change between 2 and 4 weeks in CDE-D animals (Figure 2.11). SC-

236 administration significantly reduced the number of COX-2-positive cells by 

approximately 40% at 2 weeks (P < 0.05) and 20% at 4 weeks (P < 0.05) compared to 

CDE-D mice (Figure 2.11). 
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Figure 2.9 COX-2-positive cells induced by the CDE diet in mice at 2 weeks. 

Photomicrographs of livers of CDE-D (A) and CDE+D (B) at 2 weeks. COX-2-positive 

cells are Kupffer cells (black arrowhead), sinusoidal cells (white arrowhead) and oval-

like cells (arrow). Scale bar represents 100 μm. 
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Figure 2.10 Hepatic COX-2 mRNA levels were increased by the murine CDE diet. 

Bars represent group averages of fold differences relative to controls with +SEM. * P < 

0.05. 
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Figure 2.11 SC-236 reduced the number of COX-2-positive cells at 2 and 4 weeks 

of administration of the CDE diet. 

Bars represent group averages with +SEM. * P < 0.05, ** P < 0.01 and *** P < 0.001. 
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2.3.3.3 SC-236 reduced the expression of pro-inflammatory cytokines 

There is a peak in the production of lymphotoxin β (LTβ), tumour necrosis factor (TNF) 

and interferon γ (IFNγ) at 2 weeks in mice fed the CDE diet (Knight, Matthews et al. 

2005). The mRNA expression of these cytokines was measured to investigate the 

impact of SC-236 during administration of the CDE diet to mice at 2 and 4 weeks 

(Figure 2.12). The relative amounts of LTβ, TNF and IFNγ mRNA were between 1.3 

and 1.5-fold greater than controls in CDE-D mice at 2 weeks (Figure 2.13A-C). 

Administration of SC-236 prevented the expected rise in LTβ, TNF and IFNγ mRNA 

levels after 2 weeks of CDE administration (Figure 2.13A-C, P < 0.05). The relative 

amount of TGFβ1 mRNA was 1.5-fold greater than controls in CDE-D mice at 2 and 4 

weeks (P < 0.05) (Figure 2.13D). SC-236 did not reduce the amount of TGFβ1 mRNA 

in CDE fed mice at 2 and 4 weeks. 

 

 

 

Figure 2.12 RPA gel image for 2 week liver samples. 

This figure is representative of the appearance of a RPA gel image that was used to 

quantify various bands and their corresponding cytokine of interest. 
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Figure 2.13 SC-236 reduces hepatic expression of pro-inflammatory cytokines at 2 

and 4 weeks of administration of the CDE diet. 

LTβ (A), TNF (B), IFNγ (C) and TGFβ1 (D). Graph points represent relative fold 

differences of each CDE group average from control tissues with +SEM. * P < 0.05. 

 

 

2.3.4 LPCs expressed COX-2 
Double IHC was used to determine whether COX-2 co-localises with LPC markers. 

Double IHC showed that some COX-2-positive cells were also positive for M2PK, but 

not for cytokeratin, an alternative marker for A6, which also stains LPCs associated 

with biliary cells (Figure 2.14). 
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Figure 2.14 COX-2 co-localised with M2PK and not with cytokeratin-positive cells. 

Photomicrographs of double IHC for COX-2 and either M2PK (A) and cytokeratin (B) 

show cells positive for COX-2 (brown stain; long arrows) in CDE-D mice after 2 

weeks. Some oval-shaped COX-2-positive cells were found to co-express M2PK 

(purple-black stain; thick arrows; A). Cells positive for either M2PK (blue stain; 

arrowhead; A) or cytokeratin (blue stain; arrowhead; B) were also observed. 

 

 

2.3.5 SC-236 reduced the number of proliferating cells 
Ki67, a specific marker for proliferating cells, was used to determine the effect of SC-

236 administration on cellular proliferation during the initial stages of the CDE diet in 

mice. Parenchymal and non-parenchymal cells were Ki67-positive (Figure 2.13). SC-

236 did not change the distribution of Ki67-positive cells when compared to CDE-D 

mice (Figure 2.15). The numbers of Ki67-positive cells were significantly increased in 

mice fed the CDE diet compared to control diet mice (Figure 2.16). There was a 12-fold 
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increase of Ki67-positive cells at 2 weeks. There was a 3-fold increase of Ki67-positive 

hepatocytes and a 7-fold increase of Ki67-positive non-parenchymal cells at 4 weeks. 

The proportion of proliferating hepatocytes detected in CDE mice decreased from 4% at 

2 weeks to 1.5% at 4 weeks (Figure 2.16A) whilst the proportion of proliferating non-

parenchymal cells decreased from 2.5% at 2 weeks to 1% at 4 weeks (Figure 2.16B). 

SC-236 administration reduced the number of Ki67-positive hepatocytes by 65% at 2 

weeks (P < 0.05). SC-236 administration did not significantly affect the proliferation of 

non-parenchymal cells. 

 

 

2.3.6 SC-236 increased apoptosis 
TUNEL was used to identify cells undergoing apoptosis in mice fed the CDE diet. 

Hepatocytes, sinusoidal and LPCs were TUNEL-positive (Figure 2.17). The numbers of 

TUNEL-positive cells were increased 2-fold in CDE-D (P < 0.01) and 3-fold in CDE+D 

(P < 0.05) mice compared to controls (Figure 2.18). There were 0.6% TUNEL-positive 

cells and 0.1% LPC TUNEL-positive cells in CDE-D at 2 weeks (Figure 2.18). SC-236 

administration increased the number of LPC TUNEL-positive cells by 4-fold at 2 weeks 

compared to CDE-D mice (P < 0.05) (Figure 2.18). 
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Figure 2.15 Ki67-positive cells induced by the CDE diet in mice at 2 weeks. 

Photomicrographs of livers of CDE-D (A) and CDE+D (B) at 2 weeks. Scale bar 

represents 100 μm. 
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Figure 2.16 SC-236 reduced the number of Ki67-positive cells at 2 and 4 weeks of 

administration of the CDE diet. 

Hepatocytes (A) and non-parenchymal cells (B). Bars represent group averages with 

+SEM. * P < 0.05. 

 

B
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Figure 2.17 TUNEL-positive cells induced by the CDE diet in mice at 2 weeks of 

administration of the CDE diet. 

Photomicrographs of livers of CDE-D (A) and CDE+D (B) at 2 weeks. Oval-like cell 

that is TUNEL-positive (arrow). Scale bar represents 100 μm. 
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Figure 2.18 SC-236 increases the number of TUNEL-positive cells at 2 and 4 weeks 

of administration of the CDE diet. 

Bars represent group averages with +SEM. * P < 0.05 and ** P < 0.01. 

 

 

2.4 Discussion 
SC-236 administration significantly affected a variety of cell populations which are 

normally induced to proliferate and/or differentiate in the first month of the murine 

CDE model. M2PK-positive LPCs, inflammatory cells, COX-2-positive cells and 

cellular proliferation were all reduced by SC-236 at 2 and 4 weeks. In addition, 

apoptosis was increased by SC-236. Hepatic mRNA levels of LTβ, TNF and IFNγ were 

all significantly reduced during the peak of LPC activation by SC-236. However, SC-

236 administration did not affect the number of A6-positive cells, liver weights, 

hepatocellular damage (serum AST activity) and COX-2 activity (as reflected by 

hepatic PGE2 levels) in mice fed the CDE diet. 

 

When taken together with previous work, which showed that an attenuated LPC 

response correlates with reduced incidence of liver tumours (Knight, Yeoh et al. 2000), 

it seems likely that S2CIs may reduce the risk of hepatocarcinogenesis through 

modulation of LPC activation. In the context of human chronic liver disease, these 

results are of considerable relevance, since the risk of HCC is paralleled by changes in 

the number of LPCs (Lowes, Brennan et al. 1999). The recent study by Shachaf et al 
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(2004) strongly suggests that LPCs can directly give rise to HCC and LPCs proliferate 

in a number of diverse liver diseases (Shachaf, Kopelman et al. 2004) and pathologies 

that generally occur in association with HCC (Lorenz, Slaughter et al. 1999) (Theise, 

Yao et al. 2003) including small cell dysplasia (Libbrecht, Desmet et al. 2000), 

parenchymal inflammation (Libbrecht, Desmet et al. 2000) and fibrosis (Lowes, 

Brennan et al. 1999) (Roskams, Yang et al. 2003). Therefore, LPCs represent a 

population that in certain diseases reflects the extent of liver damage and the likelihood 

for hepatocarcinogenesis. The administration of pharmaceutical agents such as SC2I 

may ultimately prove useful in the reduction of HCC risk associated with LPC 

activation. 

 

These data clearly show that SC-236 reduces hepatic inflammation by decreasing CD45 

expressing cells and pro-inflammatory cytokine mRNA levels. There have been few 

studies documenting the influence of SC2Is on these parameters. NS-398 reduced 

inflammatory infiltration of polymorphonuclear leukocytes, monocytes, macrophages 

and lymphocytes by 48% in the air-pouch model of acute inflammation (Masferrer, 

Zweifel et al. 1994). More recently, Yamamoto et al (2003) showed that JTE-522 

significantly reduced the hepatic CD45 content of rats fed a choline deficient diet for 

12, 24 and 36 weeks (Yamamoto, Kondo et al. 2003). IFNγ and TNFα production were 

reduced by up to 95% upon Celecoxib or NS-398 treatment of activated T cells 

(Iniguez, Punzon et al. 1999). Other studies have also shown that TNFα production is 

reduced by SC2I (Ito, Katagiri et al. 2003) (Katagiri, Ito et al. 2004). The in vivo data 

presented here also extends existing data by showing for the first time that a SC2I 

reduces the hepatic expression of LTβ, TNF and IFNγ (Lowes, Croager et al. 2003) 

(Akhurst, Matthews et al. 2005). 

 

SC-236 administration was found to significantly decrease the number of M2PK-

positive LPCs and not affect the number of A6-positive cells in mice fed the CDE diet 

for 2 and 4 weeks. This may be due to direct effects of SC-236 on LPCs, as the number 

of oval-like cells undergoing apoptosis was increased in animals receiving the drug. 

However it may also be due in part to indirect effects, mediated via the dampened 

inflammatory environment of the SC-236 treated livers. Numerous previous studies 

have suggested a strong link exists between inflammation, cytokine production and LPC 

activation. Akhurst et al (2005) demonstrated that IFNγ knockout mice fed the CDE diet 
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had reduced numbers of M2PK-positive LPCs without a change in the numbers of A6-

positive LPCs (Akhurst, Matthews et al. 2005). IFNγ is a pro-inflammatory cytokine 

that controls a network of inflammatory mediators known to be upregulated during LPC 

activation (Bisgaard, Muller et al. 1999) (Akhurst, Matthews et al. 2005). Removing 

IFNγ signalling perturbs a multi-factorial pro-inflammatory response, leading to 

significant effects on LPC activation. 

 

Likewise, gadolinium is known to inhibit the function of Kupffer cells in injured rodent 

liver (Loffreda, Rai et al. 1997) (Enomoto, Ikejima et al. 2000) and thus exerts anti-

inflammatory actions. Gadolinium chloride has been shown to inhibit M2PK-positive 

LPC activation induced by bile duct ligation in rats (Olynyk, Yeoh et al. 1998). The 

effect of gadolinium on bile duct ligation treated rats was specific to M2PK expressing 

LPCs; no difference in biliary cell numbers was observed in gadolinium treated rats. 

Paku et al (2001) demonstrated that prolonged administration of the steroidal anti-

inflammatory drug (SAID) dexamethasone inhibited LPC activation in a rat model of 

liver injury (Paku, Schnur et al. 2001). Dexamethasone is known to reduce the 

expression of pro-inflammatory cytokines associated with LPC activation, including 

TNFα and interleukin 6 (IL-6) (Nagy, Kiss et al. 1998). Thus, the mechanism of 

dexamethasone-mediated inhibition of LPC function may be mediated by its anti-

inflammatory actions. Regardless of the mechanisms that result in the inhibition of LPC 

activation, SAIDs, NSAIDs and gadolinium are known to reduce hepatic inflammatory 

environments, and therefore impact upon the factors required for LPC activation. 

 

The relevance of the distinction between results obtained using M2PK and A6 as LPC 

markers in this study is unknown and clearly requires further evaluation. The exact 

relationship between these two markers remains unresolved. However, previous work 

indicates they may represent two different sub-populations of the oval cell 

compartment. Many M2PK-positive LPCs co-express the mature hepatocyte markers, 

albumin and LPK (L-pyruvate kinase) while some small hepatocytes are M2PK-positive 

during the early stages of the CDE diet (Tee, Kirilak et al. 1996) (Tian, Smith et al. 

1997). This suggests that M2PK-positive cells may represent hepatocyte progenitor 

cells. Conversely, LPCs expressing A6 are proximal to expanding biliary cells during 

LPC mediated regeneration (Engelhardt, Factor et al. 1990) (Akhurst, Croager et al. 

2001). LPCs and biliary cells share antigens such as chromogranin A, cytokeratins 19 
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and 7 and OV6 in humans (Haque, Haruna et al. 1996) (Roskams, De Vos et al. 1996) 

(Roskams, De Vos et al. 1998), OV6 in rats (Faris, Monfils et al. 1991) and A6 and G7 

in mice (Engelhardt, Factor et al. 1990) during LPC activation. Thus this data may 

suggest that SC-236 may preferentially reduce the number of LPCs destined to be 

hepatocytes, whilst not affecting those differentiating into biliary cells.  

 

An alternate but not mutually exclusive explanation is that A6-positive cells represent a 

relatively immature or less differentiated LPC, whereas M2PK-positive LPCs are more 

differentiated by exhibiting a maturing phenotype. LPC activation and expansion 

precedes the appearance of LPCs that co-express the mature hepatocyte marker LPK 

(Tee, Kirilak et al. 1996) (Smith, Tee et al. 1996) (Tian, Smith et al. 1997). 

Additionally, A6-positive LPC expansion commences as early as day 3 following the 

administration of the CDE diet (Knight, Matthews et al. 2005) (Knight and Yeoh 2005), 

whereas there are relatively few M2PK-positive LPCs (Tian, Smith et al. 1997). 

Together these data suggest that A6 could be an early, less mature marker for LPCs and 

M2PK a more mature, differentiated LPC marker. If this is the case, A6 expansion 

represents the stimulation of an immature LPC population primed to differentiate. In 

these circumstances, the administration of anti-inflammatory drugs may not affect LPC 

stimulation but may attenuate the number of LPCs maturing to hepatocytes. 

 

The current study demonstrated that SC-236 affects proliferation through a significant 

reduction of hepatocyte replication. This is in accordance with previous studies, which 

have shown that COX-2 inhibition impairs hepatocyte-mediated regeneration after 

partial hepatectomy (PHx) (Casado, Callejas et al. 2001) (Rudnick, Perlmutter et al. 

2001). The CDE diet is a chronic injury liver regeneration model that employs LPCs as 

well as hepatocytes to restore liver mass. Thus the current work extends previous 

observations by showing that SC2I administration reduces hepatocyte proliferation in 

chronic hepatic injury. In addition, the reduction of proliferating hepatocytes may be 

linked to the reduction of M2PK-positive LPCs. For example if SC-236 causes reduced 

impairment of hepatocyte proliferation (regeneration) then it is likely that there is less 

stimuli for LPCs differentiating along the hepatocyte lineage, since the impairment of 

hepatocyte replication is thought to induce LPC activation. 
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The current study shows that SC-236 significantly increases apoptosis in a mouse model 

of hepatocarcinogenesis. SC-236 induced a 4-fold increase in apoptosis of cells 

exhibiting LPC characteristics suggesting that SC-236 may be directly affecting the 

hepatic progenitor population during regeneration and hepatocarcinogenesis. The only 

other study to investigate the effect of a SC2I on apoptosis in a model of 

hepatocarcinogenesis showed that apoptosis was not increased by celecoxib (Marquez-

Rosado, Trejo-Solis et al. 2005). The inability of celecoxib to affect apoptosis may be 

explained in part through the use of a different model of hepatocarcinogenesis and a 

different concentration of SC2I which was administered (Marquez-Rosado, Trejo-Solis 

et al. 2005). Marquez-Rosado et al (2005) studied the Solt-Farber model which is 

distinct from the CDE model by virtue of the cell types that are stimulated during the 

initial stages of hepatocarcinogenesis (Sell 2002). The Solt-Farber model elicits 

extensive proliferation of ductular progenitor cells (Dunsford and Sell 1989) (Evarts, 

Nakatsukasa et al. 1990) (Alison, Golding et al. 1996), contrasting with the choline 

deficiency model which induces single-file peri-ductular progenitor cell proliferation 

along the sinusoids (Novikoff, Ikeda et al. 1991) (Akhurst, Croager et al. 2001). 

Furthermore, the resultant liver tumours from the 'Solt-Farber' model have a 

predominantly LPC phenotype (Sell and Dunsford 1989), whereas tumours induced by 

the CDE model express a greater range of hepatocytic markers (Hixson, Faris et al. 

1990) (Hixson, Brown et al. 2000) (Knight, Yeoh et al. 2000). Taken together, these 

observations suggest that each model induces different LPC compartments and it is 

therefore possible that cells that undergo apoptosis during SC2I administration are 

induced by the CDE diet and not in the Solt-Farber model. 

 

The current COX-2 IHC and RT-PCR data are consistent with previous studies in which 

administration of a SC2I reduces COX-2 expression in the liver (Denda, Kitayama et al. 

2002) (Yamamoto, Kondo et al. 2003). Double staining of tissue sections showed that 

oval shaped cells co-expressed COX-2 and M2PK but none were co-positive for COX-2 

and cytokeratin, a marker shown to stain cells also positive for A6 (Kofman, Morgan et 

al. 2005). These data suggest that the selective reduction in M2PK-positive LPCs by 

SC-236 treatment to the murine CDE model may be related to the differential 

expression of the LPC markers and therefore different LPC sub-populations. 
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The capacity of SC2Is to inhibit PGE2 production or serum AST levels, and other 

related physiological parameters, are likely to be dependent on the concentrations and 

type of SC2I administered. Some SC2Is are able to inhibit COX-2 (Casado, Callejas et 

al. 2001) or serum AST activity (Yamamoto, Kondo et al. 2003) (Begay and Gandolfi 

2003)  in vivo while others do not (Marquez-Rosado, Trejo-Solis et al. 2005). The 

inability of 5 mg/kg/day of SC-236, used in this study, to reduce COX-2 activity or 

circulating AST, may be attributed to the relatively low concentration which was 

administered. The discrepancy between the current data and those of Yamamoto et al 

(2003) may be explained through the use of different concentrations of SC2I. 

Yamamoto used two different concentrations of JTE-522, a SC2I. The low JTE-522 

concentration (10 mg/kg/day) did not significantly reduce hepatic PGE2 and serum AST 

activity whereas the higher JTE-522 concentration (30 mg/kg/day) did in rats fed a 

choline deficient diet (Yamamoto, Kondo et al. 2003). Furthermore, other in vivo 

models have shown that despite the inability to reduce PGE2 production, neoplasia is 

still reduced in the skin (Won, Ong et al. 2004), stomach (Shin, Wu et al. 2004) and 

liver (Marquez-Rosado, Trejo-Solis et al. 2005). Furthermore, Shin et al (2004) showed 

a significant dose dependent reduction of tumour size without affecting gastric PGE2 

levels even at low concentrations of SC-236 (Shin, Wu et al. 2004). Therefore it is 

likely that a higher concentration of SC-236 would reduce COX-2 activity and other 

relevant physiological factors in the murine model of LPC activation used in this study. 

 

2.4.1 Conclusions 
This study has shown for the first time that the administration of a SC2I attenuated LPC 

activation whilst promoting apoptosis of LPCs during the initial stages of experimental 

hepatocarcinogenesis. Hepatic inflammation and proliferation were also concurrently 

reduced by the SC2I. Since the up-regulation of these hepatic events are early indicators 

of pre-neoplasia these results suggest that SC2Is may be useful in reducing 

hepatocarcinogenesis. 

 



  
 

 

 

 

 

 

 

 

Chapter 3 

 

SC-236 induces apoptosis of LPCs in vitro 
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3.1 Introduction 
3.1.1 Background 
There have been numerous studies showing that SC2I suppressed cell growth of a 

variety of HCC cell lines by inducing apoptosis (Bae, Jung et al. 2001) (Kern, Schubert 

et al. 2002) (Cheng, Imanishi et al. 2002) (Leng, Han et al. 2003) (Cheng, Chan et al. 

2003)  (Hu, Yu et al. 2003) (Ostrowski, Wocial et al. 2003) (Schmidt, Wang et al. 2003) 

(Wu, Zou et al. 2003) (Lai, Zhang et al. 2003) (Fodera, D'Alessandro et al. 2004) (Wu, 

Leng et al. 2004). For example celecoxib induced human HCC cell lines such as Hep3B 

and HepG2 to undergo apoptosis in a dose dependent manner (Leng, Han et al. 2003). 

 

Since LPCs are closely associated in hepatocarcinogenesis it is surprising that there has 

only been a single study to determine the effect of SC2Is on LPCs. Lai et al (2003) used 

the rat liver epithelial stem-like cell line, WB-344, which exhibits phenotypic properties 

of LPCs such as expression of biliary cell (CK7 and β4-integrin) and hepatocyte (TAT) 

markers (Tsao, Smith et al. 1984) to show that cell viability was not reduced by 

celecoxib treatment (Lai, Zhang et al. 2003). However, WB-344 cells became sensitive 

to celecoxib treatment when transformed with neu, an oncogene. neuWB-344 cells 

underwent apoptosis in a dose-dependent manner via the reduction in Akt 

phosphorylation and activation of caspases-3 and -9 following exposure to celecoxib 

(Lai, Zhang et al. 2003). 

 

 

3.1.2 Aims of the study 
Chapter 2 of this thesis showed that the administration of a SC2I attenuated LPC 

activation whilst promoting apoptosis of LPCs in vivo. Therefore the aim of this chapter 

was to determine whether primary and immortalised LPC cultures lost cell viability 

upon SC2I treatment. 

 

 

3.2 Methods and materials 
3.2.1 Experimental design 
Primary and immortalized LPC cultures were exposed to varying amounts of SC-236, a 

selective COX-2 inhibitor. To determine whether the effect of SC2I administration was 
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mediated through COX-2 activity, PGE2 was added concurrently with SC-236 

treatment. 

 

 

3.2.2 Primary liver progenitor cells (PLPCs) 
Primary LPCs cultures (PLPCs) were isolated for cell culture from livers of mice placed 

on the CDE diet as previously described (Dumble, Croager et al. 2002). Primary LPCs 

have previously been used to investigate the expression and behaviour of LPCs to pro-

inflammatory cytokines in vitro (Knight, Yeoh et al. 2000) (Akhurst, Matthews et al. 

2005). 

 

Day 2 and day 4 primary LPCs were used in the current study. Day 2 LPCs were 

smaller, less differentiated and more immature compared with day 4 PLPCs, which 

were larger, more heterogenous and differentiated. Primary LPC cultures were ready for 

experimentation when the cell cultures were approximately 70% confluent. 

 

 

3.2.2.1 Primary LPC isolation 
Mouse primary LPCs were isolated using Percoll gradient adapted from (Yasui, Miura 

et al. 1997). 

 

 

3.2.2.1.1 Hepatic Perfusion 

4 week old Bl/6 mice were administered the CDE diet for 2 weeks after which each 

mouse was anaesthetized using 2.5% Avertin (0.015 mL/g). The hepatic portal vein 

(HPV) and inferior vena cava (IVC) were exposed and 500 U of Heparin was injected 

into the IVC. The HPV was cannulated and the right atrium of the heart was cut to 

allow flow-through of perfusate. The liver was perfused with 50 mL of EGTA perfusion 

buffer pH 7.4 (0.19 g/L EGTA, 8 g/L NaCl, 0.35 g/L KCl, 0.16 g/L KH2PO4, 0.16 g/L 

MgSO4.7H2O and 2.4 g/L HEPES) at a rate of 3 mL/min. Each liver was then digested 

with 62.5 mL of collagenase perfusion solution pH 7.6 (3.9 g/L NaCl, 0.5 g/L KCl, 0.7 

g/L CaCl2.2H2O, 24 g/L HEPES and 2.64 g/L NaOH; immediately prior to use 43.75 

mg collagenase (Type I) was dissolved in every 125 mL of collagenase perfusion 
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buffer) at a rate of 6 mL/min. The perfused liver was then transferred to a sterile petri 

dish and the gallbladder removed. 

 

 

3.2.2.1.2 LPC enrichment 

Cells were dissociated from the digested liver with 5 mL of wash Williams’ E media 

(Williams’ E with 2% FCS) under aseptic conditions. The cell suspension was 

transferred to a sterile 50 mL tube and then centrifuged at ~400 g for 8 min at 4oC. The 

supernatant was removed and the cell pellet was washed 2 to 4 times with 10 mL of 

wash Williams’ E medium, followed each time by centrifugation at ~400 g for 8 min at 

4oC. The cells were then resuspended in digestion solution (25 mL 1X PBS pH 7.4, 

1.126 mL Pronase (20 mg/mL), 1.25 mL 115X trypsin/EDTA, 0.5 mL DNase I (0.2%) 

and 25 mg collagenase type VIII which was prepared immediately before use), 

transferred to a bevelled flask and incubated in a shaking water bath for 60 min at 37oC. 

The digestion was stopped by the addition of 25 mL cold (4oC) wash Williams’ E 

medium. The suspension was filtered through 50 μm gauze into a sterile 50 mL tube 

and then centrifuged at ~400 g for 8 min at 4oC. The supernatant was removed and the 

pellet resuspended in 15 mL wash Williams’ E medium. The cell suspension was 

underlayed with 10 mL 20% Percoll (4 mL of Percoll (Amersham, USA) and 16 mL of 

1X PBS) and then 50% percoll (10 mL of Percoll and 10 mL of 1X PBS). The tube was 

centrifuged at 1500 g for 20 min at 4oC. The cell debris was discarded and the thick 

cellular layer (5 to 10 mL) at the percoll interface was transferred to a sterile 50 mL 

tube. The isolated cells were washed twice with 10 mL wash Williams' E medium and 

each time the cells were centrifuged at ~400 g for 8 min at 4oC and then the supernatant 

discarded. 

 

 

3.2.2.1.3 LPC culture 

The cells were resuspended in 2 mL Williams’ E culture media + 10% FCS. The cell 

suspension was diluted appropriately with Williams’ E supplemented media + 10% FCS 

such that there were 5 x 106 viable cells per 35 mm2 culture dish (Nalge Nunc 

International, USA). Each culture dish had previously been collagen coated (Tendons 
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were dissected from the tails of rats, placed in 1% acetic acid (v/v) and stirred overnight 

at room temperature to dissolve the collagen. The solution was filtered through coarse 

gauze and stored at 4oC. Collagen was pipetted onto 35 mm2 culture dishes ensuring 

complete coverage of the plate. The excess was removed and the open plates left to air-

dry and sterilise overnight under UV illumination in a closed tissue culture cabinet 

(Gelman Sciences)). The following morning adhered cells were washed twice with BSS 

(150 mM NaCl, 3 mM KCl, 1.1 mM CaCl2, 1 mM MgCl2, 0.15 mM NaH2PO4, 1.3 mM 

Na2HPO4, 6 mM NaHCO3, 5.6 mM D-glucose and 0.1% phenol red indicator) and 

cultured in serum-free Williams’ E medium.  

 

 

3.2.3 Immortalized LPCs: PIL-2 cells 
An immortalised LPC line called PIL-2 was derived from p53 null mice and is 

comprised of small and ovoid epithelial-like cells with scant granular cytoplasm 

(Dumble, Croager et al. 2002). PIL-2 cells are immuno-reactive for the LPC markers A6 

(Cascio and Zaret 1991), M2PK (Tian, Smith et al. 1997) and AFP (Engelhardt, Factor 

et al. 1990) and the primitive hepatocyte markers albumin and transferrin. These cells 

are capable of differentiating towards the hepatic and biliary cell lineages, which 

indicate functional similarities with LPCs in vivo (G Yeoh, personal communication) 

and exhibit increased proliferation in response to increasing concentrations of serum 

(Matthews, Klinken et al. 2004). Taken together, these characteristics suggest that the 

immortalized PIL-2 cells share many functional characteristics of primary LPCs and 

LPCs in vivo. 

 

PIL-2 cells are tumorigenic and form well-differentiated tumours when injected into 

athymic nude mice (Dumble, Croager et al. 2002). 

 

 

3.2.4 LPC culture conditions 
PIL-2 and primary LPCs were maintained in culture as previously described (Dumble, 

Croager et al. 2002). Briefly, Williams' E medium (Gibco BRL, USA) was prepared 

with the supplementation of 10 mM nicotinamide, 0.2 mM ascorbic acid, 1 mM sodium 

pyruvate, 20 mM HEPES, 18 mM sodium hydrogen carbonate and 14 mM D-glucose. 

The pH was adjusted to 7.2, the volume made up to 1 L and the osmolarity confirmed to 
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be 300±10 mOsmol/L. The medium was then filter-sterilised and 100 mL aliquots were 

transferred into sterile bottles and stored at 4oC until required. If the medium was 

prepared more than a month prior to use, glutamine was added to a concentration of 2 

mM. Prior to use the following supplements were added to the 100 mL aliquots, 10-7 M 

dexamethasone, 1X ITS+ (insulin, transferrin, selenious acid) (Collaborative 

Biochemical, USA), 1.1% (v/v) Fungizone (Gibco BRL, USA) and 1.1% (v/v) 

penicillin/streptomycin (Gibco BRL, USA). All culture reagents were purchased from 

Sigma-Aldrich (USA) unless otherwise stated. Cells were maintained in a Steri-cult 200 

incubator [Forma Scientific] at 37ºC, in 5% CO2 and 90% humidity. 

 

 

3.2.5 Immunocytochemistry (ICC) 
Culture dishes with adherent cells were rinsed three times with PBS, pH 7.4 and then 

fixed with 4% paraformaldehyde/0.1% gluteraldehyde in 0.1 M cacodylate buffer (pH 

7.4) for 4 min at 4oC. Once fixed, the cells were rinsed three times with PBS and stored 

in PBS with 0.001 % thimerosal at 4oC until required. Fixed cells were rinsed three 

times with PBS and then incubated in freshly prepared 2.5% aqueous periodic acid for 5 

min at RT. After one wash of PBS, the cells were incubated with 0.02% sodium 

borohydride for 2 min at RT and then rinsed once with 0.2% saponin/PBS. Sections of 

each dish that contained the fixed cells were demarcated by the removal of surrounding 

cells with a cotton swab and the borders were lined with a wax ring, enabling a variety 

of antibodies to be tested using a single culture dish. The fixed cells were blocked for 1 

h at RT with 10% normal goat serum diluted with 0.2% saponin/PBS. Cells were 

incubated with the 1o antibody for 1 h at RT (Table 3.1). Each section was washed three 

times with 0.2% saponin/PBS and the 2o antibody was added for an incubation of 1 h at 

RT. Each section was washed three times with 0.2% saponin/PBS and then incubated 

with 3,3-diaminobenzidine (DAB) until the desired intensity was achieved, usually less 

than 5 min. The stained cells were rinsed in PBS and stored in PBS with 0.001 % 

thimerosal at 4oC. 
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Antigen 1° antibody 

(dilution) 

1° antibody 

supplier 

2° antibody 

(dilution) 

2° antibody 

supplier 

M2PK anti-mouse 
(1:50) 

ScheBo Biotech, 

Germany 

anti-mouseA 
(1:100) 

Dako, USA 

A6 anti-mouse 
(1:10) 

Dr Valentina 

Factor, USA 

anti-rat HRP 
(1:80) 

Amersham  

Biosciences, USA 

AFP anti-mouse 
(1:200) 

ICN Biochemicals, 

USA 

anti-goat 

HRP (1:1000) 

Rockland 

Immunochemicals, 

USA 

Transferrin anti-mouse 
(1:200) 

Prof George Yeoh, 

Australia. 

anti-rabbit 

HRP (1:200) 

Dako, USA 

Albumin anti-mouse 
(1:200) 

ICN Biochemicals, 

USA 

anti-goat 

HRP (1:1000) 

Rockland 

Immunochemicals, 

USA 

Table 3.1: Antibodies for ICC of LPC cultures. 
A biotinylated antibody 

 

 

3.2.6 Viability assay 
For the determination of in vitro viability, LPCs were seeded in 96 well microtitre plates 

at a density of 3,000 cells/well. Following adherence, cells were exposed to media 

containing either vehicle (DMSO; dimethyl sulfoxide; Sigma-Aldrich, USA) or various 

concentrations of SC-236 (0.5 to 100 μM), PGE2 (MO Biomedicals, USA) (0 to 50 

μM) or LY294002 (0.5 to 100 μM) (an inhibitor of phosphatidylinositol-3 kinase and 

Akt phosphorylation; Sigma-Aldrich, USA), and cultured for 24 hours. Relative 

amounts of viable cells present at the end of the experiment were determined by a MTT-

based assay. 10 μL stock of 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium 

bromide (MTT; 5 mg/mL) (Sigma-Aldrich, USA) was added to each well and incubated 

at 37oC for between 4 and 6 h. The un-reacted MTT was removed and the coloured 

formazan product was produced when 100 μL of volatilization solution (42.5 g SDS 

was dissolved in 160 mL of H2O under a moderate heat. Once cooled for 320 min 130 
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mL of dimethylformamide was added. The pH was adjusted to 4.7 with glacial acetic 

acid) was added. The absorbency of each well was then measured at 570 nm. 

 

 

3.2.7 RNA isolation and COX-2 RT-PCR 
Total RNA was isolated from cultured cells using TRIzol (Invitrogen, USA) according 

to the manufacturer’s instructions. RNA was converted to cDNA using the 

Thermoscript Reverse Transcription System (Invitrogen, USA) according to the 

instructions of the manufacturer. PCR was performed using specific primers directed 

against murine COX-2 (forward primer: 5’ AAAACCGTGGGGAATGTATGAGCAC 

3’, reverse primer: 5’ AAACTTCGCAGGAGGGGGATGTTG 3’) or β-actin (forward 

primer: 5’ CTGGCACCACACCTTCTA 3’ reverse primer: 5’ 

GGGCACAGTGTGGGTGAC 3’). PCR products were separated using agarose gel 

electrophoresis and stained using ethidium bromide. Resultant bands were compared to 

a molecular weight marker to confirm the products were the expected size. 

 

 

3.2.8 PGE2 assay 
The PGE2 concentration in culture media was determined using an immunoassay kit 

according to the manufacturer's instructions (Cayman Chemicals, USA). 50 µL of 

culture media from each well was used to measure PGE2 concentration. 

 

 

3.2.9. Apoptosis assay 
PIL-2 cells were cultured in the presence of either vehicle alone (DMSO) or 25 µM of 

SC-236 for 6 hours. Cells undergoing apoptosis were identified using Annexin V-FITC 

(Molecular Probes, USA) according to the manufacturer’s protocol. 

 

 

3.2.10 Western blotting 
Cultured cells were washed in ice cold PBS and then harvested on ice using lysis buffer 

(20 mM HEPES [pH 7.7], 2.5 mM MgCl2, 0.1 mM EDTA, 20 mM β-glycerophosphate, 

100 mM NaCl, 0.05% Triton X-100, 500 μM DTT, 100 μM Na3VO4, 20 µg/mL 
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leupeptin, 100 µg/mL PMSF and 20 µg/mL aprotonin). The insoluble material was 

excluded by centrifugation at 16,000 g at 4 oC for 20 min and the resultant supernatant 

aspirated. 25 μg of protein was separated on an 8% SDS-polyacrylamide gel on a 

Minigel apparatus (Hoefer, USA) and transferred onto a PVDF membrane (Immobilon, 

Millipore, USA) with a semidry transfer cell (Owl Separation Systems, USA). After 

transblotting, membranes were dried and then incubated overnight at 4oC with primary 

antibody diluted 1:1000 for COX-2, β-actin (both from Santa Cruz, USA), Akt, p-Akt 

Thr308 or p-Akt Ser473 (all three from Cell Signalling Technologies, USA). Following 

overnight incubation, membranes were washed three times in PBS. Primary antibodies 

were detected using either goat anti-rabbit HRP (1:2000, Santa Cruz, USA) or donkey 

anti-goat HRP (1:2000, Santa Cruz, USA) at room temperature for 1 hour, and washed 

with PBS three times. Bound antibodies were detected using ECL Plus (Amersham, 

UK) and visualized using the Versadoc™ Imager (Biorad, USA). Band densities were 

quantified using Quantity One software, version 4.5.0 (Biorad, USA). 

 

 

3.2.11 Statistical analysis 
Each in vitro experiment was performed three times and in duplicate. Data are reported 

as the mean + SEM. Comparisons between groups were performed using unpaired t-test 

or Fisher's exact test (GraphPad Prism version 4.00 for Windows, GraphPad Software, 

USA). Data were deemed to be significantly different when P < 0.05. 

 

 

3.3 Results 
3.3.1 Primary LPC expression patterns of LPC and hepatocyte 

markers 
The primary LPC cultures were immuno-reactive for LPC (A6 and M2PK) and 

immature hepatocyte markers (AFP, albumin and transferrin) (Figure 3.1). Cells with 

typical morphological characteristics of LPCs, such as ovoid nucleus, small size and 

high nuclear to cytoplasmic ratio were observed along with cells that appeared more 

hepatocytic in morphology. These hepatocyte-like cells were significantly larger and 

polygonal in shape and had a low nuclear to cytoplasmic ratio, and in some instances 

were multi-nucleated. A6 ICC revealed that the smaller cells exhibited more intense 
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staining while some of the larger and more hepatocytic shaped cells were less intense 

(Figure 3.1A). All of the primary LPCs were immuno-positive for M2PK, with some of 

the most intense staining for cells with an intermediate phenotype (between the small 

LPC-like cell and larger hepatocyte-like cell) (Figure 3.1B). Most cells within a primary 

LPC colony were either negative or weakly AFP-positive (Figure 3.1C). Cells on the 

periphery of a colony were strongly positive, and appeared to be more hepatocytic or 

mature. The majority of cells within a colony were weakly positive for albumin (Figure 

3.1D). The more hepatocytic cells on the periphery of the colony were strongly positive. 

Most cells within a colony were weakly positive for transferrin ICC. Cells on the 

periphery of the colony were strongly positive (Figure 3.1E). 

 

 

3.3.2 SC-236 induced cell death of LPCs  
SC-236 induced cell death of PIL-2 cells in a dose-dependent manner (Figure 3.2). 100 

μM SC-236 induced death of all cells after 24 h and the LD50 was approximately 1 μM. 

Even at 0.1 μM of SC-236, a relatively low concentration, there was 11% cell death. 

 

Untreated PIL-2 cultures included cells with morphological similarities to hepatocytes, 

such as large cytoplasm and nuclei, compared to the surrounding smaller cells, that 

became increasingly less frequent with higher SC-236 concentration (Figure 3.3). Some 

PIL-2 cells became rounded or began to shrink or detach from the culture dish 

following exposure to SC-236, which suggested that these cells were undergoing 

apoptosis (Figure 3.3). 

 

PIL-2 cultures exhibited heterogeneous A6 immuno-reactivity with approximately 10% 

of cells being A6-negative (Figure 3.4). Generally, the larger PIL-2 cells exhibited less 

intense A6 staining. SC-236 treatment caused a preferential dose-dependent loss of A6-

negative PIL-2 cells compared with A6-positive cells (Figure 3.5, P < 0.001). SC-236 

also induced cell death in day-2 and day-4 primary cell isolates (Figure 3.6). At any 

given dose, cell death induced by SC-236 treatment was greater in PIL-2 cells than the 

primary LPC cultures. 
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Figure 3.1 Murine primary LPCs heterogeneously express LPC markers. 

Photomicrographs of A6 ICC (A), M2PK (B), AFP (C), albumin (D) and transferrin (E). 

Scale bar represents 100 μm. 
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Figure 3.2 SC-236 induced cell death of PIL-2 cells in a dose dependent manner. 

Bars represent group averages with +SEM. 
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Figure 3.3 SC-236 reduced density and changed the morphology of PIL-2 cultures 

in a dose dependent manner. 

Photomicrographs of PIL-2 cultures treated with vehicle (A, B), SC-236 25 μM (C, D) 

and SC-236 50 μM (E, F). The small arrowheads indicate the hepatocyte-like cells, the 

large arrowheads show shrunken cells and the arrows point to rounded cells beginning 

to detach. Scale bar represents 100 μm. 
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Figure 3.4 SC-236 induced cell death of A6-negative PIL-2 cells. 

Photomicrographs of A6 ICC of PIL-2 cells treated with vehicle (A), 25 μM (B) or 50 

μM (C) of SC-236. Small arrowheads indicate cells that are A6-negative. Scale bar 

represents 100 μm. 
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Figure 3.5 SC-236 preferentially induced cell death of A6-negative PIL-2 cells. 

Quantitation of A6-positive and A6-negative PIL-2 cells treated with SC-236 (D). Data 

expressed as group mean + SEM for A6-positive (grey bars) and A6-negative PIL-2 

cells (black bars). *** P < 0.001. 
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Figure 3.6 SC-236 induced cell death of 2 day PLPCs in a dose dependent manner. 

Bars represent group averages with +SEM. 25 μM LY294002 was used as a positive 

control for cell death. 
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Figure 3.7 SC-236 induced significant morphological and A6 ICC changes of 4 day 

PLPC compared to 2 day PLPC cultures. 

Photomicrographs of 2 day (A-D) and 4 day PLPC cultures (E-H). Cultures receiving 

vehicle (A, B, E & F) and SC-236 (C, D, G & H). Scale bar represents 100 μm. 
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Cell death induced by SC-236 treatment was greater in PIL-2 than the PLPC cultures. 

For example PIL-2s lost 75% whereas 2 day PLPCs lost 15% of cell viability at 50 μM 

of SC-236. 

 

2 day PLPCs showed few morphological changes with a reduction in the size of the 

large hepatocyte-like cells following SC-236 treatment (Figure 3.7 A-D). A6 ICC of 2 

day PLPCs revealed that treatment with SC-236 did not appear to affect staining (Figure 

3.7 A and C). M2PK ICC of 2 day PLPCs showed that the cells seemed to increase 

intensity of the stain after exposure to SC-236 (Figure 3.7 B and D). 

 

SC-236 induced a marked reduction in the density and size of 4 day PLPC cultures 

(Figure 3.7 E-G). The majority of cells appeared smaller and rounded in SC-236 treated 

compared to untreated cultures. The large hepatocyte-like cells were absent after 

exposure to SC-236. A6 ICC of 4 day PLPCs showed that treatment with SC-236 

intensified the staining for some PLPCs (Figure 3.7 E and G), whereas M2PK ICC of 4 

day PLPCs did not appear to change significantly (Figure 3.7 F and H). 

 

 

3.3.3 LPCs expressed COX-2 mRNA and protein 
PIL-2 cells and PLPCs expressed COX-2 mRNA, PIL-2 cells expressed COX-2 protein 

(Figure 3.8).  
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Figure 3.8 Cultured LPCs cells expressed COX-2 mRNA and protein. 

COX-2 transcript (A) was detected in PIL-2 (lane 1) and PLPCs (lane 2) cells. COX-2 

protein was detected in PIL-2 cultures (B). 
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3.3.4 SC-236 reduced PGE2 production of LPC cultures 
The PGE2 assay was used to determine whether the loss of viability induced by SC-236 

was mediated through COX-2 activity. Administration of 25 μM SC-236 for 24 h to 

PIL-2 cells resulted in a PGE2 concentration of 186 ±47 pg/mL (controls 498 ±30 

pg/mL), which is approximately a 60% reduction (P < 0.001). Two-day primary LPCs 

exposed to the same conditions exhibited about an 85% reduction of PGE2 levels, with 

a PGE2 concentration of 100 ±35 pg/mL compared to 684 ±83 pg/mL of controls (P < 

0.001); Four-day primary LPCs exhibited approximately a 60% reduction of PGE2, 

with a PGE2 concentration of 335 ±26 pg/mL in response to SC-236 compared to 856 

±58 pg/mL of controls (P < 0.001). 

 

 

3.3.5 Addition of PGE2 partly ameliorated SC-236 induced viability 

loss of LPCs 
To determine whether SC2I induced cell death was dependent on COX-2 activity, LPCs 

were exposed to PGE2 and SC-236 simultaneously. The addition of PGE2 increased the 

viability of PIL-2 in a dose dependent manner after 24 h of SC-236 exposure (Table 

3.2). However, viability was only significantly increased for PGE2 additions greater 

than 25 μM in both control and SC-236 treated cultures. The increased cell viability 

mediated by exogenous PGE2 was greater in control than SC-236 treated PIL-2 cultures 

(Table 3.2), for example 50 μM of PGE2 increased viability by 20% and 7% in control 

and SC-236 treated PIL-2 cultures, respectively. 

 

  PGE2 concentration (μM) 

  0 10 25 50 

Control 
100 

±3.5% 

109* 

±2.5% 

118* 

±3.8% 

120* 

±6.1% 
Relative 

cell 

viability 
SC-236 

(25 μM) 

75 

±1.2% 

76 

±0.3% 

81* 

±2.0% 

82* 

±3.7% 

Table 3.2 PGE2 increased PIL-2 cell viability regardless of SC-236 treatment. 

* P < 0.05 when compared to PGE2 0 µM of the same treatment group 
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3.3.6 SC-236 induced apoptosis of PIL-2 cells 
An annexin V conjugate was used to determine whether the LPC cell death caused by 

SC-236 was due to apoptosis. During the initial onset of apoptosis, phosphatidylserine 

is translocated to the external cell surface of the cell membrane. Annexin V binds 

phosphatidylserine on the external cell surface, which is then detected. The vast 

majority of SC-236 treated PIL-2 cells were annexin V positive whereas there were 

relatively few positive staining cells in cultures that did not receive 25 μM SC-236 for 6 

h (Figure 3.9). 

 

 

 

Figure 3.9 SC-236 induces apoptosis of PIL-2 cells. 

Photomicrographs of annexin V staining shows that SC-236 treated cells (A) exhibit 

significantly more apoptosis than untreated PIL-2 cells (B). Phase-contrast photographs 

of the same fields indicate similar density of cell cultures (C, D). 
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3.3.7 SC-236 inhibited Akt activation in PIL-2s 
The effect on SC-236 on the anti-apoptotic survival signalling pathway, Akt 

phosphorylation and its subsequent activation was tested. 

 

 

3.3.7.1 LY294002 induced LPC cell death 
LY294002 is a specific cell-permeable phosphatidylinositol 3-kinase inhibitor, which 

results in the down-stream inhibition of Akt activation. LY294002 was used as a 

positive control to determine whether inhibition of Akt activation was affected by SC2I 

treatment of cultured LPCs. LY294002 induced significant cell death of PIL-2 cultures 

in a dose dependent manner (Figure 3.10). 100 μM LY294002 induced cell death in 

about 77% of PIL-2 cultures after 24 h of exposure. However 0.1 μM LY294002 did not 

induce cell death of PIL-2 cultures. 
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Figure 3.10 LY294002 induced cell death of PIL-2 cells in a dose dependent 

manner. 

Bars represent group averages with +SEM. 

 

After 24 h, 25 μM of LY294002 induced cell death of 12% and 28% of 2 and 4 day 

primary LPC cultures, respectively, compared to cultures receiving vehicle (P < 0.01). 
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3.3.7.2 SC-236 inhibits Akt activation through Thr308 and Ser473

Akt signalling is activated by phosphorylation at Thr308 and Ser473 of the Akt molecule. 

Western blots revealed that PIL-2 cells have an activated Akt pathway as shown by 

phosphorylation at Thr308 and Ser473 (Figure 3.11). Phosphorylation of Akt in PIL-2 

cells was decreased following treatment with 25 µM SC-236 after 6 hours (Figure 3.11). 

Levels of both phosphorylated forms of Akt, p-Thr308 and p-Ser473, were reduced by 

approximately 70% following SC-236 exposure. Inhibition of phosphatidylinositol-3 

kinase (an upstream inducer of Akt) using LY294002 completely prevented Akt 

phosphorylation in PIL-2 cells (Figure 3.11). 

 

 

Figure 3.11 SC-236 inhibited Akt activation of PIL-2 cells. 

SC-236 reduced the amount of the phosphorylated forms of Akt; p-Thr308 and p-Ser473 

in PIL-2 cells. LY294002 was used as a positive control for inhibition of Akt 

phosphorylation. β-actin was detected concurrently to ensure consistent sample quality 

and concentration for each western blot. 

 

 

3.4 Discussion 
SC-236 directly induced apoptosis of cultured LPCs in a dose-dependent manner. Cells 

that tended to be more sensitive to SC-236 were the hepatocyte-like LPCs, which were 

either A6-negative or weakly positive. Exogenous PGE2 partially reduced LPC 
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apoptosis induced by SC-236 treatment.  The mechanism for induction of apoptosis in 

PIL-2 cell involved inhibition of Akt phosphorylation with a reduction of both 

phosphorylated forms of Akt (p-Thr308 and p-Ser473) following exposure to SC-236. 

 

These data indicate that SC2Is can directly affect LPCs in vitro. Previous studies have 

shown that SC2Is directly affect the proliferation of hepatocytes (Casado, Callejas et al. 

2001) (Rudnick, Perlmutter et al. 2001) (Ostrowski, Wocial et al. 2003), Kupffer cells 

(Nanji, Miao et al. 1997) (Enomoto, Ikejima et al. 2000) (Souto, Miyoshi et al. 2001) 

hepatic stellate cells (Gallois, Habib et al. 1998) (Cheng, Imanishi et al. 2002) 

(Yamamoto, Kondo et al. 2003) and liver tumours (Rahman, Dhar et al. 2001) (Bae, 

Jung et al. 2001) (Kern, Schubert et al. 2002) (Cheng, Imanishi et al. 2002) (Schmidt, 

Wang et al. 2003) (Cheng, Chan et al. 2003) (Leng, Han et al. 2003) (Ostrowski, Wocial 

et al. 2003) (Lai, Zhang et al. 2003) (Wu, Leng et al. 2004). All of these cell types are 

involved in the development of diverse liver pathologies. LPCs have also been 

implicated with these liver pathologies (Lenzi, Liu et al. 1992) (Roskams, De Vos et al. 

1996) (Ruck, Xiao et al. 1996) (Roskams, De Vos et al. 1998) (Lowes, Brennan et al. 

1999) (Libbrecht, Desmet et al. 2000) (Braun, Thompson et al. 2003) (Lowes, Croager 

et al. 2003) (Roskams, Yang et al. 2003) (Xiao, Ruck et al. 2003) and therefore LPCs 

represent a possible target for the control of liver diseases and tumours.  

 

The partial (~30%) protection conferred by exogenous PGE2 against SC-236 induced 

apoptosis suggests that SC-236 exerts its effects through mechanisms both dependent 

and independent of COX-2 activity in PIL-2 cells. If apoptosis was solely mediated by 

COX-2 dependent mechanisms then exogenous PGE2 would have completely protected 

LPCs against the effects of SC-236 treatment. And on the other hand, if apoptosis was 

wholly independent of COX-2 activity then exogenous PGE2 would have failed to 

protect LPC against SC-236 treatment. However, in this instance, exogenous PGE2 only 

partially reduced LPC cell death by about 30% and therefore indicates that SC-236 

induced apoptosis of PIL-2s through mechanisms both dependent and independent of 

COX-2. 

 

Although the mechanisms by which various SC2Is induce apoptosis are poorly 

understood, the Bcl-2 family and Akt signalling pathway have been implicated as 

mediators of these events in liver (Kern, Schubert et al. 2002) (Cheng, Chan et al. 2003) 
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(Lai, Zhang et al. 2003) (Leng, Han et al. 2003) (Wu, Leng et al. 2004). Akt, also 

known as protein kinase B, is a key mediator of signal transduction processes that are 

dysregulated in an array of human cancers (review see (Nicholson and Anderson 

2002)). Akt activation is involved cell survival and proliferation. Akt activation, 

through phosphorylation of Ser473, was increased during LPC proliferation stimulated 

by hepatocyte growth factor in vitro (Okano, Shiota et al. 2003). The current work 

shows that PIL-2 cells have an activated Akt signalling pathway and 25 μM of SC-236 

significantly inhibited Akt phosphorylation at residues Thr308 and Ser473. This is 

consistent with data for human liver cancer cell lines that show complete inhibition of 

Akt activation using celecoxib and NS-398 at concentrations of 50 μM (Leng, Han et al. 

2003) (Wu, Leng et al. 2004) (Zhang, Lai et al. 2004) (Yamanaka, Shiraki et al. 2006), 

which suggests that similar pathways are invoked following SC2I treatment in LPC and 

HCC cell lines. 

 

The apoptosis of LPCs induced by SC-236 is consistent with previous in vitro studies 

using SC2Is and HCC cell lines (Bae, Jung et al. 2001) (Kern, Schubert et al. 2002) 

(Cheng, Imanishi et al. 2002) (Leng, Han et al. 2003) (Cheng, Chan et al. 2003)  (Hu, 

Yu et al. 2003) (Ostrowski, Wocial et al. 2003) (Schmidt, Wang et al. 2003) (Wu, Zou 

et al. 2003) (Lai, Zhang et al. 2003) (Fodera, D'Alessandro et al. 2004) (Wu, Leng et al. 

2004). PIL-2 cells, which are p53 null and express COX-2, have been shown to be 

tumorigenic as they form well-differentiated tumours when injected into athymic nude 

mice (Dumble, Croager et al. 2002). Defective function of p53 is also present in HCC 

cell lines that express COX-2, such as Hep3B (Bressac, Galvin et al. 1990) (Cheng, 

Chan et al. 2003). Furthermore, recent evidence shows that COX-2 expression can be 

regulated by the transcriptional activity of wild-type p53 by suppressing the cox-2 

promoter, suggesting that the loss of p53 function may influence COX-2 over-

expression (Subbaramaiah, Altorki et al. 1999) (Han, Kim et al. 2002). In a study of 

head and neck squamous cell carcinomas, tumours with mutated p53 showed higher 

COX-2 protein levels than tumours expressing wild type p53 (Gallo, Schiavone et al. 

2003). Conversely, COX-2 activity can in turn inhibit p53-dependent transcription 

through production of electrophilic PGs that sequester and inactivate p53 (Swamy, 

Herzog et al. 2003). Therefore a reduction of p53 function may not only affect the 

tumourigenicity but also the COX-2 expression of a tumour precursor cell type. 
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Perhaps more broadly, susceptibility to SC2Is may be related to whether the cell is 

tumorigenic or transformed. As mentioned above, tumorigenic cell lines, such as PIL-2 

and Hep3B, are sensitive to SC2I treatment whereas non-tumorigenic cells are resistant 

or insensitive to SC2I. For example the primary PLPC cultures, which are derived from 

4 week old Bl/6 mice fed the CDE diet for 3 weeks and therefore unlikely to be 

transformed, were substantially less susceptible to the effects of SC-236. Additionally, a 

study on the non-tumorigenic WB-344 cell line demonstrated that these cells did not 

undergo apoptosis when exposed to celecoxib. However, when the WB-344 cell line 

was transformed with the oncogene, neu, the cell line underwent apoptosis (Lai, Zhang 

et al. 2003). In support of this concept, apoptosis was induced in prostrate tumour cells 

after exposure to celecoxib, but the same dose did not affect normal prostate epithelial 

cells (Hsu, Ching et al. 2000). Therefore, whether a cell is able to establish a tumour 

may be a determinant its susceptibility to SC2I treatment. 

 

The current study suggests that SC-236 enhanced cell death in LPC sub-populations 

which were more hepatocytic in nature. Following SC2I exposure, cells with 

morphological similarities to hepatocytes, such as large cytoplasm and nuclei, became 

increasingly less frequent. Also, remaining cells were smaller following SC-236 

exposure. In accordance with the morphological data, LPC cells with little or no 

reactivity to A6 disappeared with increasing SC-236 concentration and SC-236 

exposure appeared to increase the cellular intensity of A6 ICC. Recently, celecoxib was 

reported to not induce apoptosis of WB-F344 cells (Lai, Zhang et al. 2003), which 

appears contrary to the findings of this study. It may be speculated that the difference in 

behaviour may be reconciled by the lineage of each LPC cell line. For example, PIL-2 

cells exhibit hepatocytic features such as positive staining for AFP, M2PK, albumin and 

transferrin whereas WB-F344 cell line exhibits more biliary cell features since it is 

negative for AFP and albumin but positive for the biliary cell markers CK7, aquaporin-

1 and GGT. 

 

A relatively low concentration of SC-236, 0.1 μM, induced significant PIL-2 cell death 

in vitro. Other studies using celecoxib have needed 50 μM, 500 times more SC2I, to 

cause cell death of various liver tumour cell lines (Kern, Schubert et al. 2002) (Leng, 

Han et al. 2003) (Lai, Zhang et al. 2003) (Wu, Leng et al. 2004). The use of such high 

concentrations in vitro presents two issues. Firstly, the SC2I concentrations needed to 
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have an effect are not obtainable in vivo and therefore will not truly reflect the drug's 

influence in vivo. It is unlikely that concentrations of 50 μM will ever be achieved in 

vivo because celecoxib concentrations only approach 2-5 μM in human serum 

(Stempak, Gammon et al. 2002). Secondly, the high concentrations required to induce 

cell death may be through mechanisms independent of COX-2 activity. COX-2 

inhibition occurs at SC2I concentrations lower than those needed for cell death; for 

example, the IC50 COX-2 of both SC-236 and celecoxib are below 0.06 μM, which 

again suggests that other molecular pathways need to be affected before cell death 

occurs. 

 

3.4.1 Conclusions 
SC-236, a member of the SC2I family, directly decreased cell viability of primary and 

immortalised LPCs in vitro in a dose dependent manner. SC-236 treatment induced 

LPCs to undergo apoptosis and appeared to have enhanced toxicity to LPCs with a more 

hepatocytic phenotype. Cell death was mediated through COX-2 dependent and 

independent mechanisms such as inhibition of Akt activation. 
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4.1 Introduction 
4.1.1 Background 
LPCs are activated in response to liver injury during experimental hepatocarcinogenesis 

and are strongly associated with the presence of inflammation (Lenzi, Liu et al. 1992) 

(He, Smith et al. 1994) (Tian, Smith et al. 1997) (Libbrecht, Desmet et al. 2000) 

(Knight, Matthews et al. 2005). Murine hepatocarcinogenesis has been reduced by 

interrupting TNF (Knight, Yeoh et al. 2000) (Pikarsky, Porat et al. 2004) and IFNγ 

signalling (Matsuda, Nakamoto et al. 2005). Furthermore mice deficient in TNF 

signalling have simultaneously attenuated LPC activation and hepatocarcinogenesis 

(Knight, Yeoh et al. 2000). In humans, LPCs are activated following chronic liver 

diseases which are prone to hepatocarcinogenesis such as chronic viral hepatitis, 

alcoholic liver disease or metabolic liver conditions. Interestingly, hepatic progenitor 

cell numbers increase in direct correlation with disease severity and risk of HCC 

development (Lowes, Brennan et al. 1999) (Roskams, Yang et al. 2003). This data 

suggests that anti-inflammatory agents may be effective in inhibiting the activation of 

LPCs and HCC formation. 

 

The administration of a selective COX-2 inhibitor (SC2I), a class of anti-inflammatory 

drugs, may reduce the incidence of intestinal (Oshima, Dinchuk et al. 1996), esophageal 

(Buttar, Wang et al. 2002), breast (Harris, Alshafie et al. 2000), tongue (Shiotani, Denda 

et al. 2001), skin (Fischer, Lo et al. 1999), lung (Rioux and Castonguay 1998) and 

bladder (Grubbs, Lubet et al. 2000) tumours in animals. Furthermore SC2Is are able to 

reduce hepatocarcinogenesis (Denda, Kitayama et al. 2002) (Yamamoto, Kondo et al. 

2003) (Marquez-Rosado, Trejo-Solis et al. 2005) and implanted hepatoma size (Li, Li et 

al. 2003). These studies have demonstrated that the administration of a SC2I reduces the 

development of fibrosis, cirrhosis, preneoplastic foci and HCC using rat experimental 

hepatocarcinogenesis. In addition, the Yamamoto et al (2003) study showed that hepatic 

CD45 content and Ki67-positive cells were significantly reduced by a SC2I named JTE-

522 (Yamamoto, Kondo et al. 2003). Furthermore, the same study showed that hepatic 

levels of COX-2 and α-SMA proteins were also reduced by JTE-522. It is apparent that 

more research is required to further elucidate the cellular events that are affected by 

SC2I during hepatocarcinogenesis. 
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4.1.1 Aims of the study 
Chapter 2 and 3 of this thesis showed that the administration of a SC2I attenuated LPC 

activation whilst promoting apoptosis of LPCs. Chapter 2 showed that hepatic 

inflammation and proliferation were also concurrently reduced by the SC2I. The aim of 

this study was to examine the hypothesis that SC2Is modulate hepatocarcinogenesis by 

selectively reducing LPC activation and inflammation during chronic liver injury. Thus, 

the study sought to determine the effect of a SC2I, SC-236, on LPC numbers and other 

hepatic cell populations in chronic liver injury in mice fed the carcinogenic CDE diet 

for 52 weeks. 

 

 

4.2 Methods and materials 
4.2.1 Experimental strategy 
Four-week old C57Bl/6J mice were housed under specific pathogen free conditions, in 

accordance with the guidelines of the National Health and Medical Research Council of 

Australia and the Animal Ethics Committee of the University of Western Australia. 

Mice were fed either normal chow and drinking water or choline deficient chow (ICN 

Biomedicals Inc., USA) and drinking water supplemented with 0.165% ethionine 

(Sigma-Aldrich, USA) (CDE diet). Mice fed both types of diets were further 

randomized to receive either SC-236 (Pfizer, USA; 5 mg/kg/day) or vehicle alone 

(0.05% Tween 20 and 0.95% polyethylene glycol 200; Sigma-Aldrich, USA) in their 

drinking water, according to the method of Kishi (2000); this resulted in four 

experimental groups: (1) normal chow + SC-236, (control) (2) CDE diet, (3) CDE diet + 

vehicle and (4) CDE diet + SC-236 (CDE+D) (Kishi, Petersen et al. 2000). At 52 

weeks, 5-7 mice from each group were sacrificed and their livers collected. Throughout 

the experiments there were no significant differences between the CDE and CDE + 

vehicle groups so these groups were combined and named CDE-D. Experimental 

animals were observed for 10 to 15 mins every second day to determine their overall 

state of health as measured by weight and behaviour. 
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4.2.2 Serum and tissue harvest 
Mice were anaesthetized using Avertin (stock = 25 g 2-2-2 tribromoethanol in 15.5 mL 

tertiary amyl-alcohol, working solution (20 mg/mL) = 0.5 mL stock in 39.5 mL normal 

saline, dosage = 0.5 mg/g of mouse of working solution). Blood was collected by 

cardiac puncture using a 1 mL syringe and a 26 gauge needle. Blood samples were 

allowed to clot at room temperature and were centrifuged at 2,000 g for 10 min at room 

temperature. The serum was separated into a 1.5 mL microfuge tube and stored frozen 

at –80°C until analysis. The liver was perfused with phosphate-buffered saline (PBS). 

Portions of liver tissue (approximately 5 mm3) were either: 

• snap frozen with liquid nitrogen and stored at – 80oC, 

• snap frozen in Cryomatrix with liquid nitrogen and stored at – 80oC or, 

• fixed in 10% neutral buffered formalin (NBF) for 24 hours. 

Following fixation, tissues were processed and embedded in paraffin. 

 

 

4.2.3 Serum AST assay 
Serum AST activity was measured using the GO-Transaminase Kit (Sigma Diagnostics) 

according to manufacturer’s instructions. Briefly, duplicate tubes containing 100 μL 

substrate (DL-aspartate 0.2 M, α-ketoglutaric acid 1.8 mM in phosphate buffer, pH 7.5) 

and 20 μL serum were mixed and incubated for 1 h at 37°C. After this incubation 100 

μL of 2,4-dinitrophenylhydrazine (DNP) (0.2 g/L in acid solution) was added and the 

tubes mixed and incubated at room temperature for 20 min. As icteric and haemolysed 

samples may give false elevations in the measured AST activity, sample blanks were 

assayed in parallel by combining 20 μL serum, 100 μL substrate and 100 μL DNP and 

incubating at room temperature for 20 min. One mL 0.4 M sodium hydroxide was 

added to all tubes which were incubated at room temperature for 5 min, followed by 

measurement of absorbance of the reaction mixture at 490 nm. The assay was calibrated 

using the pyruvic acid standard. The AST activity in the serum samples was calculated 

from the resulting standard curve with results expressed in International units/L (IU/L). 
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4.2.4 H&E stain 
Liver sections were stained with haematoxylin and eosin (H&E) using a Shandon 

Linistain GLX machine. The staining protocol is outlined in Table 4.1. 

 

Trough Solution Time (sec) 

1 Xylene 30 

2 Xylene 30 

3 Xylene 30 

4 Xylene 30 

5 Xylene 30 

6 100% Ethanol 30 

7 100% Ethanol 30 

8 50% Ethanol 30 

9 Water 30 

10 Harris' Haematoxylin 30 

11 Harris' Haematoxylin 30 

12 Harris' Haematoxylin 30 

13 Harris' Haematoxylin 30 

14 Harris' Haematoxylin 30 

15 Water 30 

16 0.2% Acid Alcohol 30 

17 Water 30 

18 0.2% Lithium Carbonate 30 

19 Water 30 

20 Eosin 30 

21 Water 30 

22 100% Ethanol 30 

23 100% Ethanol 30 

24 100% Ethanol 30 

25 100% Ethanol 30 

26 Xylene 30 

27 Xylene 30 

28 Xylene 30 

Table 4.1 H&E staining protocol for the Shandon Linistain GLX machine. 
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4.2.5 Modified Masson's Trichrome stain 

Once 4 μm formalin-fixed liver tissue was de-paraffinised sections were then immersed 

in Holdsworth's Iron Haematoxylin for 2 mins at RT and then washed off with running 

tap water. Naphthol yellow was added to the sections for 1 min at RT and then washed 

with distilled water. Sections were then immersed in crystal ponceau for 5 min at RT 

and then washed with acetic alcohol. Methyl blue was added to the sections for 30 sec at 

RT and then washed with 100% ethanol. Sections were then dehydrated, cleared and 

mounted in Depex (Sigma-Aldrich, USA). 

 

4.2.6 Immunohistochemistry 
The IHC for M2PK, A6, COX-2 and Ki67 IHC was performed as described in section 

2.2.5.1 IHC for AFP (ICN Biochemicals, USA) and α-smooth muscle actin (SMA) 

(Sigma-Aldrich, USA) was performed on 4 μm sections prepared from formalin-fixed 

liver tissue (Table 4.2). Sections were cut and adhered to superfrost plus glass slides 

they were then dried, cleared and rehydrated. Sections were washed and then incubated 

in 3% H2O2 for 5 min at room temperature (RT). Sections were rinsed in Tris buffered 

saline (TBS) and then encircled by a wax ring. Normal swine serum (1:4) was added to 

the sections and incubated for 2 mins at RT and then tipped off each section. Primary 

antibodies were added to the sections and then incubated overnight at 4oC. Sections 

were washed using TBS and then incubated with secondary antibodies for 30 min at RT. 

Sections that were incubated with biotinylated antibodies were then incubated with 

peroxidase conjugated streptavidin (1:100, Dako, USA) for 30 min at RT. All sections 

were washed with TBS and incubated with DAB (DAKO Corporation, USA) for 1-5 

min at RT. Sections were rinsed in tap water and then counterstained with hematoxylin. 

Sections were then dehydrated, cleared and mounted in Depex (Sigma-Aldrich, USA). 

 

1° antibody 

(dilution) 

2° antibody 

(dilution) 

2° antibody 

manufacturer 

AFP (1:2000) anti-mouseA (1:200) Dako, USA 

SMA (1:1000) anti-rabbitA (1:200) Dako, USA 

Table 4.2 Antibodies for AFP and SMA IHC of mouse liver tissue. 
A biotinylated antibody 
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4.2.6.1 Immuno-reactive cell quantitation 
The number of immuno-positive cells was determined by counting 10 peri-portal non-

overlapping fields at 40X magnification. Cell numbers were expressed as the average 

percentage of total cell number per field of view. 

 

 

4.2.6.2 Histological grading of smooth muscle actin (SMA) IHC 
The extent of SMA expression was graded as previously described (Olynyk, Yeoh et al. 

1998). Briefly the histological grading is (0) - normal SMA staining pattern, within 

portal vessel walls only, (1) - mild SMA staining, peri-portal distribution, (2) moderate 

SMA staining, expanded peri-portal distribution, (3) septal and bridging SMA staining 

between portal tracts and (4) SMA staining following cirrhotic bands linking portal 

tracts. 

 

 

4.2.7 RPA of 52 week samples 
Extraction of RNA and RPA analysis from liver tissue was performed as described in 

section 2.2.7 RPA (page 60). 

 

 

4.2.8 Statistical Analysis 
Data are reported as the mean + SEM. Comparisons between groups were performed 

using unpaired t-test or Fisher's exact test (GraphPad Prism version 4.00 for Windows, 

GraphPad Software, USA). Data were deemed to be significantly different when P < 

0.05. 

 

 

4.3 Results 
4.3.1 SC-236 did not affect physiological parameters of mice fed the 

CDE diet 
Administration of SC-236 did not affect animal behaviour or appearance. 
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4.3.1.1 Body and liver weights 
Mice fed the CDE diet had an average body weight of 31 ±1.6 g, which was a 10% 

reduction compared to control mice. SC-236 did not affect body weights or liver 

weights of mice fed the CDE diet. Body weights were 31 ±1.6 g and 29 ±1.5 g in CDE-

D and CDE+D mice respectively. Liver weights were 1.8 ±0.13 g and 1.6 ±0.08 g in 

CDE-D and CDE+D mice respectively. 

 

 

4.3.1.2 Serum AST activity 
AST is released from necrotic hepatocytes, and the extent of serum AST activity is an 

indication to the extent of liver damage. CDE fed mice had an average serum AST 

activity of 31 ±1.6 IU/L, which is only slightly above the baseline of 20 IU/L after 52 

weeks. SC-236 treatment did not affect serum AST activities of CDE fed mice. 

 

 

4.3.2 SC-236 reduced the incidence of macroscopic liver atypia 
The appearance of each liver was noted to determine any differences in the type, 

incidence and size of gross abnormalities between experimental groups. Macroscopic 

atypia was observed when liver tissues were harvested from some mice fed the CDE 

diet for 52 weeks. CDE liver without any gross abnormalities showed a smooth, glossy 

appearance with an overall even dark red colour (Figure 4.1A). Four of 14 (29%) CDE-

D mice had an overall atypical pink/brown colour (Figure 4.1B). CDE+D mice did not 

show this phenotype. Six of 14 (43%) CDE-D and 1 of 6 (17%) CDE+D mice had small 

white circular lesions up to 20 mm diameter (Figure 4.1C). Overall, CDE-D animals 

had an average of 4 ±1 of these lesions per liver, whereas the CDE+D animals had no 

more than a single lesion per liver. Three of 14 (21%) CDE-D mice had large, pink 

tinged, vascularised nodules about 0.5 x 1.0 x 1.5 cm in size (Figure 4.1D), whereas 

CDE+D mice did not exhibit these nodules. Control mice did not display any 

macroscopic liver atypia. Overall, while not reaching statistical significance, SC-236 

showed a trend towards reducing the incidence of a variety of macroscopic liver atypia 

(Table 4.3). 
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Figure 4.1 Macroscopic liver atypia of mice fed the CDE diet for 52 weeks. 

Photomicrographs of a typical liver (A), steatotic liver (B), small white lesions on the 

surface of a liver (highlighted by the arrow) (C) and large nodules (D) of CDE-D mice. 

Scale bar represents 1 cm. 

 

 Appearance Lesions 

 typical Atypical incidence multiplicity 
Nodules 

CDE-D 
5 of 14 

(36%) 

4 of 14 

(29%) 

6 of 14 

(43%) 
4 ±1 

3 of 14 

(21%) 

CDE+D 
5 of 6 

(83%) 

0 of 6 

(0%) 

1 of 6 

(17%) 
1 

0 of 6 

(0%) 

Table 4.3 SC-236 reduced the incidence of macroscopic liver atypia associated with 

feeding mice the CDE diet for 52 weeks. 
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4.3.3 SC-236 reduced the incidence of histological atypia 
H&E stained sections were examined to further assess whether SC-236 affects the 

development of CDE mediated pathologies. Control livers were normal in histology 

showed that the portal tract was not expanded and did not contain an inflammatory 

infiltrate. The parenchyma appeared undisturbed with hepatocyte nuclei up to 15 μm in 

diameter (Figure 4.2A). Mice fed the CDE diet exhibited atypical hepatocyte nucleus 

phenotypes such as increased size up to thrice the size of control liver hepatocytes 

(Figure 4.2B), pseudo-nuclear inclusions (Figure 4.2C) and nuclear dysplasia (Figure 

4.2D). SC-236 did not affect the appearance of large hepatocyte nuclei and pseudo-

nucleoinclusions, whereas nuclear dysplasia was not present in CDE+D mice. Seven of 

14 (50%) CDE-D and 1 of 6 (17%) CDE+D mouse exhibited foci of phenotypically 

altered hepatocytes of varying sizes (Figure 4.3). The majority of foci were acidophilic 

with a ground glass appearance. Control mice did not have altered foci of hepatocytes. 

Four of 14 (29%) CDE-D mice exhibited micro and macro steatosis (fatty change) 

(Figure 4.4). CDE+D and control mice did not have steatosis. Overall, while not 

reaching statistical significance, SC-236 reduced the incidence of a variety of 

histological liver atypia (Table 4.4) 
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Figure 4.2 Atypical hepatocyte nuclei of mice fed the CDE diet for 52 weeks. 

Photomicrographs of normal nuclei of control mice (A) and atypical nuclei of CDE-D 

mice (B-D). Arrows point to enlarged nuclei (B), pseudo-nuclear inclusions (C) and 

dysplastic nuclei (D). Scale bar represents 100 μm. 
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Figure 4.3 Phenotypically altered hepatocyte foci of mice fed the CDE diet for 52 

weeks. 

Photomicrographs of hepatocytic foci (A) and (B). Scale bar represents 100 μm. 

 

 

 

Figure 4.4 Micro- and macro-steatosis of mice fed the CDE diet for 52 weeks. 

Photomicrograph of a CDE-D liver exhibiting micro- and macro-steatosis. The 

arrowhead shows micro-steatosis and the arrow shows macro-steatosis. Scale bar 

represents 100 μm. 
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Altered foci AFP foci Steatosis 

CDE-D 
7 of 14 

(50%) 

6 of 14 

(43%) 

4 of 14 

(29%) 

CDE+D 
1 of 6 

(17%) 

1 of 6 

(17%) 

0 of 6 

(0%) 

Table 4.4 SC-236 reduced the incidence of histological liver atypia associated with 

feeding mice the CDE diet for 52 weeks. 

 

 

4.3.4 SC-236 reduced the incidence of peri-cellular fibrosis 
Sections were stained using a modified trichrome stain protocol to distinguish regions 

with fibrosis. Eight of 14 (57%) CDE-D mice exhibited mild peri-cellular fibrosis 

(Figure 4.4). The fibrosis was absent in CDE+D and control mice (P < 0.05). 

 

 

Figure 4.5 SC-236 reduced the incidence of peri-cellular fibrosis in mice fed the 

CDE diet for 52 weeks. 

Photomicrograph of mild peri-cellular fibrosis (arrows) (A) and no fibrosis with 

administration of SC-236 (D). Scale bar represents 100 μm. 
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SMA expression distinguishes activated hepatic stellate cells. SMA IHC was used to 

further confirm the extent of fibrosis. SMA IHC indicated that there was limited 

activation of hepatic stellate cells (Figure 4.6A-C). The median SMA score for the 

CDE-D group was 0.5. SC-236 administration did not affect the median score of SMA 

with the CDE+D mice having a median SMA score of 1 (Figure 4.6D). 

 

 

Figure 4.6 SC-236 did not affect the number of activated hepatic stellate cells in 

mice fed the CDE diet for 52 weeks. 

Photomicrographs of SMA grades of 0 (A), 1 (B) and 3 (C) of CDE-D mice. Scale bar 

represents 100 μm. Semi-quantitation of SMA scores of CDE-D and CDE+D groups 

(D). Lines show the median scores for each group. 
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4.3.5 SC-236 reduced LPC activation 

4.3.5.1 SC-236 reduced the number of M2PK-positive LPCs 
Administration of the CDE diet to mice for 12 months induced 1.7 ±0.1% of all liver 

cells to be M2PK-positive LPCs. SC-236 administration reduced the number of M2PK-

positive LPCs by almost 50% to 0.8 ±0.1% in CDE fed mice (P < 0.001). 

 

 

4.3.5.2 SC-236 reduced the number of A6-positive cells 
Feeding mice the CDE diet for 12 months induced 21 ±2% of all liver cells to be A6-

positive, contrasting with 6 ±1% in control animals (P < 0.01). SC-236 reduced the 

number of A6-positive cells by approximately 30% to 15 ±3% in CDE fed mice. 

Additionally, the nodules that occurred in the CDE-D mice were A6-positive 

throughout the tissue. The nodular tissue comprising parenchymal and non-parenchymal 

cells exhibited an atypical honeycomb pattern and not the usual anastomosing immuno-

reactive cords through the parenchyma (Figure 4.7). 

 

 

Figure 4.7 Atypical murine A6 staining pattern of hepatic nodules that developed 

after 52 weeks administration of the CDE diet. 

Photomicrographs of A6 IHC of tissue from nodule (A) and adjacent tissue to the 

nodule (B). Scale bar represents 100 μm. 
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4.3.6 SC-236 reduced the incidence of AFP-positive foci 
AFP IHC has been used as a marker for hepatocellular dysplasia. Six of 14 (43%) of 

CDE-D mice had AFP-positive hepatocyte foci (Figure 4.8A), whereas 1 of 6 (17%) 

CDE+D mouse had an AFP-positive focus about 8 hepatocytes in size. The nodules 

exhibited AFP-positive cells throughout the tissue (Figure 4.8B and C). Control mice 

did not show any AFP-positive hepatocytes. 

 

 

4.3.7 SC-236 reduced the number of proliferating cells 
Ki67-positive hepatocytes comprised 1.5 ±0.4% of all liver cells in CDE-D mice, which 

was a 7.5-fold increase from control tissue with 0.2 ±0.1% Ki67-positive hepatocytes (P 

< 0.05). SC-236 administration reduced the number of Ki67-positive hepatocytes by 

67% to 0.5 ±0.1% (P < 0.05). CDE administration induced a 9-fold increase of Ki67-

positive non-parenchymal cells from 0.2 ±0.1% in control liver to 1.8 ±0.3% in CDE-D 

mice (P < 0.01). SC-236 administration reduced Ki67-positive non-parenchymal cells 

by 50% to 0.9 ±0.1% (P < 0.05). 

 

 

4.3.8 SC-236 reduced inflammation 
 

4.3.8.1 SC-236 reduced the number of COX-2-positive cells 
The CDE diet induced a 45% increase in the number of COX-2-positive cells from 19 

±3% in controls to 28 ±2% in CDE-D mice (P < 0.05). SC-236 reduced the number of 

COX-2-positive cells by 30% to 18 ±1% (P < 0.01). There was no difference between 

the extent of COX-2-positive cells in control and CDE+D mice. 
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Figure 4.8 AFP-positive foci in mice fed the CDE diet for 52 weeks. 

Photomicrographs of AFP IHC of positive foci (A), immuno-reactive nodular tissue (B) 

and immuno-negative adjacent tissue to the nodule (C). Scale bar represents 100 μm. 
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4.3.8.2 SC-236 reduced the expression of pro-inflammatory cytokines 

LTβ, TNF and IFNγ expression increased during the first 2 weeks of LPC activation in 

mice fed the CDE diet (Knight, Matthews et al. 2005). The expression of these pro-

inflammatory cytokines and TGFβ1 was measured to determine if long-term SC-236 

administration reduced these cytokines in mice fed the CDE diet for 52 weeks. 

 

SC-236 administration reduced the relative expression of LTβ mRNA by 8% in CDE 

fed mice (P < 0.05) (Figure 4.9). LTβ mRNA expression was increased by 45% and 

75% in steatotic and fibrotic tissue, respectively, compared to CDE mice tissue without 

these pathologies (P < 0.001). Small lesions and nodule tissue did not show increased 

LTβ expression above CDE mice tissue without these lesions. 
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Figure 4.9 SC-236 reduced hepatic expression of LTβ mRNA at 52 weeks. 

The graph shows the fold increase over controls of each groups average LTβ mRNA 

expression +SEM. * P < 0.05 and *** P < 0.001. 

 

SC-236 administration reduced the relative expression of TNF mRNA by 8% in CDE 

fed mice (P < 0.05) (Figure 4.10). TNF mRNA expression was increased by 45% and 

75% in steatotic and fibrotic tissue, respectively, compared to CDE mice tissue without 

these pathologies (P < 0.001). Small lesions and nodule tissue showed a 20% and 32% 

increase, respectively, of TNF expression above CDE mice tissue without these lesions 

(P < 0.05). 
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Figure 4.10 SC-236 reduced hepatic expression of TNF mRNA at 52 weeks. 

The graph shows the fold increase over controls of each groups average TNF mRNA 

expression +SEM. * P < 0.05 and *** P < 0.001. 

 

SC-236 administration reduced IFNγ mRNA by 20% in CDE fed mice (P < 0.05) 

(Figure 4.11). There was no significant difference of IFNγ mRNA expression between 

steatotic and fibrotic tissue from CDE fed mice. However, IFNγ mRNA expression was 

increased by 70% and 40% in steatotic and fibrotic tissue, respectively, compared to 

CDE+D tissue (P < 0.05). Small lesions and nodule tissue showed a 3-fold increase of 

IFNγ mRNA expression above CDE mice tissue without these lesions (P < 0.01). 

 

SC-236 administration did not reduce hepatic TGFβ1 mRNA expression in CDE fed 

mice (Figure 4.12). Steatotic tissue had an 85% increase in TGFβ1 expression compared 

to CDE tissue without steatosis (P < 0.01). TGFβ1 mRNA levels did not change 

between fibrotic and CDE tissue. Small lesions and nodule tissue showed an 11-fold 

and 9-fold increase, respectively, of TGFβ1 expression above CDE mice tissue without 

these lesions (P < 0.001). 
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Figure 4.11 SC-236 reduced hepatic expression of IFNγ mRNA at 52 weeks. 

The graph shows the fold increase over controls of each groups average IFNγ mRNA 

expression +SEM. * P < 0.05 and ** P < 0.01. 
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Figure 4.12 SC-236 did not affect hepatic expression of TGFβ1 mRNA at 52 weeks. 

The graph shows the fold increase over controls of each groups average TGFβ1 mRNA 

expression +SEM. ** P < 0.01 and *** P < 0.001. 
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4.4 Discussion 
Administration of SC-236 reduced the appearance and frequencies of several atypical 

histological events, which include indicators of hepatic neoplasia in mice fed the CDE 

diet (Table 4.5). Concurrently, SC-236 attenuated LPC activation and hepatic 

proliferation and inflammation (Table 4.6). 

 

 

Phenotype CDE-D CDE+D 

Liver 

appearance 
Typical 

 5 of 14 

(36%) 

5 of 6 

(83%) 

 
Pink 

 4 of 14 

(29%) 

0 of 6 

(0%) 

 
Small lesions 

 6 of 14 

(43%) 

1 of 6 

(17%) 

  multiplicity 4 ±1 1 

 
Nodules 

 3 of 14 

(21%) 

0 of 6 

(0%) 

Histology 
Altered foci 

 7 of 14 

(50%) 

1 of 6 

(17%) 

 
AFP foci 

 6 of 14 

(43%) 

1 of 6 

(17%) 

 
Steatosis 

 4 of 14 

(29%) 

0 of 6 

(0%) 

Fibrosis 
Trichrome 

 8 of 14 

(57%) 

0 of 6 

(0%) a

 SMA Score 0.5 1 

Table 4.5 SC-236 reduced the incidence of pathologies associated with feeding mice 

the CDE diet for 52 weeks.  
a P < 0.05, significant difference between CDE-D and CDE+D 
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Cell type or cytokine SC-236 induced reduction

LPCs M2PK 50%c

 A6 30% 

Proliferation Hepatocytes 67%a

 Non-parenchymal 50%a

COX-2 positive cells  30%b

Pro-inflammatory cytokines LTβ 8%a

 TNF 8%a

 IFNγ 20%a

Table 4.6 SC-236 reduced specific cell types and cytokine expression of mice fed 

the CDE diet for 52 weeks. 

a P < 0.05, b P < 0.01 and c P < 0.001. 

 

The administration of a SC2I reduced the development of a variety of pathologies and 

cellular events associated with hepatocarcinogenesis in the mouse CDE model. 

Specifically, SC-236 reduced the incidence of pre-neoplastic events such as 

macroscopic lesions, nodules and altered hepatocytic foci. Furthermore, SC-236 

significantly reduced the number of LPCs, proliferating cells and COX-2 expressing 

cells between 30 and 67%. SC-236 also significantly reduced the production of LTβ, 

TNF and IFNγ by as much as 20%. 

 

LPC activation is associated with diseases with a high likelihood of developing hepatic 

neoplasia. This study lends support to the previous observation that when LPC 

activation is reduced so is the risk of hepatocarcinogenesis (Knight, Yeoh et al. 2000). 

Continuous SC-236 administration caused a simultaneous reduction in the number of 

M2PK and A6-positive LPCs and pre-neoplastic events in mice fed the CDE diet for 52 

weeks. The size of LPC populations may correlate with the likelihood of developing of 

HCC and therefore the administration of SC2Is may ultimately prove useful in the 

reduction of hepatocarcinogenesis risk associated with LPC activation. 

 

An increase in the rate of LPC proliferation is one of the earliest phenotypic changes 

detected in hepatocarcinogenesis (Parkin, Bray et al. 2001) (Thorgeirsson and Grisham 
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2002). Human and rodent models of HCC show that cell turnover is significantly 

enhanced when compared to adjacent non-tumour liver (Morinaga, Yamamoto et al. 

2002) (Eferl, Ricci et al. 2003). Furthermore, hepatocarcinogenic models have shown 

that increased proliferation of hepatocytes, LPCs and bile duct cells are closely 

associated with the development of pre-neoplasia and tumours (Tarsetti, Lenzi et al. 

1993) (Knight, Yeoh et al. 2000) (Hatanaka, Nakae et al. 2001) (Fang, Gong et al. 2004) 

(Marquez-Rosado, Trejo-Solis et al. 2005). Several groups have shown that reduced 

cellular proliferation is associated with reduced experimental hepatocarcinogenesis. For 

example Knight et al (2000) showed that when LPC activation was attenuated by 30% 

during the initial stages of the murine CDE model the later events of 

hepatocarcinogenesis and the incidence of liver tumours were also reduced (Knight, 

Yeoh et al. 2000). SC2I administration resulted in reduced hepatocellular proliferation 

coupled with the reduced incidence and size of pre-neoplastic lesions and tumours in rat 

models of hepatocarcinogenesis (Yamamoto, Kondo et al. 2003) (Marquez-Rosado, 

Trejo-Solis et al. 2005). The murine data presented in this chapter agrees with rat HCC 

models and provides further support for the concept that a reduction in LPC 

proliferation reduces the likelihood of hepatocarcinogenesis. 

 

Hepatocarcinogenesis and neoplastic growth seems to be favoured during continuous 

liver injury (Dunsford, Sell et al. 1990) (Kondo, Yamamoto et al. 1999) (Morinaga, 

Yamamoto et al. 2002) (Pikarsky, Porat et al. 2004). The repeated necrosis and 

regeneration of hepatocytes in the presence of genotoxic substrates such as oxyradicals 

(Shimoda, Nagashima et al. 1994) or hepatitis B surface antigen (Dunsford, Sell et al. 

1990) may accelerate the accumulation of mutations and subsequent neoplasia. The 

administration of SC-236 attenuated inflammation by reducing the number of COX-2-

positive cells and the intra-hepatic expression of LTβ, TNF and IFNγ in association 

with a reduction in the incidence of pre-neoplastic events. The current data are 

consistent with previous observations showing when inflammation is attenuated there is 

a concurrent reduction of hepatocarcinogenesis (Knight, Yeoh et al. 2000) (Pikarsky, 

Porat et al. 2004). The current results provide further support to the hypothesis that the 

administration of a SC2I reduces the pathologies mediated through hepatic 

inflammation.  

 



Chapter 4 Long-term effects of SC-236 administration on the murine CDE model 136 
 

LTβ, TNF and IFNγ are up-regulated in a number of chronic and inflammatory 

processes and liver disorders. LTβ expression is increased during chronic hepatitis C 

infection and the levels increase in proportion to the severity of fibrosis and 

development of cirrhosis (Lowes, Croager et al. 2003). Abnormal production of hepatic 

TNF correlates with the severity of alcoholic hepatitis (Menon, Gores et al. 2001) (Bird, 

Sheron et al. 1990), NASH (Te Sligte, Bourass et al. 2004) and fibrogenesis (Kurosaka, 

Watanabe et al. 2001) (Diehl 2002). TNF may lead to further tissue damage, promoting 

inflammation and fibrogenesis (Kurosaka, Watanabe et al. 2001) (Gonzalez-Amaro, 

Garcia-Monzon et al. 1994). IFNγ mRNA expression is up-regulated in response to 

HCV (Bieche, Asselah et al. 2005) (Graham, Wells et al. 2005), chronic progressive 

cholestasis (Spirli, Fabris et al. 2003) and rodent hepatosteatosis (Kaneda, Kashiwamura 

et al. 2003). The data presented in this chapter show that there was up to a 70% increase 

of LTβ, TNF and IFNγ expression in mice that developed mild peri-cellular fibrosis or 

hepatosteatosis compared to mice that did not exhibit these pathologies. The up 

regulation of more than one cytokine in this study reflects the inflammatory hepatic 

background required to develop these pathologies. 

 

Anti-inflammatory agents such as corticosteroids and anti-TNF antibodies have been 

investigated as treatments for fatty liver disease, alcoholic hepatitis and non-alcoholic 

steatohepatitis (NASH) (Lin, Yang et al. 2000) (Spahr, Rubbia-Brandt et al. 2002) (Tilg, 

Jalan et al. 2003). Reducing hepatic TNF levels has improved fatty liver disease and 

reversed steatosis in mice (Lin, Yang et al. 2000), while disrupting TNF signalling has 

been shown to prevent liver damage in alcohol fed mice (Yin, Wheeler et al. 1999) 

(Iimuro, Gallucci et al. 1997). A deficiency of IFNγ signalling causes steatosis to 

develop in mice (Matthys, Froyen et al. 1995). Additionally, SC2I administration has 

been shown to reduce the expression TNF and IFNγ which was demonstrated by the 

ability of NS-398 and celecoxib to (1) reduce TNF release during murine 

ischemia/reperfusion liver injury (Ito, Katagiri et al. 2003) and (2) diminish TNF and 

IFNγ production of human T lymphocytes (Iniguez, Punzon et al. 1999). This chapter 

shows that the administration of SC-236 reduced the incidence of fibrosis and 

hepatosteatosis as well as diminished LTβ, TNF and IFNγ expression. Liver 

fibrogenesis and cirrhosis was significantly inhibited by SC2I administration in rat 

models (Denda, Kitayama et al. 2002) (Yamamoto, Kondo et al. 2003). The current 

murine data builds on these previous studies by showing that the simultaneous reduction 
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of LTβ, TNF and IFNγ, mediated by SC2I administration, is associated with decreased 

the incidence of the development of hepatic inflammatory pathologies. 

 

TNF and IFNγ expression is up-regulated during chronic liver diseases which have a 

high likelihood of developing liver tumours. Increased TNF expression has been 

reported in hepatocytes in chronic viral hepatitis (Gonzalez-Amaro, Garcia-Monzon et 

al. 1994). Several reports have suggested that the up-regulation of IFNγ expression is 

involved in the initiation of cholangiocarcinoma (Jaiswal, LaRusso et al. 2000) and lung 

cancer (Chung-man Ho, Zheng et al. 2001). TNF and IFNγ are up-regulated in HepG2 

cells, which is a well differentiated human hepatoma cell line (Stonans, Stonane et al. 

1999). The pre-neoplastic condition of persistent LPC activation is dependent on 

increased hepatic expression of TNF (Knight, Yeoh et al. 2000) and IFNγ (Bisgaard, 

Muller et al. 1999) (Akhurst, Matthews et al. 2005). Increased TNF and IFNγ 

expression of the lesions and nodules that developed in some of the mice fed the CDE 

diet indicate that these pathologies may be pre-malignant or at least dysplastic. These 

cytokine data agrees with previous reports and show that TNF and IFNγ are both up-

regulated during murine hepatocarcinogenesis. 

 

Murine hepatocarcinogenesis has been reduced by interrupting TNF (Knight, Yeoh et 

al. 2000) (Pikarsky, Porat et al. 2004) and IFNγ signalling (Matsuda, Nakamoto et al. 

2005). SC2I administration decreases pro-inflammatory cytokine expression and 

therefore interrupts inflammatory signalling (Iniguez, Punzon et al. 1999) (Ito, Katagiri 

et al. 2003). Although JTE-522, a SC2I, has been shown to reduce inflammatory 

infiltrate concurrently with attenuating hepatocarcinogenesis (Yamamoto, Kondo et al. 

2003), this thesis demonstrates for the first time that a SC2I reduces hepatic 

inflammatory cytokine expression (TNF, IFNγ and LTβ) at both 2 weeks and 52 weeks 

during the murine CDE model of hepatocarcinogenesis. It is likely that the reduction of 

these cytokines indicates inhibited hepatic inflammation, which consequently 

contributes to the reduced development of pre-neoplasia in CDE fed mice. These data 

are consistent with the concept that attenuating inflammation will decrease the 

likelihood of hepatocarcinogenesis. 

 

The role of LTβ in hepatocarcinogenesis has not been established although LTβ 

expression is increased in chronic hepatitis C (Lowes, Croager et al. 2003) and is 
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required for murine LPC mediated regeneration (Akhurst, Matthews et al. 2005). 

HepG2, Hep3B and PIL-2, a murine LPC line, express LTβ (Subrata, Lowes et al. 

2005). Signalling of LTβ appears to have an in vitro anti-tumour effect by either (1) 

inducing apoptosis (Browning, Miatkowski et al. 1996) (Wu, Wang et al. 1999) or (2) 

growth inhibition (Degli-Esposti, Davis-Smith et al. 1997) of tumour cells. This study 

shows that intra-hepatic LTβ mRNA expression is not changed regardless of the 

absence of nodules or small lesions in mice fed the CDE diet for 52 weeks. Therefore it 

appears that LTβ is not directly associated with hepatocarcinogenesis although it is 

involved with hepatic inflammation and regeneration. 

 

The up-regulation of TGFβ1 has been reported in human and experimentally induced 

HCCs (Nagy, Evarts et al. 1989) (Ito, Kawata et al. 1991) (Bedossa, Peltier et al. 1995). 

HCCs frequently display much higher levels of TGFβ mRNA and protein than in 

adjacent normal tissue (Bedossa, Peltier et al. 1995) (Orsatti, Hytiroglou et al. 1997) 

(Zhao and Zimmermann 1998). The 9-fold up-regulation of TGFβ1 expression in the 

CDE induced lesions and nodules compared to CDE livers without lesions suggest that 

these pathologies are neoplastic or are at least dysplastic. Furthermore, the 

administration of a SC2I does not change hepatic TGFβ1 mRNA levels in mice fed the  

CDE diet for 52 weeks. 

 

IFNγ has been shown to mediate the down regulation of TGFβ1 induced function 

(Lortat-Jacob, Esterre et al. 1994) (Nguyen, Antoine et al. 2002). Furthermore, low 

IFNγ levels correlate with an increase in fibrosis severity and susceptibility to TGFβ1 

action in humans (Leask and Abraham 2004). The data from this chapter show that 

within the lesions and nodules there is a 3-fold increase in IFNγ mRNA coupled with a 

9-fold increase in TGFβ1 mRNA. The increase in IFNγ expression may be: (1) a 

response to the 9-fold increase in TGFβ1 in an attempt to down-regulate the associated 

induced function or (2) independent of TGFβ1 and facilitate IFNγ mediated 

tumorigenesis or (3) a combination of both these possibilities. 

 

Experimental hepatocarcinogenesis has been extensively studied by feeding rats a 

choline deficient diet for at least 30 weeks (Denda, Tang et al. 1994) (Denda, Endoh et 

al. 1997) (Denda, Endoh et al. 1998) (Denda, Kitayama et al. 2002). Rat pathologies 
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that are associated with prolonged administration of a choline deficient diet include 

fibrosis, cirrhosis, hepatocellular dysplasia and neoplasia for review see (Nakae 1999). 

The variability of murine hepatocarcinogenesis can be exemplified in studies using 

prolonged choline deficiency of male C57BL/6 mice (Knight, Yeoh et al. 2000) (Denda, 

Kitayama et al. 2002). The study by Knight et al (2000) achieved HCC development 

after 36 weeks using half strength CDE diet, which is 50% the choline deficiency and 

ethionine supplementation used in this study (Knight, Yeoh et al. 2000). Fibrogenesis 

was not reported in this publication, whereas another study showed fibrosis was evident 

at 22 weeks and HCCs formed at 84 weeks (Denda, Kitayama et al. 2002). The data in 

this chapter show that limited fibrogenesis and early phases of hepatocarcinogenesis 

appear after 52 weeks of the CDE diet. Obviously the times taken for fibrogenesis and 

hepatocarcinogenesis vary significantly between these studies. Additionally, the 

phenotype of the resultant nodules also highlights the variability of murine CDE 

mediated hepatocarcinogenesis. Knight et al (2000) showed tumours that were immuno-

reactive for AFP and M2PK. The nodules generated in this study were AFP and A6-

positive while being M2PK-negative (data not shown). The different tumour phenotypes 

show the variability of hepatocarcinogenesis and indicate the considerations required for 

investigating experimental liver neoplasia. 

 

 

2.4.1 Conclusions 
This study has shown for the first time that the administration of a SC2I simultaneously 

reduced LPC activation, proliferation and inflammation during experimental 

hepatocarcinogenesis. SC-236 was also able to attenuate the appearance and frequencies 

of several atypical histological events. These results suggest that SC2Is may be useful in 

reducing hepatocarcinogenesis. 
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5.1 General discussion 
5.1.1 Conclusions 
The experimental work contained within this thesis was primarily undertaken to test the 

hypothesis that S2CIs may be a beneficial therapy that can reduce liver injury and pre-

neoplastic changes in the CDE animal model of hepatocarcinogenesis. The 

administration of a SC2I reduced LPC activation; furthermore, the in vivo and in vitro 

experiments demonstrated that different LPC sub-populations varied in their 

susceptibility to SC2I treatment, with LPCs exhibiting a more hepatocytic phenotype 

being more susceptible than those exhibiting cholangiocytic features. Mechanisms 

involved in the reduction of LPC activation comprised COX-2 inhibition, the induction 

of apoptosis (via the Akt signaling pathway) and the sustained attenuation of pro-

inflammatory cytokines that mediate LPC activation. The reduction of LPC activation 

by SC2I administration was accompanied by reductions in a range of pre-neoplastic 

pathologies (including liver fibrosis), hepatocellular proliferation and COX-2-positive 

cells and CD45-positive inflammatory cells. Despite the overall reduction of processes 

involved in hepatocellular regeneration, SC2I administration did not increase 

hepatocellular damage (as assessed by serum AST activity) or mortality. 

 

These findings are consistent with previous work demonstrating that a reduction in LPC 

activation is associated with a reduced incidence of hepatocarcinogenesis in mice fed 

the CDE diet (Knight, Yeoh et al. 2000). In the context of human chronic liver disease, 

these results are of considerable relevance, since the risk of HCC is paralleled by the 

extent of LPC activation (Lowes, Brennan et al. 1999). Studies suggest that LPCs are 

precursor cells to HCC and are implicated in a diverse range of liver diseases and 

pathologies that generally occur in association with an increased risk of HCC (Lorenz, 

Slaughter et al. 1999) (Theise, Yao et al. 2003) including small cell dysplasia 

(Libbrecht, Desmet et al. 2000), parenchymal inflammation (Libbrecht, Desmet et al. 

2000) and fibrosis (Lowes, Brennan et al. 1999) (Roskams, Yang et al. 2003). An 

increase in LPC activation is one of the earliest phenotypic changes detected in 

hepatocarcinogenesis (Parkin, Bray et al. 2001) (Thorgeirsson and Grisham 2002). 

Therefore, LPCs represent a population of cells that reflect the extent of liver damage 

and the likelihood for hepatocarcinogenesis. If the results of the current murine work 

documenting the effectiveness of a COX-2 inhibitor can be extrapolated to the human 

situation, then SC2Is may ultimately prove useful in the reduction of 



Chapter 5 General discussion  142 
 

hepatocarcinogenesis risk associated with LPC activation. Furthermore, this study 

confirms that the utility of the murine CDE model as a means to study treatments for 

reducing the risk of developing HCC. 

 

The reduction of LPC activation by SC2I treatment may be mediated through the 

induction of apoptosis by inhibition of the Akt signalling pathway. Both COX-2 

dependent and independent mechanisms are probably involved in the SC-236 induced 

apoptosis of LPCs. Previous studies have shown that SC2Is can induce apoptosis in 

tumour cells in a variety of mechanisms, including inhibition of the Akt/GSK3β/NAG-1 

pathway, inhibition of NK-κB activation and activation of caspases (Piazza, Rahm et al. 

1995) (Zhang, Morham et al. 1999) (Sawaoka, Tsuji et al. 1999) (Reddy, Hirose et al. 

2000) (Merlani, Fox et al. 2001) (Marx 2001) (Fan, Xiang et al. 2006) (Pang, Zhou et 

al. 2007). In addition, PPARγ agonists may underlie another COX-2 independent 

pathway for mediation of the beneficial effects of S2CIs. PPARγ activation is associated 

with reduced COX-2 expression in models of HCC (Glinghammar, Skogsberg et al. 

2003) and PPARγ agonists have a similar action to SC2Is as they reduce LPC activation 

and fibrogenesis during chronic liver injury (Knight, Yeap et al. 2005) and therefore 

may also be useful in the prevention of hepatocellular carcinoma. 

 

LPCs are a heterogeneous population by virtue of their adaptive ability to differentiate 

into hepatocytes or biliary cells. During LPC-mediated regeneration, the characteristics 

of the oval cell compartment change, according to the demand for hepatocytes and/or 

biliary cells. The exact relationship between the LPC markers M2PK and A6 remains 

unresolved, however previous work suggests they may distinguish sub-populations of 

LPCs, possibly differing in regards to their lineage selectivity or maturity. Many 

M2PK-positive LPCs co-express mature hepatocyte markers and some small 

hepatocytes are M2PK-positive during the early stages of the CDE diet (Tee, Kirilak et 

al. 1996) (Tian, Smith et al. 1997). Conversely, LPCs expressing A6 are proximal to 

expanding biliary cells during LPC mediated regeneration (Engelhardt, Factor et al. 

1990) (Akhurst, Croager et al. 2001). LPCs and biliary cells share antigens, for example 

chromogranin A, cytokeratins 19 and 7 and OV6 in humans (Haque, Haruna et al. 1996) 

(Roskams, De Vos et al. 1996) (Roskams, De Vos et al. 1998), OV6 in rats (Faris, 

Monfils et al. 1991) and A6 and G7 in mice (Engelhardt, Factor et al. 1990). This 

suggests that M2PK-positive cells may represent hepatocytic LPCs and A6-positive 
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cells may represent biliary cell LPCs. An alternate, but not mutually exclusive 

explanation, is that A6-positive cells represent a relatively immature or less 

differentiated LPC, whereas M2PK-positive LPCs are more differentiated. LPC 

activation and expansion precede the appearance of LPCs that co-express the mature 

hepatocyte marker LPK (Tee, Kirilak et al. 1996) (Smith, Tee et al. 1996) (Tian, Smith 

et al. 1997). Additionally, A6-positive LPC expansion commences as early as day 3 

following the administration of the CDE diet (Knight, Matthews et al. 2005) (Knight 

and Yeoh 2005), whereas there are relatively few M2PK-positive LPCs (Tian, Smith et 

al. 1997). Together these data suggest that A6 could be a marker of early, less mature 

LPCs while M2PK could be a marker of more mature, differentiated LPCs.  

 

The in vivo results described in this thesis suggest that SC-236 affects different LPC 

sub-populations, as evidenced by a reduction in the numbers of M2PK-positive LPCs 

but not A6-positive LPCs. In accordance, the in vitro data also suggest that A6-positive 

and A6-negative PIL-2 cell sub-populations have different sensitivities to SC-236 

administration. Furthermore, PIL-2 cells exhibiting hepatocytic phenotypes underwent 

cell death at a greater extent than PIL-2 cells not exhibiting these phenotypes. Whether 

SC2I treatment preferentially reduced LPCs destined to be hepatocytes or mature LPCs, 

whilst not affecting those differentiating into biliary cells or immature LPCs was not 

resolved. The relevance of these different LPC sub-populations to liver regeneration and 

hepatocarcinogenesis is unknown and clearly requires further evaluation. 

 

In summary, the data presented in this thesis support the concept that SC2Is have an 

inhibitory effect on hepatocarcinogenesis and suggest that this may be mediated by the 

induction of LPC apoptosis during the early stages of disease progression and 

hepatocarcinogenesis. This study showed that SC2I treatment affects multiple 

hepatocellular cell populations and the hepatic microenvironment. Pharmaceutical 

agents with properties exhibited by SC2Is may be useful as preventative treatment 

strategies for patients at risk of developing HCC. 

 

 

5.1.2 Future directions 
This study showed that SC2I administration caused a differential response amongst LPC 

sub-populations. The phenomenon of various LPC sub-populations responding 
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differently to an anti-inflammatory drug requires more research and may eventually 

distinguish factors specific for differentiation of LPCs. Furthermore, determining 

factors that affect LPC differentiation would potentially benefit cell therapies aimed at 

generating bioartificial livers from hepatocytes or LPCs. Also, such investigations may 

discover new LPC phenotypic markers that would surely enhance current LPC research. 

 

In this study, hepatic TNF, IFNγ and TGFβ1 were simultaneously up-regulated in livers 

that developed steatosis or hepatocellular lesions or nodules. Is the increased expression 

of TGFβ1 regulating LPC activation that would otherwise be unrestricted by TNF and 

IFNγ stimulation? And does the same relationship exist during hepatocarcinogenesis? 

Further investigations of the inflammatory cytokines and their inter-relationships would 

be useful to determine their role as possible therapies in liver disease and tumorigenesis. 

 

LPCs are usually activated in microenvironments that are toxic and would normally 

induce apoptosis in other hepatic cell types. This study showed that LPCs have at least 

one active survival pathway (Akt signaling pathway). Other investigations have shown 

that LPCs have other activated survival pathways: for example, LPCs express several 

members of the multi-drug ABC transporter family (BCRP1, Mrp1, Mrp3) that mediate 

the efflux of certain cytotoxic compounds (Shimano, Satake et al. 2003) (Vander 

Borght, Libbrecht et al. 2006) (Ros, Roskams et al. 2003). There has been extensive 

research into the survival mechanisms of HCCs, such as pathways blocking apoptosis, 

and it would be useful to determine whether the same mechanisms are active in LPCs. 

Further investigation into the survival mechanisms that are present during LPC 

activation might provide an insight into mechanisms crucial for hepatic regeneration 

during liver disease or how HCCs are generated during LPC activation. 

 

The results of this study suggest that SC2Is may be useful as a treatment for 

hepatocarcinogenesis and pathologies associated with chronic liver injury. To further 

define the protective effects of SC2I during chronic liver disease, it would be useful to 

investigate administering SC2I after LPC activation or pre-neoplasia. This would 

determine whether SC2Is, or other chemicals with similar molecular mechanisms, are 

effective in attenuating the progression of pathologies after the initiation of chronic liver 

disease and/or hepatocarcinogenesis. Additionally, administering different doses of 
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SC2Is may distinguish whether the protection provided by these drugs can be enhanced 

without affecting liver function or the overall health of the drug recipient. 

 

Furthermore, this study and others have shown that many hepatic cell types are affected 

by SC2Is. An investigation into the cell types and how they are affected by SC2I may 

lead to targeted and more effective treatments for pre-malignancy and malignancy of the 

liver.  
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Oval cell proliferation precedes neoplasia in many rodent
models of hepatocellular carcinoma and prevention of this
proliferative response can reduce the risk of subsequent
carcinoma. This study aimed to determine whether a
selective cyclo-oxygenase-2 (COX-2) inhibitor, SC-236,
affects (i) the oval cell response to liver injury in a
mouse model of hepatocarcinogenesis and (ii) an oval
cell line. Four-week-old mice were fed either normal
chow or a choline deficient, ethionine supplemented
(CDE) diet in the presence or absence of SC-236. Liver
histology and oval cell numbers were determined after 2,
4, 12 and 52 weeks of treatment. Oval cells were scored
using morphological criteria and positive immuno-staining
for the M2-isozyme of pyruvate kinase (M2PK) or A6. An
immortalized oval cell line (PIL-2) was used to study the
in vitro effects of SC-236 on oval cell proliferation,
apoptosis and Akt phosphorylation. The percentage of
M2PK-positive oval cells and COX-2-positive cells was
reduced by 80% and 45%, respectively, in CDE-fed
mice receiving SC-236 compared with CDE-fed animals
not receiving SC-236. Some M2PK-positive oval cells
were also COX-2 positive. The percentage of A6-positive
cells was not affected by SC-236 administration to CDE-fed
mice. Administration of SC-236 increased apoptosis as
evidenced by a 73% increase in the number of TUNEL-
positive cells at 2 weeks in CDE-fed mice. Primary oval
cells and PIL-2 cells expressed COX-2. In vitro treatment of
PIL-2 cells with SC-236 resulted in a dose-dependent pref-
erential death of A6-negative cells. Administration of 25
and 50 mM Prostaglandin E2 partially attenuated SC-236
induced cell death by 25%. In vitro oval cell death was
associated with apoptosis and a 70% reduction in Akt phos-
phorylation. These results suggest that the SC-236 induced
reduction of M2PK-positive oval cell numbers may be due
to COX-2 dependent inhibition of Akt phosphorylation and
induction of apoptosis.

Introduction

Hepatocellular carcinoma (HCC) is the major malignancy
complicating chronic liver disease (1). Preventative appro-
aches to therapy are limited and treatment by resection,
chemotherapy or transplantation is expensive and has limited
success with high recurrence rates (2–4). Thus, new ther-
apeutic approaches for the prevention of HCC are required.
Emerging evidence suggests that HCC may arise by the
transformation of adult hepatic progenitor cells, called
‘oval’ cells in mice and ‘intermediate hepatobiliary’ cells in
humans (5–7). Oval cells have the capacity to differentiate
into hepatocytes and biliary epithelial cells during liver
regeneration (8–11). Oval cells proliferate in response to
liver injury in the early stages of most rodent models of
hepatocarcinogenesis and are strongly associated with the
presence of inflammation (12–16). They share antigenic
epitopes with liver tumor cells, including M2-pyruvate kinase
(M2PK) and alfa feto-protein (AFP) (17–19). In humans,
hepatic progenitor cells proliferate following chronic liver
injury due to chronic viral hepatitis, alcoholic liver disease
or metabolic liver conditions, and their numbers increase in
direct proportion with the disease severity (20,21). We have
shown that when mice have an attenuated M2PK-positive oval
cell response they have a reduced incidence of HCC following
prolonged liver injury via a tumor necrosis factor (TNF) depen-
dent mechanism (22). As TNF is a pro-inflammatory cytokine,
this suggests that anti-inflammatory agents may be effective in
inhibiting the proliferation of oval cells and, therefore, HCC
formation.

The cyclo-oxygenase (COX) isozymes COX-1 and COX-2
mediate the conversion of arachidonic acid into a range of
prostaglandins that have effects on inflammation and carcino-
genesis. Whilst COX-1 plays a constitutive homeostatic role,
COX-2 is induced locally during inflammation and carcino-
genesis (23–25). COX-2 expression is up-regulated in subjects
with chronic hepatitis, cirrhosis and HCC, and is expressed in
non-parenchymal cells during experimental hepatocarcino-
genesis (26–29). Investigations now show that the administra-
tion of a selective COX-2 inhibitor (SC2I) may reduce the
incidence of breast, colon, pancreatic, skin and stomach tumors
(30,31). Recent studies have also shown that SC2Is can reduce
COX-2 expression and the development of pre-neoplastic foci,
fibrosis and HCC in rats fed a choline-deficient diet (28,32–
35). The mechanism of this anti-tumorigenic effect of SC2Is
was not explored in these studies, however other reports have
shown that COX-2 inhibitors are able to induce apoptosis in
liver tumor cells (36–39). We hypothesized that SC2Is may
modulate hepatocarcinogenesis by selectively reducing the
hepatic oval cell response during the early stages of liver dis-
ease. Thus, the aim of this study was to determine the effect of
an SC2I, SC-236, on oval cell numbers during pre-neoplastic
liver injury in mice fed a carcinogenic diet, and their ability to
directly modulate oval cell behavior in vitro.

Abbreviations: AST, aspartate transaminase; CDE diet, choline deficient
ethionine supplemented diet; CDE�D, CDE diet without SC-236; CDE+D,
CDE diet with SC-236; COX-(1&2), cyclo-oxygenase-(1&2); H&E,
hematoxylin and eosin; HCC, hepatocellular carcinoma; IFNg , interferon g ;
IHC, immunohistochemistry; M2PK, M2-pyruvate kinase; PGE2,
prostaglandin E2; SC2I, selective COX-2 inhibitor; TNF, tumor necrosis
factor.
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Materials and methods

Experimental design

Four-week-old C57Bl/6J mice were housed under specific pathogen-free
conditions, in accordance with the guidelines of the National Health and
Medical Research Council of Australia and the Animal Ethics Committee
of the University of Western Australia. Mice were fed either normal chow
and drinking water (control diet) or choline-deficient chow (ICN, Irvine, CA,
USA) and drinking water supplemented with 0.165% ethionine (Sigma-
Aldrich, St. Louis, MO, USA) (Choline-deficient ethionine supplemented
diet [CDE diet]). To study the effect of SC2I administration, mice were
given either SC-236 (Pfizer, New York, NY, USA; 5 mg/kg/day) or vehicle
alone (0.05% Tween 20 and 0.95% polyethylene glycol 200; Sigma-Aldrich,
St. Louis, MO, USA) in drinking water, according to the method previously
described (40). Mice were divided into four groups and fed: (i) normal chow +
SC-236, (ii) CDE diet, (iii) CDE diet + vehicle or (iv) CDE diet + SC-236
(CDE+D). At 2, 4, 12 and 52 weeks, 5–7 mice from each group were killed and
their livers and serum collected. Throughout the experiments there were no
significant differences between (a) CDE and (b) CDE + vehicle so these groups
were combined and named CDE�D.

Tissue and serum preparation

Mice were anaesthetized and whole bloods taken via cardiac puncture for
serum collection. Whole body and liver weights were recorded at the time
of killing. The liver was perfused with phosphate-buffered saline (PBS) and
portions of liver tissue (�5 mm3) were either snap frozen in liquid nitrogen or
fixed in neutral buffered formalin for 24 h and embedded in paraffin. Serum
aspartate aminotransferase (AST) activity was measured using a kit, according
to the manufacturer’s instructions (Sigma-Aldrich, St. Louis, MO, USA).

Histopathology and immunohistochemistry

For histology, 4-mm sections were cut from paraffin embedded liver and
stained with hematoxylin and eosin (H&E). Sections from 52 week samples
were stained with H&E and Masson’s trichrome (41) and examined blindly by a
histopathologist (Dr. Ross Glancy, Fremantle Hospital, Perth, Australia) for
morphology, dysplasia and fibrosis. Five micrometer frozen sections were
stained using A6 antibody (1:30, gift from Dr. V.Factor) and detected using a
two-step indirect method (42). Immunohistochemistry (IHC) on formalin-fixed
liver was performed using antibodies directed against M2-isozyme pyruvate
kinase (M2PK) (1:50, Schebo Tech, Germany), COX-2 (1:500, Santa Cruz,
Hercules, CA, USA) and alfa-feto-protein (AFP) (1:2000, ICN, Irvine, CA,
USA). Before IHC, sections to be stained with M2PK or COX-2 antibodies
underwent antigen retrieval by boiling tissues in EDTA buffer (1 mM,
pH 8.0) or citrate buffer (10 mM, pH 6.0) for 15 min. Immunodetection was
performed using a three-step indirect method (20). Oval cells were identified and
scored using a combination of morphological and immunohistochemical criteria
as previously described (42). The number of oval cells and COX-2-positive
cells was determined by counting 10 peri-portal non-overlapping fields at
40· magnification. Cell numbers were expressed as the average percentage
of total cell number per field of view. Double IHC was performed as described
in Tian et al. (14), using antibodies directed against COX-2 (1:500, Santa Cruz,
USA), M2PK (1:200, Rockland Immunochemicals, Gilbertsville, PA, USA) or
pan-cytokeratin (1:200, Dako, Carpinteria, CA, USA).

In vivo apoptosis studies

Apoptosis was detected in 4-mm paraffin embedded sections using the Dead-
End Colorimetric TUNEL System (Promega Corporation, Madison, WI, USA)
according to manufacturer’s protocol. The number of TUNEL-positive cells
was determined by counting 10 peri-portal non-overlapping fields at 40·
magnification. Oval-like cells were identified as previously described (42)
using morphological criteria; care was taken to exclude small hepatocytes
and endothelial cells. Apoptotic cells were expressed as the average percentage
of TUNEL-positive cells relative to total cell number per field of view.

Prostaglandin E2 (PGE2) measurement

PGE2 concentration in liver tissue and culture media was determined using
an immunoassay kit following the manufacturer’s instructions (Cayman
Chemicals, Ann Arbor, Michigan, USA). For liver tissue, 50 mg of frozen
tissue was homogenized in 0.5 ml of homogenization buffer (0.1 M Tris–HCl,
10 mM indomethacin) on ice. The homogenate was centrifuged for 10 min at 16
000 g and the supernatant was removed to measure the PGE2 content using a
PGE2 purification kit (Cayman Chemicals, USA). Culture media (50 ml) was
used to measure PGE2 concentration.

In vitro oval cell studies

A well characterized immortalized murine oval cell line (termed PIL-2), which
exhibits phenotypic similarities with oval cells in vivo, was used for the in vitro

work (19). PIL-2 cells are immuno-reactive for the hepatocyte markers
albumin and transferrin and the oval cell markers AFP, A6 and M2PK.
They are capable of differentiating into both hepatic and biliary lineages
(unpublished results) and exhibit increased proliferation in response to increas-
ing concentrations of serum (43). PIL-2 cells were maintained in culture as
previously described (19). For analysis of COX-2 expression, primary oval
cells were isolated from the livers of mice fed the CDE diet for 2 weeks as
previously described (44). For growth assays, PIL-2 cells were seeded in
96-well microtiter plates at a medium density of 3000 cells/well. Following
adherence, cells were exposed to media containing either DMSO alone
(vehicle), LY-294002 (an inhibitor of phosphatidylinositol-3 kinase and Akt
phosphorylation, Sigma-Aldrich, St. Louis, MO, USA) or SC-236 dissolved in
DMSO at various concentrations (0.5–100 mM) for 24 h. To determine whether
exogenous PGE2 could prevent the effects of SC-236, separate experiments
were also conducted with the addition of PGE2 (MO Biomedicals, Kansas City,
MO, USA) at various concentrations (0–50 mM). Numbers of viable cells
present at the end of the experiment were determined by MTT-based assay
(43). A6 immunocytochemistry was performed as previously described (19).

In vitro apoptosis study

PIL-2 cells were cultured in the presence of either vehicle alone or 25 mM
of SC-236 for 6 h. Cells undergoing apoptosis were identified using Annexin
V-FITC (Molecular Probes, Eugene, OR, USA) according to the manufac-
turer’s protocol.

RNA isolation and RT-PCR

Total RNA was isolated from whole liver or cultured cells using TRIzol
(Invitrogen, Mount Waverley VIC, Australia) according to the manufacturer’s
instructions. RNA was converted to cDNA using the Thermoscript Reverse
Transcription System (Invitrogen, USA) according to the instructions of the
manufacturer. PCR was performed using specific primers directed against
murine COX-2 (forward primer: 50-AAAACCGTGGGGAATGTATGAG-
CAC-30, reverse primer: 50-AAACTTCGCAGGAGGGGGATGTTG-30) or
b-Actin (forward primer: 50-CTGGCACCACACCTTCTA-30reverse primer:
50-GGGCACAGTGTGGGTGAC-30). For analysis of whole liver COX-2 lev-
els, quantitative PCR was performed in real time using a RotorGene 2000
(Corbett, Australia) incorporating SYBR green to measure the formation of
double stranded amplicons. Data were normalized against a plasmid construct
containing the COX-2 fragment, generated exactly as previously described
(44). Quantitation data for COX-2 PCR was normalized against that of b-
Actin. PCR products were separated using agarose gel electrophoresis and
stained using ethidium bromide. Resultant bands were compared with a
molecular weight marker to confirm the products were of the expected size.

Western immunoblotting

Cells were washed in ice cold PBS and harvested on ice using lysis buffer
(20 mM HEPES [pH 7.7], 2.5 mM MgCl2, 0.1 mM EDTA, 20 mM b-
glycerophosphate, 100 mM NaCl, 0.05% Triton X-100, 500 mM DTT,
100 mM Na3VO4, 20 mg/ml leupeptin, 100 mg/ml PMSF and 20 mg/ml apro-
tonin transylol). The insoluble material was excluded by centrifugation at
16 000 g at 4�C for 20 min and the resultant supernatant aspirated. Protein
(25 mg) was separated on an 8% SDS-polyacrylamide gel on a Minigel appar-
atus (Hoefer, San Francisco, CA, USA) and transferred onto a PVDF mem-
brane (Immobilon, Millipore, USA) with a semi-dry transfer cell (Owl

Fig. 1. SC-236 does not affect serum AST activity in mice fed the CDE
diet. AST activity was measured at 2, 4, 12 and 52 weeks in mice fed
control diet (white bars), CDE diet without SC-236 (CDE�D, dark gray
bars) or CDE diet with SC-236 (CDE+D, black bars). Results are expressed
as group mean ± SEM.
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Separation Systems, Portsmouth, NH, USA). After transblotting, membranes
were dried and then incubated overnight at 4�C with primary antibody diluted
1:1000 for COX-2, b-Actin (both from Santa Cruz, USA), Akt, p-Akt Thr308,
p-Akt Ser473 (all three from Cell Signalling Technologies, Danvers, MA, USA).
Following overnight incubation, membranes were washed three times in PBS.
Primary antibodies were detected using either goat anti-rabbit HRP (1:2000,
Santa Cruz, USA) or donkey anti-goat HRP (1:2000, Santa Cruz, USA) at room
temperature for 1 h, and washed with PBS three times. Bound antibodies
were detected using ECL Plus (Amersham, UK) and visualized using the
VersadocTM Imager (Biorad, Hercules, CA, USA). Band densities were
quantified using Quantity One software, version 4.5.0 (Biorad, USA).

Statistical methods

Each in vitro experiment was performed three times and in duplicate. Data are
reported as the mean ± SEM. Comparisons between groups were performed
using unpaired t-test or Fisher’s exact test (GraphPad Prism version 4.00 for

Windows, GraphPad Software, San Diego, CA, USA). Data were deemed to be
significantly different when P < 0.05.

Results

Early changes following administration of the CDE diet

At 2 and 4 weeks, mice fed the CDE diet exhibited
mild macrovesicular steatosis and inflammatory infiltration
consistent with previously published observations (42).
There were no discernible differences in these parameters
between CDE-fed mice treated with or without SC-236.
Serum AST levels were elevated at 2 weeks in mice fed the
CDE diet but were not different from control diet animals

Fig. 2. Liver pathologies in mice fed the CDE diet after 52 weeks. H&E stained liver sections show hepatocyte nuclear atypia (broad arrow) and typia
(small arrow) (A) and atypical hepatocyte foci (B). An AFP-positive focus in a CDE�D liver (C). Gross morphology of an A6-positive nodule in a CDE�D
animal (D). Masson’s trichrome staining illustrates mild peri-cellular fibrosis (white arrows) in CDE�D animals (E) and no fibrosis with administration of
SC-236 (F). Each black bar represents 100 mm and the white bar represents 1 cm.
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Table I. SC-236 reduces the incidence of pathologies induced in mice fed the CDE diet for 12 months

Group Number of
animals examined

Group average
weight g (SEM)

Liver injury Neoplasia incidence

Whole body Liver Hepatocyte
peri-cellular fibrosis

Mixed
steatosis

Dysplastic lesions AFP foci A6-positive
nodular lesions

CDE�D 14 31 (1.6) 1.8 (0.1) 8 (57%)� 4 (29%) 7 (50%) 6 (43%) 3 (21%)
CDE+D 6 29 (1.6) 1.6 (0.1) 0 (0%)� 0 (0%) 1 (17%) 1 (17%) 0 (0%)

The CDE+D group received SC-236 whilst the CDE�D group did not.
�P < 0.05.

Fig. 3. SC-236 reduces M2PK-positive oval cells and does not affect A6-positive cells in mice fed the CDE diet. IHC illustrates M2PK (A, B) or A6
(C, D) -positive oval cells (arrows) in CDE�D (A, C) and CDE+D (B, D) mice fed the CDE for 2 weeks. Each bar represents 100 mm. Quantitation of
M2PK-positive oval cells (E) and A6-positive cells (F) demonstrates a significant reduction in the numbers of M2PK-positive cells in animals receiving
SC-236. Data expressed as mean ± SEM. ��P < 0.01.
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thereafter (Figure 1). Administration of SC-236 did not affect
the total body or liver weights (data not shown), or serum AST
levels of the CDE-fed mice (Figure 1). The hepatic PGE2

content of mice fed the control diet was 481 ± 18 pg/mg
protein. Administration of the CDE diet for 2 weeks increased
the PGE2 content to 863 ± 35 pg/mg protein (P < 0.05). Treat-
ment with SC-236 did not affect hepatic PGE2 content in mice
fed the CDE diet (800 ± 30 pg/mg protein).

SC-236 administration decreases CDE-mediated pathologies

Mice fed the CDE diet for 52 weeks exhibited marked
hepatocyte nuclear atypia and dysplasia compared with age-
matched mice receiving a normal diet (Figure 2A and B). Mice
fed the CDE diet developed AFP-positive foci (Figure 2C).
Some also developed large white nodular lesions on their livers
(Figure 2D) which stained positively for A6. Sixty percent
(8 of 14) of CDE-fed mice exhibited peri-cellular fibrosis
(Figure 2E) while none of the CDE-fed mice also receiving
SC-236 had fibrosis (Figure 2F, P < 0.05). Overall SC-236
administration reduces the incidence of a range of pathologies
which develop during long-term CDE diet administration
(Table I).

SC-236 reduces the number of M2PK-positive oval cells

The CDE diet induced the appearance of M2PK (Figure 3A
and B) and A6-positive oval cells (Figure 3C and D).
SC-236 administration significantly reduced the number of

CDE-induced M2PK-positive oval cells by �60% at 2
weeks (P < 0.01), 70% at 4 weeks (P < 0.01), 80% at 12
weeks and 50% at 52 weeks (P < 0.01) (Figure 3E). In contrast,
the administration of SC-236 did not affect the numbers or
distribution of A6-positive cells in mice fed the CDE diet
(Figure 3F).

SC-236 reduces the number of COX-2-positive cells

Administration of the CDE diet induced a 44-fold increase in
hepatic COX-2 expression (Figure 4A). SC-236 administration
to animals fed the CDE diet significantly reduced the number
of COX-2-positive cells by 45% at 2 weeks (P < 0.05), 20%
at 4 weeks (P < 0.05) and 30% at 52 weeks (P < 0.05)
(Figure 4B). COX-2 IHC shows that Kupffer, sinusoidal
and endothelial cells were immuno-reactive. Hepatocytes
and cholangiocytes were not immuno-reactive for COX-2.
Double IHC showed COX-2-positive cells also positive for
M2PK, but not for cytokeratin (an alternative marker to A6
for staining biliary oval cells) (Figure 4C and D).

SC-236 increases the number of TUNEL-positive cells

Only hepatocytes, sinusoidal and oval-like cells were TUNEL-
positive. Administration of the CDE diet increased the number
of hepatic TUNEL-positive cells from 0.33% in control mice to
0.62% at 2 weeks (Figure 5, P < 0.05). Treatment of animals
fed the CDE diet with SC-236 (CDE+D) caused a further
2-fold increase in the number of TUNEL-positive cells at

Fig. 4. SC-236 reduces COX-2-positive cells in mice fed the CDE diet. The CDE diet increased hepatic COX-2 mRNA levels (A) and the number of
COX-2-positive cells in CDE livers at each time point (B). The number of COX-2-positive cells was reduced by administration of SC-236. Double IHC for
COX-2 and either M2PK (C) or cytokeratin (D) shows cells positive for COX-2 (brown stain; long arrows) in CDE-D mice after 2 weeks; some
oval-shaped COX-2-positive cells were found to co-express M2PK (purple-black stain; thick arrows; C). Cells single-positive for either M2PK
(blue stain; arrowhead; C) or cytokeratin (blue stain; arrowhead; D) were also observed.
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2 weeks (P < 0.05). SC-236 increased the percentage of
TUNEL-positive oval-like cells from 0.1% in CDE�D to
0.4% in CDE+D mice at 2 weeks (Figure 5, P > 0.05).

SC-236 induces cell death by apoptosis in an oval cell line

Primary and immortalized oval cell cultures expressed COX-2
mRNA (Figure 6A) and protein (Figure 6B). Following
SC-236 treatment, cell viability decreased in a dose-
dependent manner, with an estimated LD50 of 1 mM

(Figure 6C). Administration of 25 mM SC-236 to PIL-2
cells resulted in a 60% reduction in PGE2 levels (P < 0.05).
The addition of 25 or 50 mM PGE2 to PIL-2 cultures treated
with SC-236 attenuated cell death by �25% (P < 0.05). PIL-2
cultures exhibited heterogeneous A6 immuno-reactivity with
�10% of cells being A6-negative (Figure 7A and D). Follow-
ing administration of SC-236, there was a preferential deple-
tion of A6-negative cells, whereby almost all cells remaining
following SC-236 treatment were A6-positive (Figure 7B and
C). The proportion of A6-negative cells remaining following
24 h treatment was 1.5% and 0.8% when treated with 25 and 50
mM SC-236, respectively (Figure 7D, P < 0.001).

SC-236 induces apoptosis and reduces Akt phosphorylation in
an oval cell line

PIL-2 cells became rounded or began to shrink or detach from
the culture dish after SC-236 treatment (data not shown). SC-
236 induced apoptosis of PIL-2 cells, as determined by
Annexin V staining (Figure 8A–D). Phosphorylation of Akt
in PIL-2 cells was decreased following treatment with SC-236
(Figure 8E). Levels of both phosphorylated forms of Akt
(Thr308 and Ser473) were reduced by �70% following treat-
ment. Inhibition of phosphatidylinositol-3 kinase (an upstream
inducer of Akt) using LY-294002 completely prevented Akt
phosphorylation in PIL-2 cells (not shown).

Discussion

We tested the effect of a SC2I, SC-236, on (1) mice fed a CDE
diet, for up to 52 weeks and (2) a well characterized oval
cell line, PIL-2. SC-236 reduced a variety of CDE-induced
pathologies such as atypical hepatocytes, AFP-positive foci
and peri-cellular fibrosis. Administration of SC-236 in con-
junction with the CDE diet resulted in a 60–80% reduction in
the number of M2PK-positive oval cells but did not affect the
number of A6-positive cells at each of the experimental time
points. Some M2PK-positive oval cells co-expressed COX-2
while cytokeratin-positive cells did not. Primary oval cells and
PIL-2 cells expressed COX-2 mRNA and protein. PIL-2 cul-
tures underwent dose-dependent cell death following treatment
with SC-236. PIL-2 cells that were immuno-negative for A6
were more sensitive to SC-236-induced toxicity than A6-
positive cells. The induction of apoptosis was accompanied
by a reduction in Akt phosphorylation. These results demon-
strate that the administration of an SC2I attenuates the oval cell
response induced by a CDE diet and its associated pathologies
and suggest that this may occur through direct effects of SC-
236 on oval cell apoptosis, via a pathway mediated by Akt
activity.

There have been several studies reporting a reduction in the
grade and incidence of fibrosis, pre-neoplastic foci and hepa-
tocarcinogenesis following administration of various COX-2
inhibitors in rats fed a choline-deficient diet (28,32–35). How-
ever, these studies did not investigate the specific effects of an
SC2I on oval cells, even though it is well established that oval
cell proliferation is a key feature of liver injury in rodents fed a
choline-deficient diet (45–47). Our study extends existing data
by demonstrating that SC-236 reduces the number of oval cells
and the severity of pre-neoplastic liver pathologies in mice fed
the CDE diet. Interestingly, this attenuation in oval cell num-
bers occurred despite a down regulation in the number of
hepatic COX-2 expressing cells following SC-236 treatment,
suggesting that the effects may be mediated in part via COX-2

Fig. 5. SC-236 administration increases TUNEL-positive oval cells in
mice fed the CDE diet for 2 weeks. Quantitation of all TUNEL-positive
cells and TUNEL-positive oval-like cells in 2 week CDE animals. The
number of TUNEL-positive cells increased following commencement of
the CDE diet and was further increased by administration of SC-236.
Data expressed as mean ± SEM, �P < 0.05 and ��P < 0.01.

Fig. 6. The mouse oval cell line PIL-2 expresses COX-2 mRNA and
protein and undergoes dose-dependent cell death following exposure to
SC-236. COX-2 transcript (A) was detected in PIL-2 cultures (lane 1) and
primary oval cell cultures (lane 2). COX-2 protein was detected in PIL-2
cultures (B). Following SC-236 treatment, PIL-2 cell viability decreased in
a dose-dependent manner, with an estimated LD50 of 1 mM (C).
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independent pathway(s). In accordance, we did not observe a
reduction by SC-236 in hepatic PGE2 levels in CDE-fed ani-
mals. Analysis of in vivo programmed cell death by TUNEL
staining showed significantly increased numbers of both total
and oval-like cells undergoing apoptosis in SC-236 adminis-
tered animals, suggesting that the attenuation in oval cell num-
bers may be mediated by pro-apoptotic effects of SC-236 on
oval and other hepatic cell types.

Our findings are consistent with a previous work demon-
strating that a reduction in the number of oval cells is associ-
ated with a reduced incidence of hepatocarcinogenesis in mice
fed the CDE diet (22). In the context of human chronic liver
disease, these results are of considerable relevance, since the
risk of HCC is paralleled by changes in the number of hepatic
progenitor cells (20). Whether hepatic progenitor cells directly
give rise to HCC remains unresolved, however, they are at least
closely associated with diverse liver diseases and pathologies
that generally occur in association with HCC (48,49) including
small cell dysplasia (50), parenchymal inflammation (15) and
fibrosis (20,21). Therefore, hepatic progenitor cells represent a
population that reflects the extent of liver damage and the
likelihood for hepatocarcinogenesis. The administration of
pharmaceutical agents such as SC2I may ultimately prove
useful in the reduction of HCC risk associated with liver pro-
genitor cell proliferation.

We recently established a transformed murine oval cell line
(PIL-2) that exhibits morphologic and functional characteris-
tics consistent with oval cells in vitro and in vivo (19). The
current study demonstrated that PIL-2 cells express COX-2
mRNA and protein and upon SC-236 administration undergo
a decrease in cell growth and induction of apoptosis, consistent
with our in vivo observations. The partial protection provided
by the addition of exogenous PGE2 to PIL-2 cells cultured in
the presence of SC-236 again suggests that SC-236 exerts its

effects through mechanisms both dependent and independent
of COX-2 activity. Although the pathways by which SC2Is
induce apoptosis are poorly understood, that the selective
reduction in M2PX-positive oval cells in (39,51–54). Our
results show that a SC2I inhibits Akt phosphorylation in a
mouse oval cell line, suggesting that similar pathways are
invoked following SC2I treatment in mouse and human trans-
formed liver cell lines. Thus, administration of an SC2I may
reduce the risk of hepatocarcinogenesis by directly affecting
the survival of oval cells, possibly via an Akt-dependent
mechanism.

Hepatic oval cells are a heterogeneous population by virtue
of their adaptive ability to differentiate into hepatocytes or
cholangiocytes. During oval cell-mediated regeneration, the
characteristics of the oval cell compartment will change,
according to the relative demand for hepatocytes versus
cholangiocytes. The exact relationship between the oval cell
markers M2PK and A6 remains unresolved, however, previous
work suggests they may mark distinct sub-populations of cells,
possibly differing in regard to their lineage selectivity. Tian
et al. showed that M2PK-positive oval cells co-express mature
hepatocytic markers with some small hepatocytes being
M2PK-positive during the early stages of the CDE diet
(14). Conversely, oval cells expressing A6 are spatially asso-
ciated with expanding bile ducts during oval cell proliferation
in several mouse models (42,55). Our in vivo results suggest
that SC-236 affects different oval cell sub-populations, as
evidenced by a reduction in the numbers of M2PK-positive
oval cells but not A6-positive oval cells. In accordance, our
in vitro data also suggests that A6-positive and A6-negative
PIL-2 sub-populations have different sensitivities to SC-236
administration. Double-staining of tissue sections showed
some oval-shaped cells co-expressing COX-2 and M2PK,
but none co-positive for COX-2 and cytokeratin, a marker

Fig. 7. SC-236 preferentially induces death of A6-negative PIL-2 cells. PIL-2 cells treated with vehicle (A), 25 mM (B) or 50 mM (C) of SC-236 were
stained for A6. Small arrowheads indicate cells that are A6-negative. Scale bar represents 100 mm. Quantitation of A6-positive and A6-negative cells in
PIL-2 cultures treated with SC-236 (D). Numbers of A6-positive cells were not reduced in the presence of SC-236 whilst A6-negative cells demonstrated
markedly reduced in the presence of SC-236. Data expressed as group mean ± SEM for A6-positive and A6-negative PIL-2 cells. ��P < 0.01; ���P < 0.001.
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shown recently to stain cells also positive for A6 (56). This
suggests that the selective reduction in M2PK-positive
oval cells in SC-236 treated liver may be related to differential
COX-2 expression between the M2PK and A6/cytokeratin-
positive oval cell subsets. The relevance of these
different oval cell sub-populations to liver regeneration and
hepatocarcinogenesis is unknown and clearly requires further
evaluation.

In summary, our data confirm the inhibitory effects of SC2Is
on hepatocarcinogenesis and suggest that this may be mediated
by induction of oval cell apoptosis during the early stages of
disease progression. We suggest that pharmaceutical agents
with properties exhibited by SC2Is may be useful as preven-
tative treatment strategies for HCC in patients with chronic
liver disease.
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