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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF MEDICINE, HEALTH AND LIFE SCIENCES 
SCHOOL OF MEDICINE 

Doctor of Philosophy 

THE ROLE OF MATRIX METALLOPROTEINASE-13 IN THE REGRESSION OF 
LIVER FIBROSIS 

Dr Jonathan Andrew Fallowfield 

The identity and source of the rodent collagenase(s) that mediates matrix remodeling in fibrosis of 
the liver has proven elusive. Understanding these two facets is crucial to interpreting how 
spontaneous remodeling and resolution of fibrosis occurs not only in the liver but in other organ 
systems. Rodents lack matrix metalloproteinase -1 (MMP-l) and MMP-13 is widely held to be the 
major collagenase in this order. Macrophages are a rich source of MMPs and have been shown to 
regulate organ fibrosis and the wound healing response. 

It was therefore hypothesized that MMP-13 was a key effector in the regression of experimental 
liver fibrosis and that macrophages represented a major cellular source. The specific aims of this 
study were i) To determine the relative expression of MMP-13 in the regression of experimental 
liver fibrosis; ii) To determine the cellular source ofMMP-13 in resolving liver fibrosis; iii) To 
determine, mechanistically, the importance ofMMP-13 in mediating regression ofliver fibrosis. 
Rats were treated for 4 or 12 weeks with carbon tetrachloride (CCLt) to induce a reversible hepatic 

fibrosis or incompletely reversible cirrhosis respectively. The relative expression ofMMP-13 (and 
other collagenolytic MMPs) was quantified using real time reverse transcription-polymerase chain 
reaction (RT-PCR), Western blotting and zymography. Regional mRNA expression was 
determined using laser capture microdissection (LCM) and real time RT-PCR. The kinetics of 
different cell populations during regression of fibrosis was analyzed by histological staining and 
immunohistochemistry (IHC) with cell counting. The cellular origin ofMMP-13 was detennined 
by in situ hybridization and dual IHC using cell-specific markers. To investigate macrophage 
function mechanistically a transgenic mouse model (CD 11 b-DTR) was utilized, whereby scar 
associated macrophages (SAMs) were selectively depleted using diphtheria toxin, following CCl4 

induced liver fibrosis. Finally, the importance ofMMP-13 in regression ofliver fibrosis was 
determined in a murine knockout model. 
This study demonstrated that MMP-13 was expressed in progressive liver fibrosis and upregulated 

early during spontaneous recovery. There was a correlation between MMP-13 expression and the 
presence of SAMs. Comparison between the 4 and 12 week rat CCl4 models provided strong 
circumstantial evidence that SAMs were required for complete histological resolution. Indeed, 
peak expression ofmmpI3 mRNA after 12 weeks CCLt occurred at a time when the number of scar 
myofibroblasts was reduced, but macrophages were abundant and associated with scars. LCM 
demonstrated that mmpI3 mRNA was restricted to regions of fibrosis rich in SAMs. Both MMP-
13 mRNA and protein co-localized to large phagocytes within and apposed to hepatic scars. 
Additionally, IHC in human cirrhotic tissue demonstrated MMP-13 and MMP-l in similar scar 
associated phagocytes, suggesting that MMP-13 may also playa role in remodeling of human liver 
fibrosis. Using the CDIIb-DTR transgenic mouse to deplete SAMs early during resolution ofCC14 

fibrosis, SAM depletion resulted in a 5-fold reduction in mmpI3 mRNA (p=O.005) and persistence 
of hepatic scarring. Furthennore, regression of CCLt induced fibrosis was retarded in MMP-13 
deficient mice. One component of the mature hepatic scarring that persisted in the macrophage 
ablation model was elastin. MMP-12 is the major hepatic elastase and a pilot model ofCCLt 
fibrosis and recovery in MMP-12 deficient mice was undertaken. 
In conclusion, these data indicate that SAMs selectively, during resolution of fibrosis, induce and 

utilize the major collagenase MMP-13 to mediate the resorption of interstitial matrix and 
successfully remodel the fibrotic liver. 
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Chapter 1: Introduction 



Chapter 1: Introduction 

1.1 Liver fibrosis: the scale of the problem 

Fibrosis, or scarring, is a highly conserved evolutionary process to limit tissue 

damage. As such, it represents a stereotyped response to chronic liver injury, 

regardless of aetiology. However, progressive scarring resulting from a persisting 

liver insult eventually leads to cirrhosis with disorganisation of the normal liver 

architecture, characterized by fibrotic bands, parenchymal nodules and vascular 

distortion. Subsequent liver cell dysfunction and portal hypertension give rise to 

major systemic complications and premature death. 

Globally, liver fibrosis and cirrhosis constitute a major healthcare burden, with 

chronic viral hepatitis and alcohol the leading causes. The World Health 

Organisation estimates that 3% (170 million) ofthe world population are infected 

with hepatitis C virus alone. The overall prevalence of cirrhosis in the United 

States is estimated at 360 per 100,000 population (or 900,000 total patients) and it 

is the most common non-neoplastic cause of death among hepatobiliary and 

digestive diseases, accounting for approximately 30,000 deaths per year. In 

addition, 10,000 deaths occur due to liver cancer, the majority of which arise in 

cirrhotic livers, with the mortality rate steadily rising. Furthermore, in the UK 

large rises in death rates from cirrhosis have been observed with over 4000 dying 

from the disease in 1999, two thirds of them before the age of65 (Chief Medical 

Officer, 2001). With changing patterns of alcohol consumption and increasing 

rates of obesity and diabetes, the burden of fibrosis and cirrhosis related to alcohol 

and non-alcoholic steatohepatitis (NASH) will continue to grow. 

The clinical manifestations of cirrhosis vary widely and are determined by both 

the nature and severity of the underlying liver pathology. Up to 40% of patients 

are asymptomatic and may remain so for more than a decade. However, 

progressive deterioration is inevitable once complications develop such as ascites, 

encephalopathy, variceal haemorrhage and hepatorenal syndrome. This 

'decompensation' is associated with a 50% 5-year mortality overall, with around 

70% of these deaths directly attributable to liver disease. 

At present, the only curative treatment for advanced cirrhosis is liver 
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transplantation. This is increasingly successful, particularly with the emergence 

ofbetler anti-rejection drugs, and overall 5-year survival is around 75%. 

However, a shortfall of available donors and the often poor biological state of the 

potential recipient limit its clinical applicability. The success of transplantation 

and the development of efficacious anti-viral regimens for hepatitis B and C 

represent genuine advances, but they also serve to highlight our current inability 

to manipulate the underlying fibrotic process in a large number of patients with 

chronic liver disease. The development of targeted treatment is therefore urgently 

needed and, to define the necessary attributes of effective anti-fibrotic therapies, a 

mechanistic and evidence-based approach will be required. 

1.2 Fibrosis: the liver's wound healing response to injury 

In essence, cirrhosis is the result of an excessive and persistent scarring response 

to chronic liver injury and can be considered a paradigm for solid organ fibrosis 

and pathological wound healing elsewhere in the body. 

1.2.1 Normal liver architecture 

Connective tissue septa invaginating from the liver capsule delineate the hepatic 

lobules, the structural unit of the liver. A lobule is a roughly hexagonal 

arrangement of plates ofhepatocytes radiating outward from a central vein (Figure 

l.IA). At the periphery of the lobule are the portal tracts (or triads), consisting of 

a bile duct and branches of the hepatic artery and hepatic portal vein. 

The hepatic acinus is more difficult to visualize than the lobule, but represents a 

unit that is of more relevance to hepatic function because it is orientated around 

the afferent vascular system (Figure l.IB). The acinus is roughly divided into 

zones that correspond to distance from the arterial blood supply. Zone I encircles 

the portal tracts where the oxygenated blood from hepatic arteries enters. Zone 3 

is located around central veins, where oxygenation is poor. Zone 2 is located in 

between. The net result is that a variety of pathological processes lead to lesions 

that reflect acinar structure, e.g. necrosis ofhepatocytes at the periphery of the 

acmus. 
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Figure 1.1. Micro-architectural organisation of the liver. A, H&E stained section of human 

liver demonstrating normal lobular arrangement of plates of hepatocytes radiating outward 

from a central vein (CV). A portal tract is also visible. B, Schematic representation of the 

hepatic lobule and the hepatic acinus. Zonal blood supply (1-3) is indicated. Reproduced 

from Colorado State University Hypertextbook. 

1.2.2 The normal hepatic sinusoid 

The normal liver comprises an epithelial component (hepatocytes) with a brush 

border, an endothelial lining with fenestrations, tissue macrophages (Kupffer 

cells) and a perivascular mesenchymal cell termed the hepatic stellate cell (HSC). 

These cellular elements are organised within the sinusoid, where the 
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subendothelial space of Disse separates the hepatocyte epithelium from the 

sinusoidal endothelium. In normal liver, this space contains a low-density 

basement membrane-like extracellular matrix (ECM), forming a delicate lattice 

which provides cellular support and unimpeded transport of solutes and growth 

factors (Aumailley M & Gayraud B, 1998). Furthermore, this low-density ECM 

is critical for maintaining the differentiated functions of resident liver cells. 

1.2.3 Altered hepatic microenvironment in fibrosis 

Liver fibrosis is characterized by both quantitative and qualitative alterations to 

the normal hepatic ECM. As the liver scars, a high-density neomatrix 

accumulates, composed of bundles of collagen fibrils and an electron-dense 

basement membrane. Indeed, the total content of collagenous and non

collagenous components increases up to ten-fold (Schuppan D, 1990). These 

changes are accompanied by a loss of hepatocyte microvilli, the disappearance of 

endothelial fenestrations and subsequent liver dysfunction (Figure 1.2). 

Normal liver --------+~ Liver injury 

Figure 1.2. Schematic diagram illustrating the phenotypic features of chronic liver injury. 

Fibrillar ECM produced by activated HSCs accumulates in the space of Disse. Reproduced 

from Friedman SL (2000). 
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1.2.4 The Hepatic Stellate Cell: the major effector cell driving liver 
fibrosis 

As in other tissues (e.g. lung, kidney), the fibrotic component of the liver's wound 

healing response is mediated by myofibroblasts. In the injured liver the 

myofibroblast is potentially derived from a number of cellular sources, of which 

the hepatic stellate cell (HSC) is pre-eminent. The HSC has been identified as the 

pivotal cell type in the development ofliver fibrosis and appears to be the major 

source of the fibrillar collagens (mainly types I and III) and other matrix proteins 

that accumulate in chronic liver disease (Friedman SL, 2000). In response to 

injury, these normally quiescent peri sinusoidal vitamin-A storing cells proliferate 

and become 'activated' to a highly fibrogenic, 'myofibroblastic' phenotype. In 

the activated state, HSCs orchestrate an array of changes including ECM 

remodeling, vascular contraction, and the release ofbioactive mediators including 

cytokines (Figure 1.3). Their central role in liver fibrosis merits further 

consideration. 
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Hepatic Stellate Cell Activation 

Initiation 

• Transcriptional activation 

• Signalling molecule activation 

• Early structural gene induction 

-
Quiescent HSC 

Stimuli: 

Matrix 
Degradation 

• Paracrine mediators from KCs, SECs and HCs 

• Early ECM altemations (e.g. cellularfibronectin) 

• ? Upid peroxides 

Perpetuation 

, Leucocyte 
. chemoattraclion 

Stimuli: 

• CytokinesIGrowth factors: PDGF, TGFB, Endothelin-l . MCP-l 

• ECM alterations: Fibrillar collagens, cellular fibronectin 

Figure 1.3. Hepatic stellate cell activation. Following liver injury from any cause, HSCs 

undergo activation, changing from quiescent, retinoid-storing cells into proliferative, 

fibrogenic and contractile myofibroblasts. KC=Kupffer cell, SEC=sinusoidal endothelial 

cell, HC=hepatocyte. Adapted from Friedman SL and Arthur MJ (2002) with modifications. 

1.2.4.1 Initiation of HSC activation 

The initiation phase ofHSC activation is mediated primarily by paracrine stimuli 

from injured neighbouring liver cells and infiltrating inflammatory cells. Indeed, 

hepatocytes and Kupffer cells promote activation by the generation of lipid 

peroxides, leading to oxidative stress (Gressner AM et aI., 1993). Additionally, 

cytokines released by injured cells can also modulate HSCs. These include 

transforming growth factor /31 (TGF/31), platelet derived growth factor (PDGF) 

and endothelin-l (ET -1), which stimulate transcription factors such as nuclear 

factor-kappaB (NF-kB), c-jun, API, c-myb, Spl, STAT and SMAD proteins that 

regulate gene expression (Gressner AM, 1995). 

1.2.4.2 Perpetuation of HSC activation 

Activated HSCs perpetuate their fibrogenic phenotype by autocrine and paracrine 
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factors and positive feedback loops involving ECM components and cytokines. 

Of many mechanisms, perhaps the best characterized is that of TGF/31 in which 

autocrine secretion by HSCs is accompanied by upregulation of its receptor 

(Friedman SL et at., 1994). In addition, HSCs proliferate in response to mitogens 

such as PDGF, thrombin and angiotensin-II, and accumulate in response to 

several migration stimuli including growth factors (PDGF), vasoactive substances 

(ET-l), and chemokines (MCP-l) (pinzani M & Marra F, 2001). 

1.2.4.3 HSC and matrix interactions 

A key facet ofHSC behaviour is their dynamic interaction with the ECM. Rather 

than simply acting as a molecular scaffold, it is clear that the ECM is additionally 

able to modulate important HSC functions by acting as a reservoir and precursor 

for bound cytokines and growth factors (PDGF, fibroblast growth factor (FGF), 

TGF/31) and also matrix metalloproteinases (MMPs), which are released upon 

matrix digestion (Mort JD & Werb Z, 2004). This altered microenvironment 

within the space of Disse can influence neighbouring cells, including HSCs. For 

example, as the subendothelial basement membrane is replaced by fibrillar 

collagen, HSC activation may be enhanced and perpetuated by binding of 

collagen to the discoidin domain tyrosine kinase receptor 2 (DDR2) or specific 

integrins. The recently described DDR2 receptor subfamily is upregulated during 

HSC activation (Olaso E et aI., 2001). As a result ofDDR2 activation by its 

ligand (cpllagen), HSCs proliferate and degrade matrix via increased expression 

ofMMP-2. These changes induce further HSC activation in a positive feedback 

loop. Conversely, it has been shown in cell culture studies that basement 

membrane-like matrix induces deactivation ofHSCs, characterized by a marked 

reduction in proliferation and collagen synthesis. This may represent an important 

potential mechanism mediating recovery from liver fibrosis in vivo (Gaca Met aI., 

2003). 

Hepatic stellate cells express a number of integrins which also mediate cell-matrix 

interactions. These transmembrane proteins, whose ligands are matrix molecules 

rather than cytokines, transduce signals from the matrix into HSCs to regulate 

downstream effector functions including proliferation, migration, contraction and 

collagen synthesis (Zhou X et aI., 2004). Indeed, using an antagonist ofintegrin 
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avJ33 (echistatin), adhesion, proliferation and synthesis of procollagen-1 were 

inhibited in HSCs plated onto collagen-I substrate (Zhou X et aI., 2006). Integrins 

can also activate latent TGFJ31, thus amplifying the fibrogenic action of this 

cytokine (Freidman SL, 2000). 

1.2.4.4 Contractility 

Activated HSCs express a-smooth muscle actin (a-SMA) and become contractile. 

Contractility of HSCs may be a major determinant of the sinusoidal portal 

hypertension which accompanies cirrhosis (Rockey DC, 2001). Endothelin-1 is 

the major stimulus towards HSCs and is overexpressed in cirrhotic liver (Pinzani 

Met aI., 1996). Furthermore, progressive liver disease is associated with reduced 

levels of nitric oxide, the physiological antagonist ofET -1, thus altering the net 

balance of these opposing factors in favour ofET (Rockey DC and Chung JJ, 

1998). Moreover, ET-I appears capable of exerting multiple effects on HSCs 

through alterations in the ET receptor repertoire as fibrosis progresses. Early 

disease appears to be characterized by enhanced expression of the ETA isoform, 

similar to fibrogenesis in other organs (e.g. lung, kidney). However, as fibrosis 

progresses there is an abundance of type B receptors which may, conversely, 

prevent fibrosis progression by inhibiting HSC proliferation and collagen 

deposition (Mall at A et aI., 1995). 

1.2.4.5 Cytokine release 

As discussed, autocrine cytokines are important regulators ofHSC activation. 

These factors include TGFJ31, PDGF, FGF, ET-1, platelet activating factor (PAF) 

and hepatocyte growth factor (HGF) (Pinzani M, 2001). In addition, HSCs serve 

to amplify the hepatic inflammatory response by secreting neutrophil and 

monocyte chemoattractants, including colony stimulating factor (CSF), 

macrophage chemotactic protein-I (MCP-I) and interleukin-8 (IL-8) (Marra F, 

1999). 

1.2.4.6 Fibrogenesis 

Activated HSCs express a wide spectrum ofECM molecules and their synthetic 
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capacity is markedly increased by the action ofTGF13l, the major fibrogenic 

cytokine identified (Friedman SL, 2000). TGF13 antagonists are effective 

inhibitors of fibrosis in several tissues including liver (Nakamura T et al., 2000). 

HSCs are a significant source of TGF13l, although Kupffer cells and platelets also 

secrete this cytokine. Recently, connective tissue growth factor has also been 

implicated in fibrogenic stimulation ofHSCs (Paradis V et ai., 2002). 

Progression of fibrosis is not only associated with synthesis of a type-I collagen

rich neomatrix, but also by inhibition of its degradation through secretion of the 

potent tissue inhibitors ofmetalloproteinases (TIMPs) (Iredale jp et ai., 1996). 

Furthermore, in rat liver fibrosis models the increased expression of TIMPs 

precedes expression of procollagen-l mRNA, suggesting that fibrillar collagen is 

laid down into an extracellular milieu in which matrix degradation is already 

inhibited. In addition, TIMP-l has been shown to inhibit apoptosis of some cell 

types including HSCs, and may therefore promote and perpetuate fibrosis by 

being anti-apoptotic for activated HSCs (Murphy F et ai., 2002). 

1.2.5 Targeted treatments for cirrhosis 

The HSC, given its central role in liver fibrosis, is a major focus of research into 

antifibrotic drugs. Indeed, the well-described pathway ofHSC activation, 

subsequent fibrogenesis, with the potential for apoptosis and reversibility, 

provides a logical framework to define sites of intervention. Accordingly, 

therapeutic approaches can be classified within this framework and with specific 

reference to HSCs. An illustrated summary of potential targeted treatments for 

cirrhosis is shown in Figure 1.4. 
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Figure 1.4. Potential targeted treatments for cirrhosis. Some agents may act through more 

than one mechanism (e.g. TGFJ3 inhibition). Many strategies have been shown to be 

effective in vitro and in animal models, paving the way for use in clinical trials in human 

liver disease. From Fal/owfield JA & Iredale JP (2004). 

1.2.6 Non-HSC origins of myofibroblasts in liver fibrosis 

Recent evidence from animal models and human studies of liver fibrosis 

demonstrate that liver myofibroblasts can be derived from bone marrow (BM) 

stem cells (Forbes SJ et ai., 2004; Russo FP et ai. , 2006; Kisseleva T et ai. , 2006). 

In addition, there are data to suggest that periportal fibroblasts and myofibroblasts 

derived from epithelial-mesenchymal transition (EMT) might contribute to the 

fibrogenic cell population (Ramadori G & Saile B, 2002; Kalluri R & Neilson EG, 

2003). The population of intrinsic portal myofibroblasts that reside within the 

liver probably contribute to fibrotic diseases with a periportal component, such as 

viral hepatitis. Interestingly, comparative tissue culture studies indicate that 

activated HSCs proliferate more rapidly than portal myofibroblasts and, therefore, 

might represent the predominant liver myofibroblast cell population during 

fibrotic injury (Wells RG et ai., 2004). Further experiments using lineage 
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tracking techniques will be required to defme the relative contribution of EMT to 

liver fibrosis. 

1.2.6.1 Bone marrow stem cell contribution to liver fibrosis 

The potential importance of stem cells in the pathogenesis of liver fibrosis was 

highlighted by Forbes and colleagues, who analyzed the origin ofmyofibroblasts 

within fibrotic liver in 2 different scenarios (Forbes SJ et al., 2004). Firstly, 7 

male patients who received liver transplants from female donors and subsequently 

developed liver fibrosis and, secondly, a female patient who received a bone 

marrow transplant from a male donor and subsequently developed hepatitis C

induced cirrhosis. Through the use of in situ hybridization for the Y chromosome, 

the authors tracked male cells of extrahepatic origin. There was a significant 

contribution to liver cirrhosis from extrahepatically derived myofibroblasts in 

human liver disease of diverse aetiology. Subsequently, using a mouse CCl4 

model ofliver fibrosis in which sex-mismatched BM transplants were undertaken, 

the same group observed clear evidence of a BM contribution to the 

myofibroblasts within fibrotic scars (Russo FP et al., 2006). Remarkably, by the 

time cirrhosis had developed, the majority of hepatic myofibroblasts were of BM 

origin, indicating the importance ofthis axis of recruitment in chronic liver injury. 

Additionally, there was evidence that the BM contributed to both the macrophage 

and HSC populations within the injured liver. By sub-fractionating the BM stem 

cell compartment it was shown that although haematopoietic stem cells 

contributed to the inflammatory cell infiltrate, the myofibroblast-like cells derived 

from the BM were of mesenchymal stem cell origin (Russo FP et al., 2006). 

Recently, this work has been reproduced in a BDL model of liver fibrosis 

(Kisseleva T et al., 2006). 

Evidence supporting afunctional role for BM-derived myofibroblasts was 

provided by transplanting BM from transgenic mice into wild type mice before 

inducing fibrosis with CC4 (Russo FP et a/., 2006). When BM was transplanted 

from mice bearing a reporter transgene for collagen I, the recruited myofibroblasts 

were shown to transcribe this gene. Moreover, when wild type mice were 

transplanted with BM from a transgenic mouse that develops a particular pattern 

ofliver scarring because it expresses a form of collagen I not susceptible to 
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degradation by MMPs (collal rlr mouse), CCLt administration induced the 

development of liver scarring with characteristics similar to that seen in the BM 

donor mouse. 

1.2.6.2 Phenotypic variation of liver myofibroblasts 

The phenotypic 'plasticity' of liver myofibroblasts has been investigated using a 

dual reporter transgenic mouse in which expression of collagen I and a-SMA 

could be detected independently (Magness ST et al., 2004). Strong evidence 

emerged for functional differences in the periportal myofibroblasts (which were 

shown to express collagen I but not a-SMA) and the myofibroblasts derived from 

HSCs (which were shown to express both collagen I and a-SMA). Furthermore, 

after extracting HSCs from the livers of these transgenic mice there was evidence 

in tissue culture for temporal changes in the expression pattern of individual 

genes, suggesting that the characteristics used to define myofibroblast phenotype 

may be subject to considerable variation. 

1.2.7 Evidence for reversibility of fibrosis: scarred for life? 

Liver cirrhosis is widely regarded as being irreversible. However, mounting data 

from clinical and laboratory studies suggest that this axiom should now be 

rejected. Data from the histological assessment of biopsy tissue from patients 

with chronic liver disease of various aetiologies who have been successfully 

treated (Figure 1.5), and from animal models of fibrosis, indicate that liver 

scarring is a dynamic, bi-directional process with a capacity for recovery and 

remodeling. Notwithstanding, evidence for complete reversibility of cirrhosis is 

still lacking. 
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Figure 1.5. The reversible nature of liver fibrosis. Human liver biopsy A is from a patient at 

presentation with advanced autoimmune chronic active hepatitis. The intense reticulin 

staining demonstrates marked fibrosis. Biopsy B is from the same patient 18 months later 

after successful treatment with corticosteroids. Almost complete resolution of fibrosis has 

occurred. Original magnifications x100. Sections provided by Dr T Kendall, Deparbnent of 

Pathology, University of Southampton. 

The feature common to all cases of cirrhosis improvement is elimination of the 

underlying cause of liver disease, whether due to eradication of hepatitis B or C 

(Kweon YO et at. , 2001; Poynard T et at., 2002), immunosuppressive treatment 

of autoimmune liver disease (Dufour JF et el. , 1997), venesection in 

haemochromatosis (Powell LW & Kerr JF, 1970), copper chelation in Wilson's 

disease (Schilsky ML et aI., 1991), decompression of biliary obstruction in 

chronic pancreatitis (Hammel P et at., 2001) or even alcohol abstinence. A 

justified criticism of many of the earlier reports of reversibility of human liver 

fibrosis was the relatively small numbers of patients analyzed. However, the 

results from large scale clinical trials in the treatment of chronic hepatitis C have 

more recently provided compelling and robust data. Poynard and colleagues 

(2002) analyzed the results of 4 previous major clinical trials involving 3010 

patients with chronic hepatitis C randomized to various treatment regimens with 

either interferon or pegylated interferon, with or without the addition of ribavirin. 

Pre and post treatment liver biopsies were assessed. Major beneficial effects of 

antiviral therapy on liver fibrosis were observed, particularly with combination 

therapy. Moreover, reversal of cirrhosis was observed in 75 (49%) of 153 patients 

classified as cirrhotic at baseline. 

It should, however, be underscored that there is a common misconception in the 
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literature - that 'cirrhosis' is often concluded as reversible on the basis of a 

regression in fibrosis staging score (e.g. Metavir). In reality, this may not reflect 

complete resolution of cirrhosis. Indeed, recent data from our group using an 

animal model of cirrhosis confmn that there may be irreversible components of 

scar (Issa R et al., 2004). The observed remodeling of advanced micronodular 

cirrhosis to an attenuated macronodular pattern, identical to the fmdings of 

Wanless (2000) in explanted human liver, was characterized and probably 

determined by matrix cross-linking. 

1.2.8 Mechanisms of reversibility 

Research into the pathogenesis of liver fibrosis has been facilitated by the use of 

reproducible rodent models, such as carbon tetrachloride (CCI4) and bile duct 

ligation injury, which enable the investigator to dictate the extent and chronology 

of fibrotic injury and to study subsequent recovery in a controlled manner. In rats 

treated for 4 weeks with twice-weekly intraperitoneal CCl4 significant liver 

fibrosis develops which, if continued for a further 4-8 weeks, progresses to 

cirrhosis. However, if the liver injury is discontinued after 4 weeks the liver 

fibrosis resolves completely and normal liver architecture is restored (Iredale JP et 

ai., 1998). As described earlier, recent data also suggests that even relatively 

advanced micronodular cirrhosis (after 12 weeks CCI4) undergoes substantial 

remodeling with extensive matrix degradation during recovery, although return to 

normality is incomplete (Issa R et ai., 2004). Wanless and colleagues (2000) 

present a detailed histological description of regression of human cirrhosis and, 

similar to the rodent models, show that 'complete' cirrhosis can remodel to 

incomplete septal cirrhosis, characterized by delicate and incomplete fibrous 

septa. 

Complete restitution of the normal hepatic architecture would require breakdown 

and remodeling of the fibrotic scar, of which collagen I is the major constituent. 

There is still conjecture as to the precise enzyme(s) mediating scar digestion and 

the mechanisms by which spontaneous resolution of liver fibrosis occurs, but the 

loss of activated myofibroblasts via apoptosis and increased collagenolytic 

activity within the liver appear to be central features (Iredale JP et al., 1998). 
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1.2.8.1 Apoptosis and the hepatic stellate cell 

Apoptosis (or programmed cell death) is the mechanism by which cells are 

eliminated from tissues without eliciting an inflammatory response (Figure 1.6). 

It may be triggered by two broad mechanisms (Sepiashvili Rl, 2001). Firstly, 

ligand binding to cell surface death receptors activates a cascade of proteolytic 

enzymes known as caspases, leading to intracellular disassembly and 

phagocytosis of the cell. Secondly, the outer mitochondrial membranes of healthy 

cells express the protein Bcl-2, which in turn is bound to Apaf-l. Internal damage 

to the cell (e.g. from reactive oxygen species) causes Bcl-2 to release Apaf-l and 

a related protein Bax to penetrate mitochondrial membranes, causing cytochrome 

c to leak out. Cytochrome c and Apaf-l bind caspase 9 - forming apoptosomes -

which aggregate in the cytosol, activating the caspase pathway. HSCs are known 

to express a number of cell surface death receptors including Fas, TNFc.x and p75 

(low affmity nerve growth factor receptor) (Trim N et ai. , 2000). 
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Figure 1.6. Overview of mechanisms of cellular apoptosis. Reproduced from 

http://www.portfolio.mvm.ed.ac.uklstudentwebs/session2/group28/schema.html. 
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Apoptosis ofHSCs has the potential to remove the source of both the fibrotic 

neomatrix and TIMPs, thus facilitating net matrix degradation. Animal models of 

reversibility of fibrosis have shown that HSCs rapidly undergo apoptosis during 

spontaneous recovery after 4 weeks of CC4 liver injury when the injurious 

stimulus is withdrawn, or in the bile duct ligation model of liver injury after 

decompressive surgery (Ired ale JP et al., 1998; Issa R et al., 2001). Moreover, 

experimental evidence suggests that stimulation of rat HSC apoptosis can 

effectively attenuate the extent ofliver fibrosis in vivo (Wright M et al., 2001). 

Activated HSCs express persistently elevated levels of the transcription factor 

Nuclear Factor-kappa B (NF-KB), via suppression of inhibitory I-kappa B (I-KB) 

by the transcriptional repressor CBF -1 (Oakley F et a!., 2003). Furthermore, it 

has previously been shown that NF -KB protects HSCs from apoptosis. Inhibition 

ofNF-KB activity has been achieved by administration of the fungal metabolite 

gliotoxin (Wright M et al., 2001) and using proteasome inhibitors or an I -KB 

super-repressor (Hellerbrand C et al., 1998). Gliotoxin promotes apoptosis in rat 

and human HSC and accelerated recovery from CC14 and thioacetamide injury in 

rats (Wright M et al., 2001; Dekel R et at., 2003). This approach demonstrated 

that stimulation of HSC apoptosis can enhance recovery from liver fibrosis and 

highlights an important therapeutic strategy. However, gliotoxin may also 

promote apoptosis in other tissues (e.g. thymus) in a manner that prevents even a 

derivational version being a clinically viable tool. Sulfasalazine, used for many 

years in treating inflammatory bowel disease and rheumatoid arthritis, may prove 

to be a safer and more selective alternative. Sulfasalazine, like gliotoxin a potent 

inhibitor ofNF-KB, promoted rapid clearance of activated HSCs and dramatically 

enhanced fibrosis resolution after a single administration in a rat CC14 model 

(Oakley F et al., 2005). Furthermore, there was no significant apoptosis of 

hepatocytes or Kupffer cells. This effect was shown to be directly due to NF -KB 

inhibition using a peptide inhibitor of another regulatory protein, NEMO (NF-KB 

essential modifier) (May MJ et al., 2000). 

The loss of activated HSCs may not in itself be sufficient to allow remodeling of 

the existing fibrotic scar. For this to occur, matrix degradation must also be 

upregulated. Interestingly, apoptosis in HSCs has been shown experimentally to 

induce pro-MMP-2 activation and this may represent a mechanism via which 
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matrix remodeling is controlled as part of the 'pattern' or 'programme' ofHSC 

apoptosis (Preaux AM et ai., 2002). 

1.2.8.2 Matrix metalloproteinases and ECM degradation 

The matrix metalloproteinases (or matrixins) comprise an expanding family of 

calcium dependent endopeptidases that specifically degrade collagens and non

collagenous proteins with overlapping but distinct substrate spectra. Matrix 

degradation occurs predominantly as a consequence of the action of these 

enzymes, most of which are secreted as pro-enzymes and activated primarily via 

cell surface associated cleavage mechanisms. Because of their destructive 

potential, MMPs are tightly controlled in order to restrict their activity to discrete 

regions within the pericellular milieu. Regulation is complex and not only at the 

level of transcription and proteolytic activation, but also by interaction with 

endogenous proteinase inhibitors (Vincenti MP, 2001). 

MMPs share a modular structure, consisting of a secretory signal sequence, a pro

domain that maintains the zymogen status and a catalytic domain that contains the 

zinc-binding active site consensus sequence (Figure 1.7). These components 

constitute the minimal MMP structure, but other specific features confer 

processing and adhesive functions. 
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Figure 1.7. Domain structure ofthe MMP family. S = signal peptide; pro = pro-domain; cat = 

catalytic domain, FNII = fibronectin type II motif; L 1 = Iinker1; Hpx = hemopexin domain; L2 

= linker 2; Mb = plasma membrane; TM = transmembrane domain; Cy = cytoplasmic tail; cys 

= cysteine rich ; Ig = immunoglobulin domain; GPI = glycosylphosphatidylinositol anchor. 
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Broadly, these enzymes fall into five categories (Table 1): interstitial collagenases 

(MMP-l, -8, and -13), gelatinases (MMP-2, -9), stromelysins (MMP-3, -7, -10, -

11), membrane-type (MMP-14, -15, -16, -17, -24, -25) and metalloelastase 

(MMP-12). The interstitial collagenases have the capacity to cleave native, 

undenatured interstitial collagens (types I, II, III and X) within the triple helical 

domain. In type I collagen, cleavage occurs between amino acids Gly775 and 

Ile776 in the a-I chain and a corresponding GlylLeu in the a-2 chain. The 

resulting three-quarter and one-quarter length cleavage fragments then denature 

and are degraded further by gelatinases, including MMP-9 and MMP-2 (Werb Z, 

1982). 

The initiation of degradation of matrix appears to represent a pivotal initial step in 

the process of resolution, starting a cascade of events that result in loss of fibrillar 

matrix and apoptosis ofHSCs. A key event appears to be the action of interstitial 

collagenase (considered to be MMP-l in humans and MMP-13 in rodents) which 

cleaves native triple helical collagen I at a specific locus (Gly775), causing the 

molecule to unwind and become susceptible to degradation by gelatinases and 

other less selective MMPs. The nature and origin of the critical MMPs involved 

during regression of fibrosis are unclear, particularly with the recent discovery of 

additional enzymes with interstitial collagenase activity (MMP-2 and MMP-14) 

(Kerkvliet EH et al., 1999; Ohuchi E et al., 1997). Considerable work is required 

to accurately dissect the relative roles of the different MMPs in degradation of 

hepatic fibrosis. 
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Table 1. The human Matrix Metalloproteinase family. 
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The discovery of substrates beyond ECM proteins has revealed a new role for 

MMPs as molecular mediators of inflammation, capable of generating both pro

and anti-inflammatory signals in addition to tissue remodeling (Figure 1.8). 

MMPs are able to cleave adhesion molecules, cytokines, chemokines, growth 

factors (as well as their receptors) and binding proteins. 
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Figure 1.8. MMPs as mediators of inflammation beyond ECM degradation. Specific MMPs 

regulate molecular mediators of inflammation to generate pro- or anti-inflammatory 

processes. SDF-1 (Stromal cell derived factor-i). Adapted from Mohammed FF et al., 2003 

with modifications. 

An example of a protective, pro-inflammatory MMP response is the regulation of 

intestinal a-defensin by MMP-7 (Wilson CL et ai., 1999). Alpha-defensin, an 

important peptide in mucosal immunity, requires activation by MMP-7 through 

cleavage of the pro segment from its precursor molecule. MMP-7 knockout mice 

are deficient in mature a-defensin and exhibit reduced antimicrobial activity 

against gut bacteria. MMPs appear to have a dual effect on chemokines, whereby 

proteolytic cleavage can activate some chemokines while inactivating others. For 
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example, MMP-l, MMP-2, MMP-13 and MMP-14 (but not MMP-7) can cleave 

monocyte chemoattractant protein-3 (MCP-3), thereby inactivating this CC 

chemokine which serves to recruit monocytes and leucocytes. Therefore, 

different MMPs serve as either pro- or anti-inflammatory mediators, ensuring a 

co-ordinated and controlled inflammatory response. 

Net collagenase activity reflects the relative amounts of activated MMPs and their 

endogenous inhibitors. These include the potent, specific inhibitors - tissue 

inhibitors of metalloproteinases (TIMPs) and other proteinase inhibitors such as 

a2-macroglobulin and membrane-bound RECK (reversion-inducing cysteine-rich 

protein with kazal motifs). The TIMPs (TIMP-l, -2, -3 and -4; Table 2) are the 

best studied in liver fibrosis and function as an important regulatory brake on the 

activity of MMPs by stabilising the pro-enzyme and by inhibition of the active 

species, forming tight non-covalent complexes in a 1: 1 stochiometric fashion 

(lredale JP, 1997). Transcriptional regulation of the TIMPs is mediated by 

cytokines and growth factors, several of which also mediate MMP expression and 

HSC activation and synthetic function (e.g. TGF~). These effectors may, 

therefore, co-ordinately and differentially regulate both MMPs and TIMPs. 

Table 2. Properties of the Tissue Inhibitors of Metalloproteinases. *Numbers in 

parentheses denote possible splice variants. 
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Progressive liver fibrosis is characterized by marked increases in expression of 

TIMP-1and TIMP-2, leading to a net decrease in protease activity and unopposed 

matrix accumulation (Figure 1.9). Activated HSCs are the major source of these 

inhibitors. Moreover, there is evidence to suggest that TIMP expression may be 

dependent on the type ofliver injury. Knittel and colleagues (2000) demonstrated 

that liver regeneration induced by partial hepatectomy caused an induction of 

MMP-14 and TIMP-1 only, possibly related to pericellular fibrinolysis or 

fibrolysis required for hepatocellular replication. However, sustained TIMP-1 

expression may represent a major determinant of the failure to degrade 

accumulated scar and, therefore, its transcriptional regulation (by a Jun-D 

dependent mechanism) is an area of considerable interest (Smart D et al., 2001). 
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Figure 1.9. Schematic illustration of the TIMP-MMP balance in progression and resolution of 

rat liver fibrosis. During progressive fibrogenesis high levels of TIMPs suppress MMP 

activity permitting accumulation of scar matrix from activated HSCs. During spontaneous 

recovery after withdrawal of the injurious stimulus, HSC numbers are dramatically reduced 

by apoptosis associated with a fall in TIMP levels. The reduction in TIMPs and upregulation 

of collagenolytic MMPs leads to unrestrained matrix degradation and resolution of fibrosis. 

N.B. Comparatively small changes in expression or activation of MMPs may have a 

profound effect on matrix turnover if this system is already in balance. 
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Several recent studies provide proof of concept that disrupting the MMP-TIMP 

balance is effectively anti-fibrotic. Using an antisense TIMP-1 expressing 

plasmid, collagenase activity was increased and liver fibrosis abrogated in a pig

serum model of liver fibrosis (Wang J et ai., 2002). Treatment with anti-TIMP-l 

neutralizing antibodies was also effective in attenuating rat CC14 liver fibrosis 

(parsons CJ et ai., 2004). Roeb and colleagues (2000) showed that an MMP-9 

mutant, without gelatinolytic activity, effectively neutralized TIMP-1 in cell 

culture and this may represent an alternative strategy to inhibit TIMP-1. 

Overexpression ofMMP-1 (the major human interstitial collagenase) by direct 

administration ofMMP-1 mRNA via an adenoviral vector delivery system 

reversed established liver fibrosis in thioacetamide-treated rats (limuro Y et ai., 

2003). Additionally, Siller-Lopez and colleagues (2004) decreased liver fibrosis 

in a rat bile duct ligation model using an adenoviral vector expressing human 

MMP-8. 

1.2.8.3 Cell-matrix interactions 

There is a close temporal correlation between HSC apoptosis and matrix 

degradation, suggesting that the two events may be intrinsically linked (lredale JP 

et ai., 1998). This hypothesis is supported by data demonstrating that cell-matrix 

interactions, mediated by integrins, regulate the phenotype, survival and secretory 

activity of a variety of cell types, including HSCs (Iwamoto H et ai., 1998; 

Montgomery AM et aI., 1994; Friedman SL et ai., 1998; Issa R et ai., 2003, Zhou 

X et al., 2006). Indeed, tissue culture studies have shown that type I collagen 

matrix perpetuates the activated phenotype of HSCs. Additionally, HSC 

proliferation may be enhanced by pericellular collagen degradation, initiated by 

collagenase and mediated via av~3 engagement (Zhou X et aI., 2006). 

Furthermore, contact with type I collagen can take hepatocytes out of the cell 

cycle, which they then re-enter after contact with partially degraded collagen I, an 

event apparently also mediated by the av~3 integrin (lssa R et ai., 2003). These 

interactions may provide a mechanism whereby proteolysis of the fibrillar 

neomatrix facilitates resolution and repair processes within the injured liver. 

Moreover, using mice bearing a mutated collagen I gene (cola 1 rlr mice), which 

confers complete resistance to collagenase degradation, the inability to degrade 
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collagen I critically impaired HSC apoptosis with subsequent failure of resolution 

of fibrosis and blunting of the hepatocyte regenerative response (Issa R et al., 

2003). More recently, other investigators have shown in vitro that upregulation 

and activation ofDDR2 receptors by native type II collagen can specifically 

induce expression ofMMP-13 by chondrocytes (Xu L et ai., 2005). Further 

complex signaling events involving the ECM are likely to modulate the phenotype 

of a variety of cell types with subsequent downstream effects directing a 

fibrogenic or fibrolytic response. 

It is likely that the same mechanisms observed in rodent models are applicable in 

human liver disease. As discussed earlier, there is compelling histological 

evidence for a reduction in fibrosis after treatment of various human chronic liver 

diseases. Although HSC apoptosis was not specifically studied in these series, 

there was histological evidence of a diminution in HSC numbers. Direct evidence 

for HSC loss during recovery from injury was provided in a study of acute 

paracetamol injury, where there was a clear reduction in the number of a-SMA 

positive myofibroblasts on follow-up biopsy (Mathew J et ai., 1994). There are 

clearly practical and ethical barriers to following the cellular mechanisms 

mediating recovery from fibrosis in humans by way of serial biopsy, particularly 

in patients who appear to be improving clinically. But, by taking the human data 

together with that derived from animal models, which permit frequent sampling 

and control over the time course and extent of resolution, an increasingly 

complete picture of the critical features of spontaneous recovery from fibrosis is 

being constructed. 

1.2.9 Factors determining irreversibility of liver fibrosis 

Investigating the factors which limit complete reversal of advanced hepatic 

fibrosis or cirrhosis may reveal important therapeutic opportunities. Studies have 

demonstrated that liver fibrosis varies in reversibility according to the nature of 

matrix components, cellularity of the scar, topography and duration of fibrosis. 

The qualitative and quantitative changes in the ECM which characterize chronic 

liver disease may determine the extent of reversibility. Tissue transglutaminase 

(TtG) mediated cross-linking of collagen has been shown to contribute to a variety 
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of irreversible fibrotic diseases and models, including human hepatic fibrosis, 

scleroderma and experimental renal fibrosis (Piacentini M et ai., 1999; Grenard P 

et ai., 2001; Johnson TS et ai., 1997). Cross-linking is a feature of matrix 

maturation and provides matrix proteins, including fibrillar collagens, with a 

resistance to MMP mediated degradation thus limiting the speed and extent of 

scar resolution. Moreover, data from animal models and human disease indicate 

that significant, but incomplete, recovery from advanced cirrhosis is possible and 

results in remodeling from micronodular cirrhosis to an attenuated macronodular 

cirrhosis (Issa R et ai., 2004; Wanless I et ai., 2000). 

The topography of fibrotic septa may explain why some areas of scar such as 

portal-central septa containing vascular shunts are more readily reversible than 

others, such as portal-portal or central-central septa (Wanless I et ai., 2000). In 

addition, the progressive accumulation of collagenous and non-collagenous scar 

components over time may create a large mass of scar which is inaccessible to 

degrading enzymes. Furthermore, recent data detailing the kinetics of scar 

associated cells also suggest that dense acellular or paucicellular fibrotic tissue 

may be less reversible than matrix which is highly cellular and infiltrated by 

inflammatory cells, due to relative depletion of collagenolytic MMPs derived 

from the cells present (lssa R et ai., 2004; Duffield JS et ai., 2005). 

Recent studies have focused on the changes in gene expression and phenotype 

associated with cellular senescence in human HSCs (Schnabl B et ai., 2003). One 

intriguing observation is the pronounced proinflarnmatory response of HSCs at 

senescence. The potent mixture of cytokines and chemokines might not only 

promote chemotaxis, adherence and activation of immune cells or degranulation 

of leukocytes, but might also exert paracrine and autocrine effects on HSCs. The 

significance of the senescent phenotype with regard to reversibility of fibrosis in 

vivo remains to be established. 

Finally, telomere dysfunction has been proposed to be a factor leading to end

stage organ failure in chronic diseases of high cellular turnover such as cirrhosis. 

Elegant studies have demonstrated that telomere shortening does indeed accelerate 

the development of cirrhosis in response to chronic liver damage, affecting the 

ability ofhepatocytes to sustain a robust regenerative response (Rudolph KL et 
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aI., 2000). 

1.3 Matrix Metalloproteinase-13 (MMP-13) 

1.3.1 General aspects 

Matrix metalloproteinase-13 (collagenase-3) was fIrst identifIed in human breast 

cancer (Freije JM et al., 1994) and has subsequently been biochemically 

characterized (Knauper Vet al., 1996a). There is a high degree of functional and 

sequence homology between human and rodent (rat, mouse) MMP-13. It is a 

potent proteinase active against a wide variety of ECM components, particularly 

fIbrillar collagens and gelatins. MMP-13 (like MMP-l and MMP-8) has a simple 

hemopexin domain-containing structure. It is synthesized as a latent pro-enzyme 

comprising an amino-terminal signal sequence (Pre) that directs it to the 

endoplasmic reticulum, an 85-amino acid pro-peptide (Pro) that is lost during 

activation, and in which the conserved sequence PRCGVPD is responsible for the 

latency ofMMPs. This sequence is followed by the catalytic domain, containing 

the active site of the enzyme linked via a short hinge sequence motif (H) to the C

terminal (hemopexin) domain, which shows homology to vitronectin and is 

essential for the collagenolytic activity of MMP-13. The catalytic domain 

mediates interactions with TIMPs, cell-surface molecules and proteolytic 

substrates, but C-terminal domain interactions increase the association rates of 

complex formation. The fIrst and last ofthe four repeats in the hemopexin-like 

domain are linked by a disulphide bond (S-S). 

MMP-13 has a central position in the MMP activation cascade, both activating 

and being activated by several MMPs. Specifically, MMP-13 is activated by 

MMP-2, MMP-3 and MMP-14 and can activate MMP-2 and MMP-9 (Knauper V 

et al., 1996a; Knauper V et aI., 1996b; Knauper V et al., 1997). Active MMP-13 

is inhibited in a 1:1 stochiometric fashion by TIMP-l, TIMP-2 and TIMP-3. 

Further regulation of MMP-13 synthesis is affected by cytokines (e.g. TGF~), 

growth factors and probably also by interaction with the ECM via aI, ~l and 

a2~ 1 integrins (providing the matrix with a mechanism by which it can regulate 

its own phenotype) (Ravanti L et al., 2001). 
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MMP-13 has been ascribed important roles in tissue remodeling/repair and during 

normal mammalian development, as well as in destructive processes such as 

arthritis and tumour invasion (Neuhold LA et al., 2001; Leeman MF et al., 2002). 

MMP-13 is well placed to playa crucial role in bone formation and remodeling, 

being expressed in both terminal hypertrophic chondrocytes in the growth plate 

and in osteoblasts, and given that it effectively degrades type II collagen. 

Furthermore, a missense mutation in the human MMP-13 gene was recently found 

to cause the Missouri variant of spondyloepimetaphyseal dysplasia (Kennedy AM 

et al., 2005). With this in mind, the results of two important MMP-13 knockout 

mouse studies were eagerly awaited. MMP-13 deficiency resulted in abnormal 

skeletal growth plate development and delayed endochondral ossification 

(Stickens D et al., 2004; Inada M et al., 2004). In contrast to these studies of 

skeletal development, the potentially destructive nature of this proteinase has also 

been demonstrated. In transgenic mice expressing a constitutively active form of 

human MMP-13 (under the control of the rat col2al promoter), high levels of 

active collagenase in articular cartilage were achieved leading to excessive 

degradation of type II collagen in the ECM and reproducing the features of the 

pathology of human osteoarthritis (Neuhold LA et al., 2001). Additionally, 

MMP-13 has been implicated in the modulation ofECM degradation and cell

matrix interactions involved in tumour metastasis. Indeed, MMP-13 has been 

identified in several types of cancer (breast, head and neck, bladder, larynx, vulva 

and colon). Increased MMP-13 expression in this context has been found to 

correlate with local invasion, aggressiveness and poor prognosis (Leeman MF et 

al., 2002). Moreover, intratumoural injection of a hammerhead ribozyme targeted 

against MMP-13 potently suppressed the growth of human squamous cell 

carcinoma xenografts in vivo, inhibited MMP-13 expression and gelatinolytic 

activity and reduced the number of proliferating cells within the tumours (Ala-aho 

Ret al., 2004). 

1.3.2 MMP-13 and liver fibrosis 

Remodeling of fibrillar collagen in rodents has been widely attributed to the 

action ofMMP-13, the main collagenase identified in this order. This consensus 

has been largely based on unproductive attempts to detect the presence in rodent 
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tissue ofMMP-l, the major interstitial collagenase in humans. These data have 

suggested that MMP-l may be functionally substituted in rodents by MMP-13. 

Nevertheless, there are important differences between MMP-l and MMP-13 that 

are worthy of consideration. 

Kinetic studies in humans have revealed that each collagenase shows distinct 

substrate preferences towards the diverse fibrillar collagens (Knauper V et at., 

1996a). MMP-l preferentially degrades type III collagen, MMP-8 (neutrophil 

collagenase) preferentially degrades type I collagen and MMP-13 degrades type II 

collagen 6-fold more effectively than type I and type III collagens. In addition, 

MMP-13 displays approximately 40-fold stronger gelatinolytic activity than 

MMP-l and MMP-8. These data are in agreement with results obtained earlier for 

rat collagenase (Welgus HG et at., 1995). MMP-13 can also cleave collagen I at 

another site in the N-telopeptide, downstream from the putative cross-linking 

modified lysine residue, which would destabilize collagen cross-links (Krane SM 

et ai., 1996). This might facilitate the breakdown of mature, highly cross-linked 

collagen in tissues which have been rendered resistant to MMP-l. Human MMP-

13, which has ~86% sequence identity to rat and mouse MMP-13 but is 

structurally different from both human MMP-8 and MMP-l (52-53% amino acid 

sequence identity), can also cleave at the N-telopeptide site similar to the rodent 

collagenases (Krane SM et at., 1996). 

MMP-l and MMP-13 also show contrasting responses to cytokines, growth 

factors and activating metalloproteinases. Although interleukin-l CJ- and -1 ~ 

induce both MMPs, other factors generated by tissue injury and inflammation 

such as TNFu, PDGF and basic fibroblast growth factor (bFGF) upregulate 

MMP-l, but have minimal effect on MMP-13 expression by human fibroblasts 

(Balbin M et ai., 1999). Furthermore, the profibrogenic cytokine TGF~ inhibits 

MMP-l synthesis, but upregulates expression ofMMP-13 (Uria JA et ai., 1998). 

In vitro, stromelysin-l (MMP-3) may enhance the activity ofMMP-l by a factor 

of5 to 12 by additional N-terminal proteolysis, whereas MMP-13 may be 

activated by MMP-2 and MMP-14 (Knauper V et ai., 1996b). The details of 

MMP-l and MMP-13 activation in vivo, however, are largely unknown. 

Therefore, despite structural and functional similarities, MMP-l and MMP-13 
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clearly differ in a number of respects, such that our observations from rodent 

models of liver fibrosis should be interpreted with caution and not automatically 

assumed to be germane to human disease. Nevertheless, given the ethical 

constraints governing the use of human tissue (discussed above) key proof of 

concept studies have to be undertaken in rodents. 

The role ofMMP-13 in liver fibrogenesis and spontaneous regression offibrosis 

remains to be fully elucidated. In progressive liver disease in human and animal 

models of liver fibrosis, the expression ofMMP-IIMMP-13 did not appear to alter 

significantly, whereas the expression ofTIMP-l and -2 were markedly increased 

(Iredale JP et al., 1996). Using an 'acute' single injury CCl4 rat model, 

collagenase (MMP-13) was detected during the early phase of liver injury (3-12 

hours following CCI4) (Knittel T et al., 2000). Interestingly, expression ofMMP-

13 was greatest at a time when the inflammatory reaction was most prominent 

(12-24 hours). Although levels ofMMP-13 transcript had diminished after 96 

hours, expression levels were not studied during a prolonged phase of recovery. 

The same authors could not detect MMP-13 by Northern blotting or RT-PCR in 

their model of chronic fibrotic liver injury. However, in a 4 week rat CCl4 model 

of liver fibrosis, Iredale and colleagues (1998) observed an increase in hepatic 

collagenase activity during the 28 day phase of spontaneous recovery. This was 

predominantly due to a marked reduction in TIMP-l and TIMP-2 expression as 

MMP-13 expression remained relatively constant during recovery, although 

MMP-13 measurement commenced at a time (day 3 of spontaneous resolution) 

when the acute inflammatory phase of CCl4 injury had largely resolved. In fact, 

day 3 was deliberately chosen as the first recovery time point because the 

investigators wanted to study regression from steady state fibrosis. Upregulation 

ofMMP-13 expression during the first 72 h would therefore have been missed. 

Others have demonstrated enhanced MMP-13 rnRNA transcription in rat liver 

during recovery from CCl4 injury (Watanabe T et al., 2000). In an 8 week injury 

model, MMP-13 expression was observed early and transiently, between days 5-7 

after cessation of iterative injury. Furthermore, in situ hybridization demonstrated 

some positive MMP-13 staining at the interface between the resolving fibrous 

septa and the parenchyma. 
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1.3.3 The cellular source of hepatic MMP-13 

Although the cellular origins ofMMPs in the liver have not yet been fully 

characterized, HSCs and myofibroblasts are a key source ofMMP-2, MMP-3 and 

MMP-14, whereas neutrophils and Kupffer cells produce mainly MMP-8 and 

MMP-9 respectively (Benyon RC & Arthur MJP, 2001). The cellular source of 

MMP-13, however, remains controversial. 

Previous studies have documented transient expression ofMMP-13 by HSCs 

activated by primary culture on plastic (Iredale JP et al., 1996) or after TNFa 

(Knittel T et al., 1999) or halofuginone (Popov Y et aI., 2006) administration, but 

whether these scenarios reflect the true in vivo picture is a moot point. More 

recently, Watanabe and colleagues (2000) also suggested that HSCs are the source 

ofMMP-13, although in this study only some of the cells positive for MMP-13 

were also a-SMA positive and others could not be conclusively identified. 

Furthermore, earlier work by the Southampton group using both CCl4 and bile 

duct ligation models of liver fibrosis and spontaneous recovery demonstrated that 

MMP-13 expression remained constant, whereas TIMP-1 and collagen I 

decreased exactly in proportion to the loss of activated HSCs (Iredale JP et al., 

1998). There are reasons to believe, therefore, that MMP-13 may not be derived 

from activated HSCs, at least in these models. 

Kupffer cells are accepted to playa key role in promoting liver fibrosis and have 

also been identified as a potential source ofMMP-13. However, the conclusions 

of earlier studies should be interpreted cautiously, as cell isolation methods were 

used which could have resulted in mixed sinusoidal cell cultures (Fujiwara K et 

al.,1973). Hironaka and colleagues (2000) showed enhanced MMP-13 

production by Kupffer cells in rats treated with gadolinium chloride (which 

specifically eliminates this cell type) in a pig-serum model of liver fibrosis. 

However, this model was designed to show a protective effect of gadolinium

induced Kupffer cell depletion on liver fibrogenesis and did not study regression 

of fibrosis. Furthermore, gadolinium has pleiotropic effects and the mechanisms 

leading to upregulation ofMMP-13 were not clear, but may have involved 

(paradoxically) activation of Kupffer cells with increased mRNA transcription. 

Liver researchers are increasingly focusing on the mobilisation, engraftment and 
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differentiation of bone marrow (BM)-derived hepatic progenitors (stem cells) in 

response to liver injury and regeneration. It has been suggested in particular that 

hepatocytes could be generated by the 'transdifferentiation' ofBM-derived 

precursors. In humans, liver transplantation provides an excellent system to study 

cell migration from the host to the transplanted liver (organ chimerism). Ng and 

colleagues (2003) demonstrated that most (64-75%) recipient-derived cells in 

human liver allografts showed macrophagelKupffer cell differentiation and that 

only a small proportion (1.6%) were hepatocytes. Indeed, the role of the BM in 

generating non-parenchymal cells in liver regeneration and repopulation seems to 

be much more significant than the generation ofhepatocytes (Fausto N, 2004). 

Unpublished data from Okazaki's group (2003) showed that musashi-l (msi-l, a 

neural cell marker) positive stem cells were present in the livers ofCCl4 treated 

rats during recovery and transiently expressed MMP-13. However, the precise 

nature of these cells was unclear - the authors took static immunohistochemistry 

data and assumed a chronology (from a haemopoetic stem cell to a neural stem 

cell to an oval cell that might then become a myofibroblast). Furthermore, it was 

unclear what proportion of a-SMA positive cells also expressed MMP-13. The 

same investigators have recently transplanted green fluorescent protein (GFP)

expressing BM cells into mice and studied the possible contribution ofBM

derived stem cells to the recovery from CC4 liver fibrosis (Higashiyama et al., 

2004). However, msi-l and MMP-13 were expressed mainly by GFP negative 

cells, which they suggested represented endogenous hepatic stem cells. 

There is, therefore, no clear consensus on the identity of the major MMP-13 

producing cells during regression of liver fibrosis. However, early liver injury in 

particular is characterized by a rich inflammatory infiltrate, which includes 

recruited monocyte-macrophages and this may represent an alternative source of 

MMP-13 or other proteases with interstitial collagenase activity. Indeed, the 

initial surge in MMP expression in acute liver toxicity appeared to parallel TNFa 

expression and the presence of tissue inflammation (Knittel T et al., 2000). 
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1.4 Inflammatory macropbages in liver fibrogenesis and spontaneous 
regression 

Inflammation is a common response to virtually any significant insult to the liver, 

irrespective of aetiology. Furthermore, tissue remodeling and subsequent liver 

scarring is invariably preceded by inflammation. The inflammatory response is 

characterized by the infiltration of circulating leukocytes (including monocyte

macrophages) in response to an array of immune stimuli - a process known as 

chemotaxis. Recently, it has been suggested that in response to tissue injury 

macrophages might playa role in hepatic fibrogenesis. This is, in part, based on 

observations that macrophage-derived cytokines and growth factors (e.g. TGFB 1, 

mFa, PDGF) are involved in activating HSCs to a fibrogenic phenotype. 

Additionally, the ability of macro phages to induce tissue injury is well 

established. The role of the 'resident' macrophage in hepatic fibrosis is widely 

documented. Indeed, Kupffer cell depletion in three models of liver injury using 

liposomal clodronate (Schumann J et at., 2000) and in other studies of 

experimental liver damage using gadolinium chloride (Andres D et aI., 2003; 

Hironaka K et at., 2000; Rai RM et al., 1996) or liposomal dichloromethylene 

diphosphonate (Goldin RD et at., 1995) attenuated disease in all cases. However, 

the importance of infiltrating monocyte-macrophages recruited to the injured liver 

is less clear. Given the remarkable heterogeneity of macrophage function in other 

organ systems and disease states, they may potentially have a role in both 

fibrogenesis and spontaneous resolution. 

1.4.1 Monocytes and macropbages 

Monocytes are the circulating precursors of tissue macrophages. They lack 

phagocytic capacity and their cell surface receptor/ligand repertoire renders them 

relatively inert whilst in the blood compartment. However, naIve monocytes 

rapidly cross the endothelial barrier in response to cytokines and chemokines 

released from activated endothelial, epithelial and mesenchymal cells at the 

inflamed site. One of the most potent is macrophage chemotactic protein-l 

(MCP-l) which specifically recruits monocytes/macrophages and lymphocytes by 

binding to the CCR2 chemokine receptor (Dambach DM et at., 2002). MCP-I is 

upregulated in both livers and serum of patients with chronic hepatitis and in 
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animal models of liver injury (Czaja MJ et al. , 1994; Afford S et al. , 1998). 

Using selectins, integrins and other receptors of the immunoglobulin superfamily, 

recruited monocytes initially roll on the endothelium, tether and fmally diapedese. 

Once the monocyte leaves the circulation, it differentiates into the macrophage, 

defmed by its capacity to phagocytose. NaIve macrophages entering the site of 

injury receive activating cues, such as binding of immune complexes, 

phagocytosis of opsonised particles, interaction with disturbed matrix or 

cytokines/chemokines (e.g. macrophage inflammatory protein-l a (MIP-la)) via 

receptor-ligand interactions. Macrophages subsequently develop a particular 

phenotype that is dictated by the array of information sensed at the cell surface by 

receptor binding. 

Figure 1.10. The functional diversity of macrophages. Macrophages (red) are shown 

engulfing yeast within 5 minutes (green with yellow halo) or bacteria (green/yellow) and 

dying cells (blue with green halo) within 1 hour before their destruction. In these 

deconvoluted fluorescent micrographs, the immune cell cytoskeleton is stained red and 

nuclei are blue. Images reproduced and modified from Blander JM & Medzhitov R (2004). 

Recent cell surface phenotyping studies suggest that distinct macrophage 

populations exist. For example, the haemoglobin scavenger receptor CD163 and 

pattern recognition receptors such as dectin-l and mannose receptors are highly 

expressed in distinct sub-populations of macrophages at inflamed sites (Buechler 

C et al., 2000; Willment JA et a!., 2003). To rationalize this diversity, two forms 

of inflammatory macrophage have been proposed - the classically activated 
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macrophage and the alternatively activated macrophage (Table 3) (Song E et aZ., 

2000; Duffield JS, 2003). 

The classically activated macrophage is activated by Th 1 lymphokines, bacterial 

and fungal cell wall components or degraded matrix components, secretes pro

inflammatory cytokines and chemokines and is predominantly lytic to ECM. 

These macrophages have been shown to produce gelatinases (MMP-2, MMP-9), 

metalloelastase (MMP-12), matrilysin (MMP-7) and collagenases (MMP-l and 

MMP-13) in different circumstances (Shapiro SD et al., 1993), allowing them to 

degrade complex extracellular matrices. Further support for an important role of 

the macrophage in matrix remodeling has been demonstrated by in situ 

hybridization studies showing abundant MMP mRNA within macrophages in both 

the rheumatoid synovial pannus (McCachren S, 1991) and atherosclerotic plaques 

(Henney A et al., 1991). 

The alternatively activated macrophage is activated by Th2 lymphokines, 

apoptotic cells and corticosteroids and secretes anti-inflammatory cytokines such 

as IL-l 0 and TGFp and promotes ECM deposition when co-cultured with 

myofibroblasts. These phenotypes have been defmed predominantly in vitro and 

may not reflect the complexity of macrophage function in vivo. Indeed, 

macrophages appear capable of performing both the pro-inflammatory and 

alternative activation programs in an injured tissue (Duffield JS et aZ., 2005). 

The capacity of cell-matrix interactions to influence macrophage function has 

been demonstrated by Shapiro and co-workers (1993). Exposure of human 

alveolar macrophages to native and denatured type I and III collagen in either 

soluble or insoluble form selectively stimulated the expression of interstitial 

collagenase (Shapiro SD et al., 1993). Furthermore, the response was of large 

magnitude (10-50 fold), in contrast to the effect on TIMP-l synthesis which was 

relatively small compared to collagenase. Such observations may also pertain to 

liver fibrosis, whereby MMP biosynthesis and secretion by macrophages may be 

subject to modulation by matrix constituents which the cells contact. 
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Table 3. Stimuli for classically and alternatively activated macrophages. Terms in 

parentheses represent the receptors through which the stimuli act. TLR = toll-like 

receptors; FcR = Fc-receptors; CR = complement receptors. 
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1.5 Hypothesis and Aims 

1.5.1 Hypothesis 

Matrix metalloproteinase-13 is a key effector in the regression of experimental 

liver fibrosis and macrophages represent a major cellular source. 

1.5.2 Specific aims 

• To determine the relative expression ofMMP-13 in the regression of 

experimental liver fibrosis. 

• To determine the cellular source ofMMP-13 in resolving liver fibrosis. 

• To determine, mechanistically, the importance ofMMP-13 in mediating 

regression of liver fibrosis. 
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Chapter 2: General Materials and Methods 
Appropriate home office licence (held by Professor John Iredale) and local ethical 

committee approval was obtained before work with animals was undertaken. 

Unless otherwise stated in this PhD thesis, the collection of all tissue samples, all 

experimental techniques performed, interpretation of data and statistical analyses 

were carried out by the author. 

2.1 Experimental models of progressive liver fibrosis and 
spontaneous regression 

2.1.1 Carbon tetrachloride injury 

Carbon tetrachloride (CCI4) intoxication in rats and mice is probably the most 

widely studied animal model of hepatic fibrosis. This model is well characterised 

with regard to the histological, biochemical and cellular changes associated with 

fibrogenesis and resolution of fibrotic injury. 

Carbon tetrachloride is metabolised in the liver by cytochrome P450 to the highly 

reactive trichloromethyl radical (CCh.). Free radical damage leads initially to 

fatty metamorphosis and zone III (centrilobular) necrosis with associated 

hepatocyte apoptosis, HSC activation and subsequent tissue fibrosis. The 

inflammatory component is characterized by early neutrophil infiltration with 

later macrophage invasion. With repetitive dosing by intraperitoneal (i.p.) 

injection or oral gavage, CCl4 can be used to induce bridging hepatic fibrosis (4 

weeks ofbi-weekly dosing), cirrhosis (8 weeks ofbi-weekly dosing) and 

advanced micronodular fibrosis (12 weeks ofbi-weekly dosing). After cessation 

of injury, resolution of fibrosis can be studied longitudinally with serial harvest of 

animals throughout a defined recovery period (Figure 2.1). 
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Figure 2.1. Regression of fibrosis in the 12 week rat CCI. recovery model. A, At day 0 of 

recovery (peak fibrosis), picrosirius red staining of collagen demonstrates established 

cirrhosis with thick, mature fibrotic septa (arrow) bridging vascular structures. Finer 

collagen bands also extend into the parenchyma. a, By day 84, progressive remodeling has 

occurred with loss of bridging septa and a diminution in perisinusoidal collagen. A 

regenerative nodule (RN) is clearly visible. C, Additional matrix has been degraded by day 

366 of recovery to yield thin residual collagen bands (block arrow), forming an attenuated 

macrondodular cirrhotic pattern. (Shown in Issa R et al., 2004). 

2.1.2 Rodent carbon tetrachloride models 

Animals were housed in standard sterile conditions with free access to chow and 

water. All manipulations and procedures were undertaken in accordance with UK 

Home Office licence regulations and protocols approved by the Standing 

Committee on Animals of Harvard Medical SchooL 

2.1.2.1 Progressive rat liver fibrosis demonstrating complete or incomplete 
spontaneous regression 

Liver injury was induced as previously described (Issa Ret at., 2004). In brief, 

cohorts of 12 Sprague-Dawley rats were injected i.p. with 0.2ml/100g sterile CCl4 

dissolved in a 1: 1 ratio with olive oil twice weekly for 4, 6 and 8 weeks to 

generate an early reversible fibrosis and early and established cirrhosis 

respectively. In addition, a cohort was treated for 12 weeks to establish advanced 

micronodular cirrhosis which undergoes only partial resolution over 1 year of 

follow-up. For each model, animals were euthanized and livers harvested at peak 

fibrosis (immediately after the final injection ofCC14) and at 3, 14,28,84, 168 

and (in the 12 week model) 366 days of spontaneous recovery (n=4 at each time 

point in each model). Three normal, untreated rat livers were also harvested for 

use as controls in individual experiments. Harvested livers were split and fixed in 

formalin for subsequent immunohistochemical analysis or snap frozen in liquid 
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nitrogen for biochemical and molecular analysis. 

2.1.2.2 Murine model of hepatic fibrosis and spontaneous regression in CD1 J b-
DTR transgenic mice 

To create a system in which macrophage function could be studied in vivo, a 

conditional ablation method mediated by the diphtheria toxin (DT) receptor was 

used. Transgenic mice (CD]] b-DTR) were generated in which minute injections 

ofDT can deplete macrophages. Details of the generation of CD]] b-DTR mice is 

covered in section 2.6 and has been described previously (Duffield JS et aI., 

2005). 

Twenty four adult CD]] b-DTR mice (FVBIN) were injected with 0.25Jlllg of 

CCl4 i.p. twice weekly for 12 weeks. During the 12th week, half of the mice 

(disease group) were administered by tail vein injection either: a) Diphtheria toxin 

(DT; lOng/g) immediately following the first injection ofCC14 that week, DT 24 h 

later, and DT a further 48 h later to coincide with the next injection of CCI4; b) 

DT (25ng/g i.p.) over a similar schedule; or c) 100JlI PBS (i. v.) as control to 

coincide with the DT injections. During the 13th week, the remaining mice 

(recovery group) did not receive any further CCl4 injections. However, 72 hours 

following the final CCl4 injection, mice were administered by tail vein injection 

either: a) DT (lOng/g), DT 24 hours later, and DT a further 48 hours later; b) DT 

(25ng/g i.p.) over a similar schedule; or c) 100 /-ll PBS (i.v.) to coincide with the 

DT injections. Livers were harvested 24 h following the final dose ofDT or PBS. 

2.1.2.3 MMP-13 knockout mouse model of hepatic fibrosis and spontaneous 
regression 

MMP-13 deficient mice (mmp]3-1
-) were a gift from Dr S Krane (Harvard Medical 

School, Boston, USA). The mmp] 3-1- mice were generated by gene targeting in 

embryonic stem cells as previously described (Inada Met aI., 2004). Genotype of 

the mice was verified by a 2 step PCR reaction using Taq polymerase (Qiagen, 

USA) and the following primer pairs: primerllprimer3, primer2/primer3. 

Sequences were as follows: 
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primerl (PGK) 5'-CGAAGGAGCAAAGCTGCTA-3' 

primer2 (exon 5F) 5'-TTTATTGTTGCTGCCCATGAG-3' 

primer3 (exon 6R) 5'-AGTTTCTCCTCGGAGACTGGT-3' 

Conditions for PCR were 94°C for 3 min; then 40 cycles of 94°C 45 s, 50°C 45 s 

and 72°C 2 min, then finally 72°C 10 min. 

Liver fibrosis was induced in cohorts of sex and age matched mmp13-1- and wild 

type (WT) C57BLl6 mice by 4 weeks, thrice-weekly i.p. administration of 

escalating dose CCl4 dissolved in sterile olive oil as follows - Week 1: 

0.125ml/kg, Week 2: 0.25mllkg, Week 3: 0.5ml/kg, Week 4: 1mI/kg. This 

escalating 4 week CC14 protocol results in rapid induction of advanced liver 

fibrosis (Dr Q Anstee, Imperial College, London, UK, unpublished data). 

Animals were euthanized at peak fibrosis (24 h after the final dose of CCI4) and 

after 1, 3 and 5 days of spontaneous resolution (n=5 at each time point). Four 

mmp13-1
- and WT mice received olive oil only and served as vehicle controls. 

Harvested livers were split and fixed in formalin for subsequent 

immunohistochemical analysis or snap frozen into liquid nitrogen for biochemical 

and molecular analysis. 

2.1.2.4 MMP-12 knockout mouse model of hepatic fibrosis and spontaneous 
regression 

A pilot model of experimental fibrosis and spontaneous recovery was established 

in MMP-12 deficient mice to determine the role of MMP-12 in mediating 

inflammatory cell ingress in liver fibrosis and to study the effect ofMMP-12 

deletion on the rate and extent of regression of fibrosis. MMP-12 deficient mice 

were a gift from Dr S Pender (University of Southampton, UK) and generated by 

gene targeting in embryonic stem cells as previously described by Shipley and 

colleagues (1996). C57BLl6 WT mice were purchased from Jackson 

Laboratories, USA. Genotyping ofthe mice was confirmed by PCR using 

specific primer pairs and control DNA (see Appendix 2). 

Knockout: NeoF 5'-ATGATTGAACAAGATGGATTGCAC-3' 

NeoR 5'-TTCGTCCAGATCATCCTGATCGAC-3' 
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Wild type: mmp12WTF 5'-ACCACTAAACTACCTTCCCC-3' 

mmp12WTR 5'-GTTGTATGCAGCCAGGTTTC-3' 

PCR generated a knockout (KO) band size of 500bp and WT band size of 300bp. 

The control DNA was from MMP-3 knockout mice (wild type for mmp12 allele 

but also incorporating a neocassette) and from PAR2 knockout mice (wild type 

for mmp12 allele and with a different method of gene disruption to neocassette 

insertion). Conditions for PCR were as follows: 94°C 2 min, 35 cycles of 94°C 1 

min, 60°C 1 min, 72°C 1 min, then 72°C 1 min. 

Cohorts of female MMP-12 deficient and female C57BLl6 WT mice were 

injected i.p. with 1111 per gram of body weight ofCCl4 dissolved in a 1:3 ratio 

with sterile olive oil twice weekly for 12 weeks to induce hepatic fibrosis. Three 

mmplZI- and WT mice received sterile olive oil only and served as vehicle 

controls. Animals were euthanized at peak fibrosis (24 hours after the last 

injection ofCC14) and after 3,6, 10 and 14 days of spontaneous resolution (n=4 

animals at each time point per group). Vehicle controls were euthanized on day 1. 

Harvested livers were split and fixed in formalin for immunohistochemical 

analysis or snap frozen into liquid nitrogen for biochemical and molecular 

analysis. Whole blood was collected by cardiac puncture at the time of sacrifice 

for biochemical assays. 

2.2 Protein Analysis Methods 

2.2.1 Protein extraction from whole liver samples 

First, an appropriate volume of Dignum A buffer was prepared (see Appendix 1). 

400IJ.I of buffer was ali quoted into sterile Eppendorf microfuge tubes and chilled 

on ice. Next, 5IJ.I of phosphatase inhibitor cocktail II (Sigma, UK) and 1-21J.I of 

protease inhibitor cocktail (Sigma) were added to each 400IJ.I of Dignum A. This 

mixture was vortexed thoroughly. ~ 0.5 cm3 pieces of frozen liver tissue were cut 

and transferred to each Eppendorf microfuge tube. Either an homogeniser - for 1 

min using a high speed rotor (autoclaved and cleaned using hydrogen peroxide 

beforehand) - or alternatively, a 2ml syringe plus 19 gauge needle were used to 
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break: up the tissue thoroughly. Samples were kept on ice. Homogenates were 

transferred to a Qiashredder column (Qiagen. UK) and centrifuged at room 

temperature at 13000 rpm for 2 min. The supernatants were decanted into fresh 

sterile Eppendorf microfuge tubes (leaving the cell and nuclear membranes in the 

tube base) and placed on ice. The Qiashredder columns were discarded. Samples 

were then assayed to establish protein concentration and ali quoted for storage at -

20°C to keep freeze-thawing to a minimum. 

2.2;2 Measurement of protein concentration in whole liver extracts 

The protein concentration of whole liver or cell extracts was performed using a 

protein dye binding kit (Dc Protein assay kit, BioRad. USA). Briefly, 2).!1 of 

protein extract was added to IS).!l of deionised water and vortexed. 100).!1 of 

reagent A was added and vortexed. Next, SOO).!1 of reagent B was added and 

vortexed. Samples were incubated for 20 min at room temperature. Parallel 

standards were made using BSA (0-20mg/ml). Absorbance was measured at 

750nm using a spectrophotometer (Ultrospec 2100 pro UV/Visible 

spectrophotometer). A standard curve was plotted and the protein concentrations 

calculated from the standard curve equation, which was formed by linear 

regression using the Prism software package. Alternatively, the protein 

concentration ().!g per ).!l) was calculated from the following formula (which had 

been calculated from multiple standard curves and was well-established in the 

laboratory) : 

Absorbance reading at 750 nm / volume of protein in).!l / 0.0157 

2.2.3 Western blot analysis 

2.2.3.1 Preparation 

All equipment, including glass plates and spacers, were cleaned thoroughly with 

absolute alcohol prior to use. Two spacers were positioned between one large and 

one small glass plate and fixed into the electrophoresis frame. 

First, the resolving gel was made (see Appendix 1) and poured carefully between 
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the glass plates to cover 2/3 of the area. The gel was overlayed with isopropanol 

for a straight edge and the gel left to set at room temperature for ~ 1 hr. The 

isopropanol was poured off the gel, blotting the top comer with a tissue. Next, a 

stacking gel was made (see Appendix 1) and added on top of the resolving gel, 

leaving a 2-3mm gap from the top ofthe glass plates. A toothcomb was inserted 

into the resolving gel and, again, overlaid with isopropanol. The gel was left to 

set at room temperature for ~ 1 hour before removing the toothcomb. 

Alternatively, bis-tris (Novex Nupage, Invitrogen, UK) 4-12% pre-cast gels were 

utilized and run with pre-prepared IX MOPS/SDS running buffer (plus 

antioxidant for reduced samples). 

2.2.3.2 Gel electrophoresis 

An upright gel electrophoresis tank was assembled and filled with IX running 

buffer (Appendix 1). Equal concentrations of protein (10-50/.1g) for each sample, 

including controls, were used. 12.5/.11 of protein sample/control was added to 

12.5/.11 of2X sample buffer (Appendix 1). All samples were boiled for 5 min then 

carefully pipetted into the submerged wells. In addition, 5/.11 of rainbow marker 

(Amersham Biosciences, UK) and 2.5/.11 of MagicMarker XP Western protein 

standard (Invitrogen) plus 7 . .5/.11 of the 2X loading buffer were loaded in separate 

wells ofthe gel. Electrophoresis was run at 180 volts (V) for ~2 hr. After, the 

equipment was disassembled, the stacking gel removed and the separating gel 

orientated by cutting the top right hand comer. 

For pre-cast gels, the Invitrogen XCell SureLock Mini-Cell system was used. All 

reagents were provided by Invitrogen, UK. Samples were prepared slightly 

differently, as follows: 

For each lOJ.lI Reduced Unreduced 

Sample x x 

Reducing Agent 1/.11 0 

LDS Sample Buffer 2.5/.11 2.5/.11 

Ultrapure Water Up to 10/.11 Up to 10/.11 
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Samples were heated at 70°C for 10 min, then briefly centrifuged at 13000 rpm 

and loaded into the gel wells. Electrophoresis was performed at 200V constant 

for 50 min. 

2.2.3.3 Western transfer 

Two pieces of high grade filter paper and 2 cassette sponges (Biorad) and were 

soaked in IX transfer buffer (see Appendix 1). An appropriately sized piece of 

PVDF membrane (Hybond, UK) was soaked briefly in methanol. Next, a 

'sandwich' was assembled: 1 presoaked filter paper was placed on top of a 

sponge, followed by the PVDF membrane, then by the gel and lastly 1 more 

presoaked filter paper and a sponge. The cassette was closed and assembled into 

the Biorad transfer tank, so that the membrane was on the red side (anode) of the 

current and the gel on the black side (cathode). IX transfer buffer was poured 

into the reservoir. The Biorad blot was run at 100V for 65 min. Then, the 

equipment was disassembled and the PDVF membrane removed. Successful 

transfer was indicated by visualization of the rainbow marker on the membrane. 

For NuPAGE gels, samples were transferred onto PVDF using the Xcell II Blot 

Module. IX transfer buffer plus methanol was prepared as the manufacturer's 

instructions and antioxidant added for reduced samples. A similar sponge/filter 

paper 'sandwich' was constructed and the transfer for 1 gel was undertaken at 

30V constant for 1 hr and for 2 gels at 30V for 2 hr. 

2.2.3.4 Membrane protein detection 

After successful transfer, the membrane was inserted into a 50ml Falcon tube with 

the protein facing inwards and 10ml of5% marvel (made with ultrapure water) 

added. The tube was placed on a rotator for 1 hr at room temperature. The milk 

solution was decanted. 5ml of primary antibody (appropriately diluted with 5% 

marvel made with ultrapure water) was added and the tube placed onto a rotator 

and incubated at 4°C overnight. 

The solution was again decanted. Next, 5ml of wash buffer (lX PBS/0.1 % Tween 

20) was added to the membrane, rotated 4-5 times and discarded. This was 

repeated once. After discarding the wash solution again, a further 10ml of wash 
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buffer was added and the tube placed on the rotator at room temperature for 15 

min. This process was repeated 3 more times. 

The secondary HRP-linked antibody (anti-mouse secondary, Amersham UK, 

1/5000; anti-rabbit secondary, Amersham, 1: 1500 dilution) was diluted in 5% 

marvelllX PBS and incubated with the PVDF membrane for 1 hr at room 

temperature on a rotator. This solution was discarded and an identical series of 

washes was performed to that after the primary antibody step. 

The advanced ECL detection kit (Amersham) was removed from the refrigerator 

and allowed to equilibrate to room temperature before opening. In a dark room, 

an acetate sheet was fixed with tape inside the hypercassette. The membrane was 

placed onto the acetate sheet with the protein side facing upward. 1.5mlof 

detection solution (Solution A with Solution B in 1: 1 ratio, volume required = 

0.lmllcm2) was pipetted to cover the PVDF membrane and incubated at room 

temperature for 5 min (protected from the light). Another acetate sheet was 

positioned on top of the membrane and taped down, ensuring no air bubbles were 

present. A sheet ofhyperfilm ECL (Amersham) was placed on top of the 

membrane and exposed for ~ 1-2 min. Subsequent exposures required 

longer/shorter periods of time depending on how the first film appeared. The film 

was processed in the developer. 

Alternatively, the Western Breeze Chemiluminescent Western Blot Kit 

(Invitrogen) was utilized for detecting mouse monoclonal antibodies. The 

protocol was essentially similar to that described above except that the prepared 

secondary antibody solution comprised an alkaline phosphatase conjugated anti

mouse IgG and the system used a specific chemiluminescent substrate (CPD-Star) 

and substrate enhancer (Nitro-Block-II). 

In all cases, negative control blots (in which no primary antibody was added) were 

performed in parallel and showed no signal after the detection steps. 

2.2.4 Zymograpby 

To identify the types and relative abundance of gelatinases and other MMPs 

responsible for matrix degradation in vivo, gelatin or casein substrate zymography 
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was performed. Whole CCl4 treated rat liver extracts were subjected to substrate 

gel zymography by electrophoresis in either 10% polyacrylamide gels containing 

Imglml of gelatin or elastin or in precast 4-16% polyacrylamide gels containing 

Imglml of blue casein (Invitrogen). 

2.2.4.1 Gelatin zymography 

Livers were analysed for MMP-2, MMP-9 and MMP-13 by gelatin zymography. 

Glass plates and spacers were cleaned with ethanol before making up a resolving 

gel (see Appendix 1). This was added in between the glass plates with a syringe 

to cover 2/3 of the plate. The gel was overlayed with isopropanol and allowed to 

set for ~ 1 hr at room temperature. Next, a stacking gel (see Appendix 1) was 

made and added on top of the resolving gel, leaving a 2-3mm gap from the top of 

the glass plates. A toothcomb was inserted and the gel allowed to set for ~ 1 hr. 

After this, the toothcomb was removed and the gel assembled into an upright 

electrophoresis tank filled with IX running buffer (see Appendix 1). 12.5ml of 

protein sample (20-200)lg) or control was added to I2.5ml of2X sample buffer 

and loaded into the wells. Multimark pre-stained molecular weight markers 

(Invitrogen) were also loaded to identify bands of activity. The gel was run at 

80V constant for ~ 90 min. Afterwards, the gel was disassembled and orientated 

by cutting the top right corner. The gel was re-natured in 50mI2.5% Triton X-

100 (Gibeo, UK) at room temperature for 30 min on a rotary shaker. Then the gel 

was incubated in 50ml of developing buffer (see Appendix 1) for 30 min, before 

replacing with 50ml of fresh buffer and incubating overnight at 37°C. Substrate 

breakdown was confirmed by staining with colloidal Coomassie blue (Novex, 

Invitrogen) according to the manufacturer's instructions (see Appendix 2). The 

gel was incubated in 50ml of stain for 3-12 hr on a shaker. Next, the gel was 

rinsed under slow running water and then de-stained in 200ml of distilled water 

on a shaker. The water was replaced several times, finally leaving the gel to de

stain overnight. Areas of gelatinase activity were seen as clear bands of lysis on a 

blue background. For details of gel preservation, see Appendix 2. 

2.2.4.2 Casein zymography 

Casein zymography was used to detect active MMP-I2 and MMP-13 in whole 
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liver homogenates. All materials and equipment for this protocol were purchased 

from Invitrogen. 

The Xcell SureLock Mini-Cell system was assembled. The precast gel was 

slotted into the tank and the upper buffer chamber was filled with 200ml and the 

lower chamber with 600ml of IX Tris-Glycine SDS running buffer. 12.5111 of 

protein sample/control were added to 12.5111 of2X sample buffer. Electrophoresis 

running conditions were 125V constant for 90 min. After electrophoresis, the gel 

was removed and incubated for 30 min at room temperature in IX zymogram re

naturing buffer (2.7% Triton X-IOO) with gentle agitation. The re-naturing buffer 

was decanted and IX zymogram developing buffer added. The gel was incubated 

overnight at 37°C with gentle agitation. Blue casein gels did not require staining. 

MMP activity was identified as clear bands of lysis against a blue background. 

Again, Multimark pre-stained protein ladder (Invitrogen) was used for accurate 

estimation of molecular weight. 

2.2.4.3 Elastin zymography 

Elastin substrate zymography was also used to detect active MMP-12 in whole 

liver extracts. The equipment and protocol were identical to that used for gelatin 

zymography, the only differences being that lmglml of elastin was incorporated 

into the resolving gel and subsequent gel incubation was performed in developing 

buffer for 5 days at 37°C. 

2.2.5 Immunohistochemistry 

Formalin-fixed paraffin-embedded tissue sections from normal and treated rat 

liver were stained for a variety of different antigens by immunohistochemistry. 

Antibodies (and appropriate controls) were applied at various concentrations (see 

Appendix 1). Some targets required additional antigen retrieval techniques (e.g. 

heating by microwave, proteolysis by enzymes) to unmask epitopes hidden by 

cross-linking which occurs during the tissue fixation process (see Appendix 2). 

2.2.5.1 General immunohistochemistry protocol in paraffin sections 

The following immunohistochemical technique was carried out at room 
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temperature apart from the heat induced antigen retrieval step. Details of 

additional protocols including preparation of working solutions, slides and tissue 

section cutting and antigen retrieval methods are included in Appendix 1 and 2. 

Paraffin-embedded tissue sections were de-waxed twice through xylene for 5 min 

each time, then rehydrated through graded alcohols (Industrial Methylated Spirit 

(IMS) 100%, IMS 75%, IMS 50%) again 5 min each. Next, endogenous 

peroxidase was blocked with H20 2/methanol (0.2mllll.8ml) for 10 min. Sections 

were then washed 3 x 2 min in Tris-buffered saline (TBS). Antigen retrieval was 

performed at this stage if necessary followed by 3 x 2 min washing steps in TBS. 

An endogenous avidin-biotin block (Vector Laboratories, UK) was then 

performed by applying 3 drops of avidin for 20 min, followed by a washing step, 

then 3 drops of biotin again incubating for 20 min. Sections were washed with 

TBS for 3 x 2 min. Next, a block with culture medium (DMEM, 20% FCS, 0.5% 

bovine serum albumin (BSA)) was applied for 20 min. Without washing, the 

primary antibody was added at the appropriate concentration and incubated 

overnight at 4°C, or for 1 hr at room temperature. After incubation, sections were 

washed in TBS for 3 x 2 min. The appropriate secondary antibody (biotinylated 

rabbit F(ab') anti-mouse IgG 1 :200, DakoCytomation, UK; biotinylated goat anti

rat 1:1000, Jackson Laboratories, UK; VECTASTA~ Universal Quick kit 

biotinylated secondary, Vector) was added for 30 min. This step was omitted if 

the Animal Research Kit (ARK, Dako) was used as the primary antibody had 

already been biotinylated. Sections were washed in TBS for 3 x 2 min. Next, 

streptavidin ABC-horeseradish peroxidase (HRP) or Alkaline phosphatase (1 :200, 

Dako) was added for 30 min. Sections were washed in TBS for 3 x 2 min. The 

appropriate chromogen was applied depending on the substrate system used and 

incubated for 5-20 min until a colour change was observed. Stained slides were 

rinsed in tap water. A brief counterstain was performed using Meyer's 

Haematoxylin (Gurr, UK). Slides were again rinsed in tap water. If 

diaminobenzidine (DAB, Vector) was used, sections were dehydrated through 

graded IMS and xylene for 5 min each time then mounted in synthetic DPX resin 

(distrene with dibutyl phthalate and xylene) and covers lipped. Other chromogens 

(e.g. ABC, Vector Blue) are partially soluble in xylene and required mounting in 

aqueous medium (Crystal mount, Biomeda, UK) directly after counterstaining. 
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Negative controls were performed in all experiments to show that the labeling was 

specifically due to the primary antibody. First, the primary antibody was replaced 

with similarly diluted normal serum from the same species keeping all the other 

steps the same. The second control simply omitted the primary antibody and was 

most likely to detect non-specific binding due to reactive groups remaining in the 

tissue or due to poor blocking of a 'sticky' section. 

2.2.5.2 Dual immunohistochemical staining 

Dual immunohistochemical staining was performed to co-localize MMP-13 to the 

putative cellular source. Several chromogen combinations were tested to enable 

adequate discrimination of antigen staining and antibodies were carefully chosen 

to avoid cross-reactivity. Two mouse anti-rat monoclonal primary antibodies 

were used, so to prevent any secondary antibody cross reactivity, one primary 

antibody was biotinylated using the ARK reagent (Dako) . This technique has 

been validated by other investigators using a number of different antibody 

combinations (van der Loos eM & Gobel H, 2000). Figure 2.2 summarizes the 

experimental method. 

strep ABC 

HRP 

Rabbit anti
mouse 
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Figure 2.2. Summary of dual staining protocol. COG8 = EO-1 antigen. ARK = Animal 

Research Kit. ABC = avidin biotin complex. HRP = horseradish peroxidise. 

In brief, the protocol was as follows. Paraffin sections were de-waxed in xylene 

and rehydrated through graded alcohols as above. The endogenous peroxidase 

block, antigen retrieval step and endogenous avidin-biotin block were performed 

as above with appropriate TBS washes in between. Following a culture medium 
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block, MMP-13 primary antibody was applied at 1:80 dilution in TBS and 

sections incubated overnight at 4°C. For each experiment, a negative control 

(non-immune serum rather than primary antibody) was run in parallel. After a 

TBS washing step, biotinylated rabbit F(ab') anti mouse IgG secondary (Dako) 

was applied at 1 :200 dilution for 30 min. After a further TBS wash, streptavidin 

ABC-HRP at 1 :200 dilution was added for 30 min. Slides were washed again 

with buffer, before staining with DAB (Vector) for ~ 10 min. Slides were rinsed 

with TBS before addition of the second primary antibody. 

ED-I is the rat homologue of human CD68, an antigen expressed on the 

membranes of cytoplasmic granules such as phagolysosomes (Damoiseaux JG el 

at., 1994). It is a pan-macrophage marker. Mouse anti-rat CD68 (ED-I) 

recognizes a 90-100 kDa single chain glycoprotein. Prior to application of the 

anti-CD68 primary antibody, a complex was formed in solution between the 

antibody at 1:100 dilution and biotinylated F(ab') anti-mouse IgG. Residual anti

mouse IgG was then blocked by addition of normal mouse serum IgG. The 

resultant solution binds only to specific antigen. This solution was applied 

directly to tissue sections for 1 hr at room temperature. Sections were washed in 

TBS before addition of streptavidin ABC-alkaline phosphatase at 1 :200 dilution 

for 30 min. After a further wash with buffer, a second chromogen (either Fast 

Red or New Fuschin, Vector) was added for ~ 20 min. After a brief rinse in tap 

water, slides were counterstained in Meyer's Haematoxylin (Curr) for 5 min, 

rinsed again in water, then crystal mounted. 

2.2.5.3 Staining of frozen liver sections 

Once mounted on APES coated slides, frozen sections were kept at -20°C or -

80°C until needed. When required, slides were left to warm at room temperature 

for 10 min, then fixed in water-free acetone at room temperature for 15 min. 

After, the slides were placed in an immunostaining tray and the acetone left to 

evaporate for around 10 min. This was followed by a 5 min TBS wash. 

Afterwards, the general immunohistochemical staining protocol was followed, 

although the absence of formalin eliminated the need for an antigen retrieval step. 
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2.3 RNA methods 

2.3.1 Prevention of contamination 

All equipment, consumables and glassware used were DNaselRNase-free (see 

Appendix 2). All buffer solutions were made using DEPC water (see Appendix 2) 

and were either autoclaved for 20 min at 121°C and/or filtered through a 0.2/J.m 

filter (other DNaselRNase-free materials and chemicals used were purchased). 

DNaselRNase-free filter tips (Greiner, UK) were used for all procedures. 

2.3.2 RNA extraction with RNeasy Mini Kit (Qiagen) 

2.3.2.1 Preparation of reagents 

First, lO/J.I off3-mercaptoethanol (f3-ME) was added per 1ml of buffer RLT. Next, 

4 volumes of96-100% ethanol were added to buffer RPE for a working solution. 

2.3.2.2 Homogenization of whole liver samples 

Approximately 30mg pieces of liver (previously frozen at -80°C) were cut with a 

sterile scalpel. 10mg ofliver yielded approximately 40/J.g total RNA. 600J.llof 

buffer RL T (+ f3-ME) was added. Homogenization was performed for 20-40 s 

until liver tissue was fully broken down. The rotor blade was cleaned between 

each sample. 

2.3.2.3 Separation step 

Tissue lysates were centrifuged for 3 min at 13000 rpm. Supernatants were 

transferred to new microcentrifuge tubes by pipette. 600/J.I of 70% ethanol was 

added to the cleared lysates and mixed immediately by pi petting. 

2.3.2.4 Binding step 

Up to 700/J.I of sample including the precipitate was transferred to an RNeasy 

mini column placed in a 2ml collection tube. Samples were centrifuged for 15 s at 

10000 rpm. Follow-through was discarded and collection tubes reused. If the 
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volume exceeded 700!-lI, the excess was reloaded into the mini column and spun 

again as above. 

2.3.2.5 Washing step 

700!-l1 of buffer RW1 was added to each RNeasy column. Samples were 

centrifuged for 15 sat 10000 rpm. Follow-through and collection tube were 

discarded. RNeasy columns were transfered into a new 2ml collection tube. 

500!-l1 buffer RPE (+ ethanol) was pi petted into each RNeasy column. Samples 

were centrifuged for 15 s at 10000 rpm to wash the columns. Follow-through was 

discarded and the collection tubes reused. 

2.3.2.6 Drying step 

Another 500!-l1 of buffer RPE was added to each RNeasy column. Samples were 

centrifuged for 2 min at 10000 rpm to dry the RNeasy silica gel membranes of 

ethanol. 

2.3.2.7 Elution of RNA 

RNeasy columns were transferred to new l.5ml collection tubes. 30-50!-l1 of 

RNase free water was pi petted directly onto silica membranes. Samples were 

finally centrifuged for 1 min at 10000 rpm to elute RNA. A second elution using 

the first eluate was performed to give a higher concentration of RNA. 

2.3.3 Quantitation of RNA 

Absorbance at 260nm was measured. In addition, the ratio at 260/280nm gave an 

estimate of RNA purity. 

2.3.4 Preparation of cDNA from total RNA - Reverse Transcription 

Total RNA from liver homogenates or cultured cells was extracted as described. 

First strand cDNA synthesis was undertaken using random primers and 

Omniscript reverse transcriptase system (Qiagen), briefly as follows. Template 

RNA was thawed on ice, along with other reagents, then briefly vortexed and 
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centrifuged. A master mix was prepared containing: 

Ingredient Volume per reaction Final concentration 

lOX buffer RT 2/-11 IX 

0.5mMeach dNTPs 2/-11 

Random hexamers 2/-11 IOI-lM 

RNasin (10 units/ml) 

Omniscript RT 

RNase-free water 

RNA template 

Total volume 

1/-11 

1/-11 

variable 

variable 

20/-11 

10 units per 20/-11 

4 units per 20/-11 

up to 2/-1g 

Master mix was added to an appropriate amount of RNA template and gently 

mixed. Samples were incubated at 37°C for 60 min. cDNA was stored at -20°C or 

used for PCR. 

2.3.5 ReverseTranscription-Polymerase Chain Reaction (RT -PCR) 

PCR primers for amplification of gene segments were designed to anneal to 

regions within the given cDNA where that gene shared least homology with other 

expressed genes. These primers were chosen on the basis of the absence of 

hairpin loops in their sequence, similar GC and AT content and specificity for the 

chosen region of the gene. The cDNA sequences used for primer design were 

obtained from the National Institutes of Health (NIH) database. Primer sequences 

are shown in Appendix 1. 

2.3.5.1 Basic RT-PCR protocol 

DNA amplification was performed using Taq DNA polymerase for semi

quantitative PCR comparing the levels of particular gene mRNA in different 

samples. Briefly, the PCR reactions were set up in the following manner. 2.5/-11 

of both sense and antisense primers (at 2.5pM//-11) were added to 1/-11 of cDNA 

template with 12.5/-11 of complete 2X Master Mix (Prornega, UK) and 6.5/-11 of 

nuclease free water in a total volume of 25/-11. This mixture was then pulse spun 
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and 30/-l1 of mineral oil carefully pi petted on top to prevent evaporation. The 

cDNA was then cycled as follows: 5 min at 94°C to denature; 25-40 cycles of 45 

s at 94°C, a 1 min annealing step at the appropriate temperature for each primer 

pair and a 2 min extension step at 72°C; final elongation reaction of 10 min at 

72°C to ensure the formation of full length transcripts. 

A negative control sample was run with each experiment. The negative control 

was a reaction mixture containing all the reagents necessary for amplification, 

excluding the template DNA. 

2.3.5.2 Agarose gel electrophoresis 

All PCR reactions were loaded onto a 1-2% agarose gel containing ethidium 

bromide (see Appendix 2) and separated for 45-60 min by electrophoresis at 80V, 

along with a 100 bp ladder (Prom ega) to allow estimation of the fragment size. 

DNA was visualised under UV light and a photographic record taken. 

2.3.6 Taqman Real Time Polymerase Chain Reaction 

End-point PCR is limiting. A basic PCR run can be broken up into three phases: 

• Exponential phase: Exact doubling of product - accumulating at every cycle 

(assuming 100% reaction efficiency). The reaction is very specific and precise. 

• Linear phase (high variability): The reaction components are being consumed, 

the reaction is slowing and products are starting to degrade. 

• Plateau (End-Point: Gel detection for traditional methods): The reaction has 

stopped, no more products are being made and if left long enough the PCR 

products will begin to degrade. 
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Figure 2.3. peR phases in log view. Taken from http://www.appliedbiosystems.com. Real time 

peR allows accurate quantitation of gene expression as peR product is measured during 

the exponential phase. 

2.3.6.1 Principles of TaqMan real time RT -peR 

The basic principles of TaqMan real time PCR are illustrated in Figure 2.4. 

After each thermal cycle the fluorescence signal increases and reaches a threshold 

(ARn) that is set to be the same for the gene of interest and a suitable reference 

gene. The threshold cycle (Ct) is the number ofPCR cycles after which there is a 

detectable fluorescent signal from the reaction tube and this is directly related to 

the starting quantity of cDNA. An ideal reference gene should be expressed at the 

same level in all cells and its expression should not be influenced by the 

experimental manipulation being examined. 

After detection of the threshold cycle (Ct) for the target and reference gene in 

each sample, relative concentrations can be calculated by the comparative Ct 

method (MCt) using the formula below which assumes that the PCR reaction for 

both target and reference gene occurs with efficiency close to 100%. 

LiCt T (experiment or control) = Ct T (experiment or control) - Ct reference (T: target gene) 

LiLiCt T = LiCt T (control) - LiCt T (experiment) 

Comparative change in gene expression after manipulation = 2 -(Met T) 
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Figure 2.4. The principles of TaqMan real time PCR. TaqMan probes are labeled with a 

quenching molecule and a fluorescent molecule. Cleavage of the annealed probe by Taq 

polymerase results in a loss of quenching and an increase in fluorescence signal. Normal 

PCR products are formed leading to an accumulation of cleaved probe during each cycle. 

2.3.6.2 Primer design for TaqMan real time peR 

All primers and probes were designed using the Taqman Primer Express program 

with the help of Dr X Zhou. Primer and probe sequences are provided in 

Appendix 1. The following guidelines were used for probe/primer design: 

Probe checklist 

• Amplicon size of50-150bp. 

• Primer and probe sequences correctly matched the original amplicon sequence 

and were in the correct 5' -3' orientation. 

• No G on the 5' end. 

• Percentage of GC in the range of 20-80%. 

• No runs of more than 3 consecutive G's. 

• Primer Express Tm of 68-70°C for a single probe application. 
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Primer checklist 

• Forward and reverse primers as close as possible to the probe without 

overlapping it. 

• Percentage of GC in the range 20-80%. 

• No runs of more than 3 consecutive G's. 

• Primer Express Tm of 58-60°C. 

• Five nucleotides at the 3' end had only 1-2 G+C. 

2.3.6.3 TaqMan real time RT -peR protocol 

All materials were purchased from Applied Biosystems, UK. Standard precautions 

for PCR were employed. In addition, pipettes, gloves and filter tips were 

irradiated under UV light prior to use. 

1O-30ng of first strand cDNA was used per reaction. A reaction mixture 

consisting of 12.5/-l1 TaqMan 2X Universal PCR master mix, 0.3/-lM of primers, 

O.3J.lM of probe and cDNA plus nuclease-free water was made up to a final 

volume of 25J.l1. A negative control sample (reaction mixture excluding template 

DNA) was run with each experiment. Samples were added to 96 well optical 

reaction plates. Protective strips of optical caps were applied to the reaction plate 

after sample addition and the plate briefly centrifuged. All reactions were carried 

out using the PE Applied Biosystems 7700 Sequence Detection System (Applied 

Biosystems). The conditions of the reaction were as follows: 

Initial steps: 50°C for 2 min and 95°C for 10 min 

Denaturing step: 15 s at 95°C 

Annealing/extension step: 60°C for 1 min 

} 40cycles 

Determination of the expression of the house keeping gene ribosomal 18S was 

measured simultaneously and all reactions were undertaken in triplicate. After 

detection of the threshold cycle (Ct) for the target gene and I8S in each sample, 

comparative change in expression was calculated by the ,1,1Ct method. 
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2.4 Laser Capture Microdissection (LCM) 

In brief, the ASLMD laser microdissection microscope (Leica, UK) uses a 337nm 

UV laser to excise cell groups or even single cells out of histological tissue 

sections. Movement during cutting is done by the optics, while the stage remains 

stationary. The region of interest is marked out on the computer monitor and cut 

out under mouse control. The cut areas simply drop down into PCR tubes below. 

Samples can then be analyzed for RNA, DNA or protein expression. 

2.4.1 Slide preparation 

Conventional microscopic slides were cleaned with acetone/ethanol and left to dry 

in a dust-free environment. Slides were then coated with a synthetic membrane, 

held in place by a gene frame. Membrane-coated slides were then UV irradiated 

face up for 3 min to destroy RNases. 

2.4.2 Cutting of tissue sections 

Previously harvested rat liver, stored at -80°C, was snap frozen into liquid 

nitrogen pending cutting. A small ~ 0.5cm2 piece of liver was mounted in Optical 

Cutting Temperature (OCT) compound onto a chuck. Using a cryostat, multiple 

10J..Lm sections were cut and carefully collected onto the membrane side of the 

slides. Slides were subsequently stored on dry ice prior to further processing or 

stored at -80°C. 

2.4.3 Staining of sections on membrane coated slides 

DEPC treated water was used in the preparation of all solutions. For fixing of 

tissue, 70% ethanol solution was dropped on to sections for 60 s. A brief nuclear 

counterstain was then performed by careful application of a few drops of Meyer's 

haematoxylin (Gurr) and incubation at room temperature for 60 s. Slides were 

then 'blued' in RNase-free water. 

For rehydration, the sections were then immersed for 30 s each in 70% ethanol, 

95% ethanol and finally for 60 s in absolute ethanol. Slides were then left in an 

incubator hood for 2 hr to dry. Processed slides were stored in a dessicator 
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containing silica gel for at least 3 days prior to LCM. 

2.4.4 Laser capture microdissection 

50,....1 of guanidine thiocyanate-containing lysis buffer plus j3-ME (0.7,....11100,....1 

lysis buffer) was pipetted into the caps ofO.5ml RNase-free Eppendorfs. The 

tubes were clipped into the cassette with caps inverted and then loaded underneath 

the microscope stage ready to collect excised tissue. Slides were placed face 

down in the slide holder. Visualization and cutting of tissue was performed at 

x200 magnification. After calibration of the laser and aperture size, areas of 

interest (e.g. fibrotic bands or parenchyma) were cut and captured into lysis 

buffer. Preliminary work undertaken by Dr K Pickard (University of 

Southampton) using gut epithelium and by myself in a pilot experiment using 

liver tissue had determined that at least 1 x 106,....m of excised tissue per tube was 

required for reliable RNA extraction and cDNA synthesis. Samples were either 

immediately subjected to RNA extraction or lysates were stored at -80°C. 

2.4.5 RNA extraction using Absolutely RNA microprep kit 

The Absolutely RNA microprep kit (Stratagene, UK) is designed for isolation of 

high-quality total RNA from samples containing a very small number of cells (1 

cell to 5x105 cells), making it suitable for isolating RNA from tissue harvested by 

LCM. RNase-free precautions were taken at all times (see Appendix 2). 

Eppendorf microfuge tubes were spun for 30 s at 13000 rpm to collect samples 

into the tube bases. A further 50J.!1 (i.e. 100J.!1 in total) of lysis buffer/j3-ME was 

added to each sample and vortexed until homogenized. Next, 100J.!1 of 70% 

ethanol was added and celllysates vortexed for 5 s. Samples were then 

transferred to individual RNA-binding spin cups seated within 2ml collection 

tubes and centrifuged at 13000 rpm for 1 min. The filtrates were discarded and 

spin cups retained. To wash, 300J.!1 oflow salt buffer was added to each column 

and spun at 13000 rpm for 1 min. Again, the filtrate was discarded but the spin 

cups were retained. Samples were then spun for 2 min at 13000 rpm to dry the 

fibre matrix. DNase solution was prepared by gently mixing 5J.!1 of reconstituted 

RNase-free DNase I with 25J.!1 of DNase digestion buffer. The DNase solution 

61 



was added directly onto the fibre matrix and tubes incubated for 15 min at 37°C in 

a water bath. Next, 300/-l1 high salt buffer was added to each spin cup, centrifuged 

at 13000 rpm and the filtrate discarded. The spin cups were retained, 300/-lllow 

salt buffer added, followed by a further 1 min centrifuge at 13000 rpm. Again, the 

spin cups were retained and filtrate discarded. Finally, 300/-lllow salt buffer was 

added and samples were spun at 13000 rpm for 2 min to dry the fibre matrix. The 

spin cups were transferred to 1.5ml collection tubes. 1O-30/-l1 of elution buffer 

was added directly onto the fibre matrix and incubated at room temperature for 2 

min. Samples were spun at 13000 rpm and the elution process repeated to obtain 

a higher yield of RNA. Eluted RNA was used immediately for reverse 

transcription. 

2.4.6 Reverse transcription 

All reagents were purchased from Promega. A master mix was made up as 

follows: 

Reagent 

5Xbuffer 

Magnesium chloride 

DNTPs 

RNasin 

Impromptu 1M Reverse Transcriptase 

Volume 

4/-l1 

4.8/-l1 

1/-l1 

0.5/-l1 

1/-l1 

7.7/-l1 of RNA sample and 1/-l1 of random primers were mixed in 0.5ml PCR tubes 

and heated to 70°C for 5 min in a thermal cycler, then samples quenched onto ice 

for 2 min. Next, 11.3/-l1 of master mix was added to each 8.7/-l1 RNA/primer mix 

for a final 20/-l1 reaction volume. Samples were briefly spun to collect all reagents 

into the tube base. Reverse transcription was performed in a thermal cycler under 

the following conditions: 25°C for 5 min, 42°C for 60 min and 70°C for 15 min. 

cDNA was either stored at -20°C or used for real time PCR. 
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2.5 In situ hybridization 

In situ hybridization (ISH) was used to localize gene expression within injured 

and recovering liver tissue. 

Summary of ISH probe design and synthesis 

1. Probe design (using published sequences and MacVector program). 

2. Amplification of PCR product using Taq polymerase and own pnmers and 

parameters. 

3. Ligation ofPCR product into plasmid vector (TA-cloning). 

4. Transformation into competent cells. 

5. Selection of colonies and isolation of plasmid DNA for analysis. 

6. Analysis of plasmid DNA for the presence and orientation of the PCR product by 

sequencmg. 

7. In vitro transcription of antisense and sense RNA transcripts. 

8. Use of antisense (probe) and sense (control) riboprobes for ISH applications. 

2.5.1 Riboprobe design and synthesis 

I decided on a probe length of 400-500bp based on published sequences (Wu N et 

aI, 2002~ Gunther U et aI, 1999) and in order to combine high specificity with 

good penetration properties. For validity, multiple probes were designed with the 

aim of demonstrating similar levels of detection. Primers were designed using the 

MacVector 7.2.3 program, which screens for self3'-dimers, hairpins, self

duplexes and other non-specific binding. Primers were purchased from Integrated 

DNA Technologies, USA. Specific MMP-13 probes were synthesized using PCR 

to generate a DNA product which could then be cloned into a plasmid vector. 

cDNA template derived from mouse liver, spleen and peritoneal macrophages was 

used with Taq polymerase and the following primer pairs: 
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Pair 1: 

Pair 2: 

Pair 3: 

5'-GCC ACC TTC TTC TTG TTG AGC -3' forward (Tm 56.5°C) 

5'-CAC ATC AGA CCA GAC CTT GAA G-3' reverse (Tm 55.3°C) 

5'-CAC TGC GAG CGT TCA GAT TTA C-3' forward (Tm 56.3°C) 

5'-AAA GCA GAG AGG GAT TAA CAA-3' reverse (Tm 51.6°C) 

5'-TCT TTA TGG TCC AGG CGA TG-3' forward (Tm 54.6°C) 

5'-CTC TTC TAT GAG GCG GGG ATA-3' reverse (Tm 55.4°C) 

2.5.1.1 Amplification by Polymerase Chain Reaction 

Primers (100~ stock) were diluted 1 in 10 with filtered Tris-EDTA (TE (1O~ 

working dilution)). A 50J..lI reaction mix was made up as follows: 

Reagent Volume 

lOX buffer 5J..lI 

dNTPs 2J..lI (5mM of each dNTP) 

Primers (10~) 5 J..lI forward, 5 J..lI reverse 

cDNA 1J..lI 

Taq polymerase 0.5J..lI 

Nuclease-free water 31.5J..lI 

A thermal cycler was programmed with graded annealing temperatures (49-54°C) 

specific for each primer pair. Conditions were as follows: 

94°C 2 min 

94°C 30 s 

TmoC 35 s 
35 cycles 

72°C 3 min 

72°C 10 min 
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5 J..lI of PCR product was added to 2 J..lI of loading buffer and run out on a 1 % 

T AB/agarose gel containing ethidium bromide. High and low molecular weight 

marker ladders were also loaded and electrophoresis ran at 120V for 

approximately 90 min. 

2.5.1.2 Gel purification 

Some cDNAs generated multiple products of different sizes and required gel 

purification using the Geneclean Kit (QBiogene, USA). The appropriate 

molecular weight bands (corresponding to the predicted probe size) were 

visualised under long wave UV light and excised from the agarose gel using a 

sterile scalpel. Gel slices were weighed (in J..lg), the approximate volume of the 

gel slice calculated (IOOmg = 100J..lI) and then transferred to microcentrifuge 

tubes. For TAB gels, 3 volumes ofNaI solution were added per 1 volume of 

agarose. The gel slice and NaI solution were incubated at 55°C in a water bath to 

melt the gel and then mixed. An appropriate volume of Glassmilk™ (silica 

matrix) was calculated based on the amount of DNA and the volume ofNal 

solution (lJ..lI of Glassmilk binds 1-2J..lg of DNA). The Glassmilk was resuspended 

by vortexing for 1 min, added to the NaIIDNA solution, mixed and incubated at 

room temperature for 5 min to allow DNA binding. The Glassmilk (plus bound 

DNA) was spun at 14000 rpm to form a pellet and the supernatant discarded. 

Next, 500J..lI of prepared new wash solution was added and the pellet resuspended. 

The suspension was spun for 5 s and the supernatant discarded. This washing step 

was then repeated. The pellet was dried by additional centrifugation for a few 

seconds at 14000 rpm to remove residual ethanol. A volume of TE, equal to the 

amount of Glassmilk added, was used to elute the DNA by resuspension and 

mIxmg. 

2.5.1.3 Ligation of peR product into plasmid vector 

All reagents were provided by InVitrogen unless stated otherwise. 

TA cloning was carried out using the pCRR2.1 linearized plasmid vector system 

(Figures 2.5 and 2.6). For optimum ligation efficiency, fresh «24 hours old) PCR 

products were used as the single 3' A-overhangs on PCR products are degraded 
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overtime. 

5' 3' 
5' 

vector peR A[) 
5' 

product 
vector 

3' 5' 
3' 

Figure 2.5. Concept behind TA-cloning method. Taq and other polymerases have a terminal 

transferase activity which results in the non-templated addition of a single nucleotide to the 

3'-ends of PCR products. In the presence of all 4 dNTPs, dA is preferentially added. 

Incubation of PCR products with the pCRR2.1 vector, which has 3'-T overhangs, results in 

direct ligation of Taq-amplified PCR products into the "sticky-ended" plasmid. 

Figure 2.6. Features of the pCRR2.1 vector. 3929 nucleotides; LacZ gene: bases 1-545, M13 

reverse priming site: bases 205-221, multiple cloning site: bases 234-355, T7 promoter: 

bases 362-381, M13 (-20) forward priming site: bases 389-404, f1 origin; bases 546-983, 

kanamycin resistance ORF: bases 1317-2111, ampicillin resistance ORF: bases 2129-2989, 

pUC origin: bases 3134-3807. (Reproduced from www.invitrogen.com). 

Molecular weight markers had previously been generated by cutting a vector into 

fragments of known size. The following formula was used to estimate the amount 

of PCR product needed to ligate with SOng (20 fmoles) of pCR~.l vector: 
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'x 'ng PCR product = Cy' bp PCR product) (50ng pCRR2.1 vector) 

(size in bp of the pCRR2.1 vector: ~3900) 

where' x 'ng is the amount of PCR product of y base pairs to be ligated for a 1: 1 

(vector:insert) molar ratio. Using the concentration previously determined for the 

PCR sample, the volume needed to give the required amount for ligation was 

calculated. The lOJ..llligation reactions were set up as follows: 

Reagent 

Fresh PCR product 

lOX ligation buffer 

pCRR2.1 vector (25ngllll) 

Sterile water to total volume of 

T4 DNA ligase (4.0 Weiss units) 

The reaction mixtures were incubated at 14°C overnight. 

Volume 

'X'J..ll (l-21ll) 

I III 

2111 

9J..lI 

IJ..lI 

2.5.1.4 Transformation of ligated inserts into competent cells 

Luria-Bertani (LB)/agar l5mm culture plates were prepared beforehand. Briefly, 

LB/agar was made up by dissolving 109 Tryptone, 5g yeast extract, 5g NaCl and 

7g of agar in 1 litre of distilled water. The mixture was autoclaved for 30 min, 

then left to cool to <50°C before adding ampicillin or kanamycin (50J..lglml). 

For INVaF' One Shot™ competent E.eali cells, culture plates were left to 

equilibrate at 37°C for 30 min and then each plate spread with 40111 of 40mglml 

X -Gal/dimethylformamide. 

The tubes containing the ligation reactions were briefly centrifuged and placed on 

ice. One 50111 vial of competent cells was defrosted for use in each 
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ligation/transfonnation. 2/-l1 of 0.5M f3-ME was added to each vial of cells and 

gently mixed by stirring with the pipette tip. 2/-l1 of each ligation reaction was 

pipetted directly into the competent cells and mixed gently by stirring. The vials 

were incubated on ice for 30 min, then heat shocked for exactly 30 s in a 42°C 

water bath. Next, the vials were placed on ice for 2 min. 250/-l1 of pre-prepared 

SOC culture medium (at room temperature) was added to each tube, followed by 

shaking for I hr at 37°C in a rotary shaking incubator. The vials were transferred 

to ice before 50/-l1 and 200/-l1 from each transfonnation were spread on separate 

LB/agar plates containing either 50/-lg/ml of ampicillin (or kanamycin) plus X

Gal. Plates were placed in an incubator at 37°C for 18 hr and afterwards 

transferred to 4°C for 2-3 hr to allow for proper colour development. At least 10 

colonies were then selected for further analysis by sequencing. 

The results of sequencing, perfonned by Dr J Duffield (Harvard Medical School, 

USA) were as follows: 

PR2-5: seq6 MMP13 1940-2480F 

PR2-4: seq5 MMP13 1940-2480F 

PR2-2: seq4 MMP13 1940-2480F 

PRI-5: seq3 MMP13 30-460R 

PRI-4: seq2 MMP13 30-460F 

PRI-2: seql MMP13 30-460F 

mutations 

no mutations 

no mutations 

one mutation at 32 

deletion 26-27 

no mutations 

The T7 promoter sequence in the pCR2.1 vector was used to sequence the probes. 

Probe 2 (clones 2, 4, 5) were all in the forward frame and had no obvious 

mutations. Probe 1 (clones 2 and 4) was also in the forward orientation but 

appeared to have a point deletion mutation (although this was not seen on review). 

Probe 1 (clone 5) was in the reverse orientation and chosen to serve as the 

negative control. 

Probes were synthesized by in vitro transcription using the T7 promoter from 
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PR2-2, PRI-2 andPRI-5. A Roche (USA) system was employed that utilised 

uracil conjugated with digoxegenin, so that when RNA transcription was 

perfonned the uracil-dig was incorporated into the probe directly. 

Briefly, l!J.g of vector was linearized by restriction digest (after the probe ends). 

Next, the digoxegenin RNA labeling mix was added. T7 RNA polymerase, 

reaction buffer and an appropriate volume ofRNAasefDNase free water also 

added. The mixture was incubated for 2 hr at 37°C. Finally, the reaction was 

stopped by adding EDT A. 

2.5.2 In situ hybridization protocol 

The general ISH protocol is outlined below. Experiments were perfonned using 

'home-grown' as well as commercially designed and synthesized probes 

(GeneDetect NZ, see Appendix 1 for sequences). 

2.5.2.1 Protocol Summary 

1. Tissue preparation. 

• Tissue specimens de-waxed and rehydrated. 

• Endogenous peroxidise quenched. 

2. In situ hybridization of GreenStar™ DIG-labelled oligonucleotide probe / riboprobe 
to tissue. 

• Penneabilization (3-10 min). 

• Prehybridization (2 hr). 

• Hybridization with probe (18-40 hr). 

• Post hybridization washes (2 hr). 

3. Detection. 

• Indirect detection using anti-DIG antibody conjugated to HRP. 

• Tyramide amplification and DAB incubation. 
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2.5.2.2 Tissue preparation for formalin-fixed paraffin-embedded liver 

7Jlm tissue sections were cut under RNaselDNase-free conditions. All solutions 

were made up fresh and used only once, at room temperature unless indicated 

otherwise. 

Sections were de-waxed by 2 x 5 min washes in xylene, then rehydrated as 

follows: 100% IMS 2 x 2 min; 95% IMS 1 x 5 min; 70% IMS 1 x 5 min; 50% 

IMS 1 x 5 min; 2 quick washes in DEPC-treated dH20; 2 x 5 min DEPC-PBS. 

Finally, sections were incubated in 0.3% H20 2 in PBS for 30 min at room 

temperature and then washed 3 x 5 min with PBS. 

2.5.2.3 Permeabilization 

Control polyd(T) probe was first used to optimize permeabilization conditions. 

Subsequently, sections were permeabilized for 5 min at room temperature with 

RNase-free Proteinase K (Dako). This was followed by washing for 30-60 s in 

DEPC-PBS + 2mg/ml glycine to stop proteolysis. Slides were then washed 2 x 5 

min in DEPC-PBS. 

2.5.2.4 Prehybridization 

Excess buffer was carefully blotted from around tissue sections using a cloth. 

Each section was carefully overlaid with prehybridization buffer warmed to 37°C 

(Dako), then covered with a piece of Parafilm™ (SP I Supplies, UK). Slides were 

incubated in a sealed humid chamber for 2 hr at 37°C. While the sections were 

incubating, the oligonucleotide probes were added at 100-200ng/ml to 

prehybridization buffer (brought to 37°C) to make hybridization buffer. The 

solution was mixed well by hand. This stage was omitted for control poly( d)T 

probes. 

2.5.2.5 Hybridization with riboprobe 

At the end of2 hr, the Parafilm was removed from the tissue sections using 

forceps before tipping off the prehybridization buffer and putting the slides into 

2X SSC for 5 min. Excess buffer was wiped from around the tissue sections. 

Each section was then overlaid with hybridization buffer and covered with 
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Parafilm. Slides were incubated in a humid chamber overnight (18 hr 

approximately) at 37°e except in the case ofpolyd(T) control probes which were 

incubated at room temperature. 

2.5.2.6 Post hybridization stringency washes 

At the end of overnight hybridization the Parafilm was removed, hybridization 

buffer tipped off and slides put into wash solution. Using a shaking water bath at 

55°e, slides were given the following washes: quick wash IX sse room 

temperature~ 2 x 15 min IX sse 55°e~ 2 x 15 min O.5X sse 55°e, 1 x 10 min 

O.5X sse room temperature. 

Polyd(T) probes required all stringency washes to be performed at room 

temperature. 

2.5.2.7 Detection steps 

Hybridized oligonucleotide probe / riboprobe were detected by addition of rabbit 

anti-DIG HRP antibody (Dako) followed by tyramide signal amplification 

(GenPoint, Dako). Anti-DIG-HRP antibody was added at a concentration of 1:50-

100 for 1 hr at room temperature. Next, slides were washed 3 x 2 min with 

TBS/Tween 20 before amplification with biotinyl tyramide and streptavidin-HRP 

as per the manufacturer's protocol. After DAB treatment, slides were rinsed in 

tap water and then counterstained with Meyer's haematoxylin (Curr) for 30 s. 

Finally, sections were dehydrated through graded alcohols, cleared in xylene, 

mounted in DPX and coverslipped. 

2.5.2.8 Controls for ISH 

Appropriate controls were included to be confident that the hybridization 

reactions were specific and that probe binding was selective to target mRNA only. 

Probes that were custom designed and manufactured by CeneDetect were checked 

with BLAST and FastA to assess the specificity of the sequences. 

2.5.2.8.1 Polyd(T) probe hybridized to sections to assess mRNA quality 
Prior to investigation using specific antisense oligonucleotide probes, the polyd(T) 

probe was used to detect total mRNA polyA tails. A strong signal suggested no or 
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little degradation of tissue mRNA and a high probability of subsequently 

detecting the gene of interest. 

2.5.2.8.2 Hybridization of labeled sense and labeled antisense probes in parallel 
to determine whether probe binding to tissue occurred in a sequence 
specific fashion 

The next control involved hybridization of the tissue with both labeled sense and 

antisense probes in parallel. The antisense probe theoretically detected both the 

target mRNA and any non-specific targets it could bind due to the chemical 

properties of the probe (but not the probe sequence). The sense control probe 

gave a measure of non-specific probe binding only due to the chemical properties 

of the probe (i.e. if the sense probe detected nothing, one could be sure that any 

signal detected by antisense probe was due to sequence-specific binding to 

mRNA). 

2.6 Diphtheria Toxin Receptor (DTR) transgenic mouse model 

To generate an in vivo system in which the effect of macrophage depletion on 

regression of hepatic fibrosis could be studied, the diphtheria toxin receptor 

(DTR)-mediated conditional ablation system was used. This system relies on the 

fact that the mouse DT receptor (heparin binding EGF) binds DT poorly 

compared to the human molecule. Thus, transgenic expression of the human DTR 

confers sensitivity to DT and allows ablation ofDTR-expressing cells in vivo 

when toxin is injected. 

2.6.1 Materials 

All reagents were from Sigma unless stated otherwise. 

2.6.2 Transgenic construct 

The CD]] b-DTR trans gene was constructed by Dr R Lang (Cincinatti, USA) and 

ablation specificity and trans gene expression was confirmed by Dr J Duffield 

(Harvard Medical School, USA). 

The CD]] b promoter from co-ordinates -1704 to +83 was used to drive 
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expression of the human hbEGF cDNA. Splicing and polyadenylation signals 

were provided by a region of the human growth hormone gene. The fusion 

protein between hbEGF and GFP was generated by continuing the open reading 

frame of hbEGF at the final residue with the open reading frame of GFP at residue 

1. The trans gene fragment was excised using the HindIII and Not1 restriction 

endonucleases and purified using standard techniques. 

MacT6 construct 

C011 b promoter 

-1 704 

I 

Hind III 

+1 +83 
I 17 7 Z 

· OTR-eGFP 
fusion protein 

I 

• 

hGH 

Not1 

Figure 2.7. The CD11b-DTR mouse transgene. The CD11b-DTR construct was used to 

generate transgenic mice using conventional techniques. Transgene expression was 

detected using RT-PCR. The primer sequences used were AAGATCCGCCACAACACTG for 

the 5' primer and GCAGCTCTAGGTTGGATTTCTG for the 3' primer. 

2.6.3 Fluorescent assisted cell sorting (FACS) 

As a test of ablation specificity F ACS analysis was used to determine the effects 

ofDT administration on CD3+ T cells in the spleen and peritoneal cavity and 

B220+ B cells in the spleen. DT was administered in 2 doses at 48 hr intervals at 

25 nglg body weight and cell number assessed 24 hr later. Mouse peritoneal and 

spleen cells were isolated using conventional methods (Duffield JS et a!., 2005). 

These careful control experiments (performed by Dr J Duffield) confirmed that 

susceptibility was macrophage specific and did not affect other cell lineages. 

2.6.4 Model of hepatic fibrosis and spontaneous resolution in CDllb
DTR transgenic mice 

The model of CCl4 fibrosis and spontaneous recovery in CD11 b-DTR mice is 

outlined in section 2.1.2.2. 
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2.6.5 Immunostaining of murine liver to determine the effects of 
macrophage depletion on remodeling of CC~ fibrosis 

Murine scar associated macrophages (SAMs) were detected in 311m methyl 

Camoys and formalin-fixed paraffin-embedded (FFPE) liver sections using anti

F4/80 antibody (Serotec, UK; 1 :250). Collagen III staining was performed by Dr 

J Duffield (Harvard Medical School, USA) in frozen liver sections using anti

collagen ITI antibody (Southern Biotech, USA; 1: 1000). Elastin was detected in 

FFPE liver sections using anti-elastin antibody (Cedar Lane Laboratories, Us,~; 

1 :250). All secondary and tertiary stages of immunostaining were performed as 

described in section 2.2.5.3. Livers were counterstained with Meyer's 

haematoxylin, H&E or picrosirius red as appropriate. 

2.7 Histological scoring systems for hepatic fibrosis 

A modified version of an established Hepatitis C scoring system was used to 

assign an ordinal score of fibrosis severity. This system had previously been 

applied to CCl4 induced liver fibrosis in rodents (Plummer JL et aI., 2000). 
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Table 4. Overall fibrosis scoring system based on the distribution of fibrotic bands and 

gross architectural distortion. 

To assess fine perivenular sinusoidal fibrosis, which has a characteristic 

"chickenwire" appearance, a second scoring system was used based on previously 

published methods (after Issa Ret aI., 2003). 

Table 5. Scoring system used for sinusoidal "chickenwire" fibrosis. 
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2.7.1 Statistical analysis of histological fibrosis scores 

The two fibrosis scoring systems produce ordinal data. That is, values can be 

ranked but the real distance between categories is unknown. To analyze this, the 

SPSS ordinal regression procedure or PLUM (Polytomous Universal Model) was 

used. 

2.7.2 Morphometric analysis of picrosirius red stained liver collagen 

With the assistance of Dr M Mizuno (Harvard Medical School, USA), areas in 

sections stained for collagen by picrosirius red were quantified by image analysis 

using an image acquisition and analysis system (Fovea Pro, Reindeer Graphics, 

USA). Detection thresholds were set for the red colour of stained collagen based 

on an intensely labeled point and a default colour threshold range that was 

assigned. The degree of labeling in each section was determined from the area 

within the colour range divided by the total cellular area. Ten serial images were 

digitally captured (n=5 animals per genotype per time point) in a blinded manner 

at x200 magnification. Results were expressed as mean +/- standard error and 

groups compared using an unpaired Student t test. p<O.05 was considered 

statistically significant. 
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Chapter 3: Studies to Determine the Relative 
Expression ofMMP-13 in the Regression of 
Experimental Liver Fibrosis 

3.1 Introduction 

Liver fibrosis is a dynamic process dependent on the local balance between MMP 

and TIMP expression. Given that collagen degradation by MMPs is the rate 

limiting step in regression of liver fibrosis, the expression of candidate 

collagenases which might participate in this process is an area of considerable 

interest. There are several conflicting reports detailing upregulation ofMMP-13 

in both the injury and resolution phases of experimental liver fibrosis (Iredale lP 

et aI., 1998; Lee HS et at., 2001; Yata Y et at., 1999; Knittel T et at., 2000; 

Schaeffer Bet at., 2003) and its distinct expression profile during recovery 

required clarification. Furthermore, there was no clear indication in the literature 

as to the best method to detect changes in MMP-13 expression. A previous study 

using ribonuclease protection assay (RP A) in a reversible rat CCl4 model found 

that mmpJ3 message was low and at the limits of detection for this technique 

(Iredale JP et aI., 1998). In addition, there was no demonstrable change in mRNA 

expression between normal, fibrotic and recovering liver. However, it should be 

underscored that in the 4 week CC14 model of Iredale and colleagues (1998), 

sampling of rat livers during spontaneous resolution of fibrosis was initiated when 

the acute inflammatory phase had subsided and potential cellular sources of 

MMP-13 from the inflammatory infiltrate (e.g. macrophages) had been lost from 

the liver. Detection and quantitation of a protease in whole liver, where 

expression may be subtle and/or transient, represented a challenge. The aim of 

this initial descriptive work was, therefore, to investigate MMP-13 expression 

using a range of experimental methods. Several different injury-recovery models 

were utilised to identify patterns ofMMP-13 (and other MMP) expression which 

might promote degradation of matrix. Both the 4 and 12 week CCl4 models of rat 

liver injury were available to compare MMP expression in fully reversible versus 

incompletely reversible fibrosis/cirrhosis respectively. A greater emphasis was 

placed on the latter as this arguably represents a better model of human cirrhosis 

(Issa Ret at., 2004; Wanless I et at., 2000). In addition, I was keen to identify 
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features of this model that might characterize irreversibility and, in doing so, 

inform the development of novel, clinically efficacious anti fibrotic strategies. 

3.2 Expression of MMP-13 in 12 week rat CC~ model of liver fibrosis 
and spontaneous recovery 

3.2.1 Matrix remodeling in 12 week rat CC~ model 

Preliminary work using this model had suggested that, even after 366 days of 

spontaneous recovery, there were irreversible components of scar which persisted 

(Issa Ret al., 2004). The histological appearance oflivers harvested after 

induction of cirrhosis by 12 weeks CCl4 and after 84 days and 366 days of 

spontaneous recovery are shown in Chapter 2 (Figure 2.1). Iterative injury with 

CCl4 for12 weeks produces advanced micronodular cirrhosis that can remodel 

over a 1 year recovery phase to an attenuated macronodular pattern. The 

appearances of fibrotic scarring in this model were scored histologically using two 

systems that recognise different elements of the fibrotic process (Figure 3.1). The 

overall fibrosis scoring system is based on the distribution of fibrotic bands and 

gross architectural distortion. The fine perivenular sinusoidal ("chickenwire") 

fibrosis was assessed using an established scoring system (Issa R et al., 2004). 

These distinct patterns of liver scarring were analyzed separately as previous 

studies in collagenase resistant (Col1a1 f/f
) mice (Issa Ret aI., 2003) and in 

explanted cirrhotic human liver (Wanless I et al., 2000) had demonstrated 

differences in the topography of fibrosis and the extent of remodeling. 
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Overall fibrosis score = 4 Overall fibrosis score = 4 

Sinusoidal fibrosis score = 3 Sinusoidal fibrosis score = 1 

Figure 3.1. Histological scoring of fibrosis in 12 week rat CCI4 model. Using picrosirius red 

staining of collagen, advanced micronodular cirrhosis was evident at peak fibrosis (24 hr 

after cessation of CCI4, A) which underwent significant remodeling to an attenuated 

macronodular cirrhosis after 1 year of spontaneous recovery (B). Original magnifications 

x100. Blinded scoring was performed by Dr Tim Kendall, Liver Research Group and 

Department of Pathology, University of Southampton. 

Extensive remodeling of the sinusoidal component of fibrosis (arrow) was 

observed, whilst the broad septa seen at peak fibrosis (block arrow) resorbed to 

yield fewer, thin fibrous septa forming larger cirrhotic nodules. The regressive 

changes observed in this rat model of cirrhosis correspond to elements of the 

'hepatic repair complex' described by Wanless and colleagues (2000) in human 

liver, whereby an established micronodular cirrhosis can remodel to a 

macronodular pattern of incomplete septal cirrhosis. 

3.2.2 Expression of mmpJ3 mRNA in 12 week rat CClt model 

TaqMan real time RT -peR was used to quantitate the level of mmpJ3 mRNA 

transcription during the regression phase of experimental rat cirrhosis. 
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Figure 3.2. mmp13 mRNA expression (relative to 185 RNA and normal liver) during 

spontaneous regression of advanced rat liver fibrosis following 12 weeks CCI4 injury (n=4 

per time point). Results are expressed as mean +/- SO. 

mmpJ3 mRNA transcripts were detected at low levels in normal untreated liver. 

There was a lO-fold increase in transcript level at peak fibrosis (0 days). 

However, this increased 70-fold at day 14 of resolution. Thereafter, mmpJ3 

mRNA expression declined with time, although transcript levels remained 

elevated for a protracted period during the resolution of fibrosis in this rat model 

of remodeling. This pattern of expression was consistent with the histological 

data in Figure 2.1, which showed that the majority of matrix remodeling had 

occurred by day 84 following cessation of injury. 

3.2.3 Expression of MMP-13 protein in 12 week rat CCI4 model 

Rats treated for 4,8 and 12 weeks CCl4 developed liver fibrosis with increasing 

histopathological severity and diminishing degrees of reversibility (Iredale JP et 

al., 1998; Issa Ret a!., 2004). With increasing duration of CCl4 administration, 

there was upregulation ofMMP-13 protein proportional to the degree of 

fibrogenic injury (Figure 3.3A). MMP-13 protein was undetectable in normal 

untreated liver. In the regression phase of fibrosis, MMP-13 continued to be 

expressed although levels reduced progressively over time (Figure 3.3B). 

81 



A 

4 weeks 8 weeks 12 weeks 

Progressive injury 

B 

dO d28 d366 

Resolution of fibrosis (days) 

MMP-13 
48kDa 

f3-actin 
42kDa 

MMP-13 
48kDa 

f3-actin 
42kDa 

Figure 3.3. Western blots of MMP-13 protein expression in whole rat liver extracts. MMP-13 

was upregulated during progressive CCI4 injury in a dose dependent manner (A). During 

recovery, levels of detectable protein diminished over time (8). Data are representative of 4 

independent studies. 

3.2.4 MMP-13 activity in vivo during regression of rat cirrhosis 

Casein and gelatin substrate zymography were used to measure MMP-13 protein 

in vivo as there was no available activity assay for this protease in rat tissue. 

Although MMP-13 had previously been reported to be caseinolytic (Nothnick W, 

2001), no MMP-13 activity was demonstrable using casein zymography in any of 

the whole rat liver extracts, although a weak lysis band was seen using a positive 

control lysate (data not shown). However, using gelatin as a substrate and loading 
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200Jlg of total liver protein, a weak band ofMMP-13 activity was observed in 

tissue extracts which also corresponded to the MMP-13 positive control lysate. 

MMP-13 

+ve NL dO d3 d14 d28 d84 d168 d366 
.. 

Resolution of fibrosis (days) 

Figure 3.4. Gelatin zymogram showing MMP-13 activity during regression of rat cirrhosis 

after 12 weeks CCI4• +ve = positive control lysate (Rat cells 2, Stratech Scientific, UK); NL = 

normal liver. Data are representative of 2 independent studies. 

Active MMP-13 was detected using gelatin zymography from day 14 of 

spontaneous recovery and appeared to persist through to day 168. After one year 
, 

of recovery, activity was no longer detectable by this method. Overall, lysis 

bands were less intense than those observed for MMP-2 and MMP-9 in parallel 

assays (Figure 3.5, 3.7). 

3.3 Expression of other metalloproteinases in 12 week rat CClt model 

Both MMP-2 and MMP-14 have recently been ascribed interstitial collagenase 

activity and may, therefore, also contribute to regression of liver fibrosis through 

degradation of fibrillar collagens and gelatins. In addition, MMP-14 is known to 

activate MMP-2 and MMP-13. However, their relative importance as mediators 

of hepatic matrix degradation is uncertain. MMP-2 is a highly efficient gelatinase 

and its expression was quantitated using gelatin zymography. 

3.3.1 Expression and activity of MMP-2 in regression of rat cirrhosis 

Expression ofMMP-2 (Gelatinase A) by zymography was increased relative to 

normal untreated liver after 12 weeks CC4 treatment. Moreover, the activated 

66kDa form ofMMP-2 was increased at this time point (Figure 3.5). Through the 
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first 28 days of the recovery period, expression of both the active and pro-form of 

MMP-2 remained constant and elevated. During the subsequent 56 days of 

recovery (to 84 days), MMP-2 progressively decreased, but in contrast to normal 

liver active MMP-2 remained detectable. MMP-2 was only expressed at low 

levels, approximating normal liver, in samples oflivers from 168 and 366 days of 

recovery. 

-ve NL dO d14 d28 d84 d168 d366 

Resolution of fibrosis (days) 

72 kDa 
66 

Figure 3.5. Gelatin zymogram showing MMP-2 expression in 12 week rat eel, model. 

Relative to normal liver tissue, expression of MMP-2 (including the 66kDa active form) was 

increased after 12 weeks of eel, toxicity (dO). During spontaneous regression of fibrosis, 

expression of both the active and pro-forms of MMP-2 remained increased at 84 days (d84), 

but by 168 days (d168) expression had decreased to control levels in all livers stUdied. NL = 

normal liver. Data are representative of 2 independent studies and this zymogram was 

published in Issa R et al., 2004. 

3.3.2 Expression of MMP-14 in regression of rat cirrhosis 

Measurement ofMMP-14 (MT1-MMP) protein in liver homogenates by Western 

blot analysis showed a similar pattern of expression to MMP-2, being expressed at 

high levels at peak fibrosis and through the first 28 days of the recovery phase. 

Thereafter, MMP-14 protein levels declined through 84 days to 366 days of 

recovery. 
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Figure 3.6. Western blot of MMP-14 expression in rat 12 week CCI4 model. MMP-14 showed 

a similar expression pattern to MMP-2, being expressed at high levels during early recovery, 

whereafter MMP-14 levels decreased to levels comparable with untreated controls (data not 

shown) by day 366. Equal loading for this blot was assessed by Ponceau red staining (data 

not shown). Data are representative of 2 independent studies and this blot was published in 

Issa R et al., 2004. 

3.3.3 Expression and activity of MMP-9 in regression of rat cirrhosis 

MMP-9 (Gelatinase B) can degrade denatured interstitial collagens (gelatins) and 

non-collagenous proteins such as elastin, laminin and fibronectin. Gelatin 

zymography of liver homogenates showed MMP-9 was upregulated at peak 

fibrosis, with maximum levels detected at day 14 of recovery. Thereafter, 

expression gradually declined towards control levels by day 366. 

92kDa 

-ve NL dO d14 d28 d84 d168 d366 

• 
Resolution of fibrosis (days) 

Figure 3.7. Gelatin zymogram showing expression of MMP-9 in rat 12 week CCI4 model. 

MMP-9 was increased relative to normal liver during early recovery following chronic CCI4 

injury. After day 84, MMP-9 expression declined towards control levels. Data are 

representative of 2 independent studies. 
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3.4 Expression of TIMP-l in regression of rat cirrhosis 

The balance between TIMPs and MMPs is critical in determining the balance of 

matrix turnover. Work carried out by Dr X Zhou in our group had previously 

demonstrated byRT-PCR that both procollagen-1 and TIMP-1 were significantly 

increased after 12 weeks CCl4 treatment (Issa Ret aI., 2004), which might 

facilitate net deposition ofHSC-derived fibrillar collagen. However, TIMP-l and 

procollagen-1 rapidly declined during spontaneous recovery, thus favouring 

degradation of scar matrix. Other studies showed increased timp1 mRNA in liver 

homogenates (Iredale JP et at., 1992, Iredale JP et at., 1996) by RP A and RT

PCR, whilst liver immunostaining and cell culture studies had suggested that 

activated HSCs were the principal source of both TIMP-1 and TIMP-2 in liver 

fibrosis (Iredale JP et aI., 1992; Iredale JP et at., 1998). I used real time RT-PCR 

quantitation to accurately measure timp1 mRNA levels, followed by 

immunohistochemistry to localize TIMP-1 protein expression during spontaneous 

recovery in the rat 12 week CCl4 model. Expression of timp1 mRNA during 

recovery was consistent with previous studies (Issa R et aI., 2004), whereby the 

level of timp1 transcripts decreased considerably after cessation of injury and 

continued to decrease through the remainder of the 366 day follow-up period 

(Figure 3.8). The reduction in timp] expression followed a similar pattern to that 

observed for coUagen-1 mRNA expression (Issa Ret aI., 2004). Using 

immunostaining, at peak fibrosis there were numerous spindle shaped cells within 

the fibrotic bands that were positive for TIMP-1 protein and were likely to 

represent HSCs on the basis of their morphology and location (Figure 3.9). 

Regression of fibrosis was characterized by a rapid reduction in TIMP-1 staining, 

although there were still a few residual cells expressing TIMP-1 even after 366 

days. 

86 



90 

80 

70 
« z 60 I:k: 
E .... 50 Q. 

E 
+= 40 
CII 
> += 30 tV 
'ii 
I:k: 

20 

10 

0 
PF d14 d28 d84 d168 d366 

Time (days) after cessation of injury 

Figure 3.8. timp1 mRNA expression (relative to 185 RNA) during spontaneous regression of 

advanced rat liver fibrosis following 12 weeks CCI4 injury (n=3-4 per time point). Results are 

expressed as mean +1- 50. Data are representative of 2 independent studies. 

Figure 3.9. Representative photomicrographs from n=4 animals showing TIMP-1 

immunostaining at peak fibrosis (A) and day 366 of spontaneous recovery (8) in 12 week rat 

CCI4 model. Cells containing TIMP-1 (arrows) were visible within fibrotic bands. By day 

366, fibrosis had regressed significantly and the number of TIMP-1 positive cells was 

markedly reduced, but not absent. DAB was used as chromogen and nuclei were 

counterstained with Meyer's haematoxylin. Original magnification x200. 
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3.5 Discussion 

Previous studies, using 8 and 12 week CCl4 rat models of progressive liver 

fibrosis, had identified mmp13 transcript by RT -PCR and in situ hybridization 

(Watanabe T et al., 2000). These investigators found no MMP-13 in nonnal rat 

liver, but in animals treated with CCl4 for 8 weeks MMP-13 was observed in 

scattered cells, some of which were a-SMA positive. Animals treated for 12 

weeks showed only very weak expression of mmp13 mRNA in HSCs. They 

postulated that even minimal mmp 13 gene expression early in the course of 

hepatic fibrosis might be sufficient to degrade nonnal ECM and facilitate 

deposition of newly fonned fibrillar matrix. Although the work in this thesis has 

primarily investigated the role of MMP-13 in the regression of liver fibrosis, 

MMP-13 protein was examined by Western analysis in a progressive model of 

CCl4 induced hepatic injury. In contrast to the findings of Watanabe and 

colleagues, MMP-13 expression appeared to be greater with increasing duration 

of toxin administration. 

Hepatic mmp 13 mRNA was detected using RP A by Iredale and colleagues (1998) 

in a 4 week rat CCl4 model of reversible fibrosis and expression was relatively 

constant during both progressive fibrosis and recovery from 'steady state' fibrosis 

(after inflammation had resolved). In contrast, expression of timp1 and timp2 was 

markedly upregulated in progressive disease, but during spontaneous recovery 

timp1 mRNA decreased, resulting in a net increase in collagenase activity. 

Therefore, it was hypothesized that changes in TIMPs drove the deposition of 

matrix rather than changes in MMP-13. In a similar model, Watanabe and 

colleagues (2000) demonstrated a transiently enhanced mmp13 expression early in 

the recovery phase (5-7 days) using semi-quantitative RT-PCR, with no detectable 

mRNA at any other time point The work in this thesis has examined the 

expression ofMMP-13 during regression of advanced micronodular cirrhosis 

which undergoes significant but incomplete resolution to an attenuated 

macronodular phenotype. Following 12 weeks CCI4, a prolonged increase was 

observed in hepatic mmp13 transcription above peak fibrosis levels extending to 

84 days of recovery, suggesting that MMP-13 was actively engaged in the 

remodeling process (Figure 3.2). Marked upregulation was seen as early as 3 

days after cessation of injury, with maximal mRNA expression being at day 14 of 
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spontaneous resolution. These results differ from earlier findings in the 4 week 

fully reversible rat CCl4 model (Iredale JP et a/., 1998), where mmpJ3 transcript 

level was unchanged during the 28 day recovery phase. However, the latter study 

harvested livers in the post inflammatory phase of spontaneous recovery and used 

RPA which is a less sensitive technique than real time RT-PCR. The former 

technique can also be complicated by gene polymorphisms between strains that 

can lead to inaccurate mRNA measurements (Lucknow Bet a/., 2000). 

Deliberately, I have used a more robust means of quantitating mRNA expression 

(real time RT-PCR). Here I have defined MMP-13 mRNA transcription, protein 

expression and activity in vivo in the recovering rat liver. By making a more 

comprehensive account ofMMP-13 expression, a clear and biologically plausible 

pattern emerges. 

Quantitation ofMMP-13 activity in vivo would have complemented the RNA and 

protein data but measuring this in the corresponding liver samples proved 

difficult. Unlike the gelatinases (MMP-2 and MMP-9), other MMPs (including 

collagenases) are difficult to detect at low levels with conventional casein or 

gelatin zymography. Indeed, uterine MMP-13 activity could not be detected in 

any stage of the oestrous cycle in TIMP-l WT or knockout mice using a type I 

collagen degradation assay or gelatin zymography, despite using up to 250)lg of 

total protein (Nothnick WB, 2001). In contrast, MMP-13 activity was detected in 

colorectal tumours and zymogram band intensity was used to discriminate activity 

semi-quantitatively (Leeman MF et a/., 2002). 

In the current study, both gelatin and casein zymography were performed on rat 

liver protein extracts, according to the published protocols of Leeman and 

colleagues (2002) and Nothnick (2001). MMP-13 activity could not be detected 

using casein zymography, even loading up to 100)lg of total liver protein. A 

MMP-13 positive control (Rat Cells-2 Lysate 2.5mglml; Stratech SCientific) 

produced a weak lysis band only after an extended period (36 hr) of incubation 

(data not shown). This indicated that the method was valid but that endogenous 

enzyme activity in these samples was below the detection threshold for this 

technique. Using gelatin zymography and high total protein concentrations it was 

possible to demonstrate MMP-13 activity during recovery in the 12 week CCl4 

model. Nevertheless, lysis bands were weak compared to corresponding MMP-2 
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and MMP-9 in the same assays. There was a marked time lag between measuring 

gelatinase activity and detecting MMP-13 mRNA expression, which implies that 

most enzyme synthesis is regulated by post-transcriptional mechanisms. The 

main drawback with these techniques appeared to be an inherently low level of 

MMP-13 protein in the rat liver extracts, possibly due to freeze-thawing over 

time. Other investigators have demonstrated enhanced zymographic assays for 

MMP-1, -7 and -13 by adding heparin to the enzyme sample, although the 

mechanism(s) of activity enhancement are unclear (Yu W & Woessner JF, 2001). 

The commercially available MMP-13 activity assays are primarily designed to 

measure human active MMP-13 in cell culture supernatants. Given the degree of 

homology between human and rat MMP-13, the Fluorokine E active MMP-13 kit 

(R&D, UK) was used to quantitate MMP-13 activity in the rat liver homogenates. 

However, a satisfactory standard curve could not be generated reliably with this 

assay. Given the array of potential collagenolytic MMPs in liver fibrosis, 

conventional collagenase activity assays using 14C-Iabeled type I collagen as a 

substrate would not help in determining the relative contribution of active MMP-

13 to ECM remodeling. Even using specific MMP-l/-2/-8/-13/-14 inhibitors 

would be technically very complex, with unquantifiable downstream effects. 

It was important to determine the temporal involvement of other MMPs thought to 

playa role in regression of liver fibrosis. MMP-2 can function as a collagenase 

and cleaves type I collagen at the same specific helical locus as that described for 

MMP-1 and MMP-13 (Kerkvliet EH et a!., 1999). Evidence for collagenolytic 

activity in whole tissues was shown by studies using rabbit periosteal explants, 

where type I collagen degradation correlated with MMP-2 (but not MMP-l) 

activity and was abolished ~80% by specific MMP-2 inhibitors (Kerkvliet EH ef 

at., 1999). In liver fibrosis, MMP-2 has been assigned a role in 'pathologic' 

matrix degradation during fibrogenesis, where the normal low density 

subendothelial collagen of the Space of Disse is disrupted by this MMP and 

progressively replaced by a fibrillar ECM (Friedman SL & Arthur MJP, 2002). 

Fibrogenesis is associated with increased expression ofpro-MMP-2 and increased 

formation of the active form of this enzyme generated potentially through the 

action ofMMP-14 (Takahara T et a!., 1995; Takahara T et a!. 1997) which is also 

increased after liver injury. Furthermore, activated HSCs express DDR2 receptors 
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which respond to their ligand (fibrillar collagen) by stimulating HSC proliferation 

and increased MMP-2 production (Olaso E et al., 2001). The role ofMMP-2 in 

regression of liver fibrosis is less clear. Takahara and colleagues (1995) showed 

that following cessation of injury after 8 weeks of CCl4 in rats, there was 

upregulation of mmp2 mRNA on day 3 and day 7 of recovery but reduced 

expression on day 14. The authors suggested that MMP-2 induced degradation of 

pericellular fibrosis might occur during these very early stages of recovery. 

Others have also detected MMP-2 during recovery (Zhou X et aI., 2004). The 

current study did not address MMP-2 expression in detail, but using gelatin 

substrate zymography the 66kDa active form ofMMP-2 was increased relative to 

normal liver at peak injury after 12 weeks CCI4. Furthermore, during recovery 

expression of both the active and pro-form ofMMP-2 remained increased until 

168 days by which time expression had decreased to control levels. Using in situ 

hybridization in human fibrotic liver, Milani and colleagues (1994) localized 

MMP-2 expression to vimentin positive CD68 negative mesenchymal cells, 

assumed to be HSCs. Zhou and colleagues (2004) detected MMP-2 in HSCs 

along resolving fibrotic septa, although many were atypical in lacking a-SMA 

expression. The question therefore arises that if activated HSCs become a major 

source ofMMP-2 in fibrotic liver, then how does this MMP persist into recovery 

when large numbers of activated HSCs are undergoing apoptosis? Firstly, other 

liver cells (e.g. hepatocytes, Kupffer cells) are a potential source ofMMP-2 (Zhou 

X et al., 2004; Watanabe T et at., 2001). Secondly, Preaux and colleagues (2002) 

showed that MMP-2 is activated during HSC apoptosis in vitro, thereby linking 

the loss ofHSCs with matrix degradation. Another potential mechanism proposed 

by Zhou and colleagues (2004) is that MMP-2 released from activated HSCs 

before they undergo apoptosis forms a persistent ECM-associated pool as this 

MMP binds to type I collagen, which is abundant in fibrotic liver. This would 

allow MMP-2 to persist in the liver after the cells which produced it have 

undergone apoptosis. 

Another candidate collagenase is MMP-14. Studies with MMP-14 knockout mice 

revealed a runted phenotype with major musculoskeletal abnormalities due to 

inadequate collagen turnover (Holmbeck K et at., 1999). Furthermore, skin 

fibroblasts prepared from MMP-14 deficient mice and plated onto reconstituted 
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type I collagen were unable to degrade this matrix, unlike cells from WT controls. 

MMP-14, like MMP-2, has been detected in progressive liver fibrosis, with 

mRNA levels decreasing during recovery (Watanabe T et aI., 2001 ~ Zhou X et aI., 

2004). HSCs were the predominant source during the fibrotic phase (Watanabe T 

et aI., 200l~ Zhou X et aI., 2004), but mRNA was also detected in other 

parenchymal cells throughout the hepatic lobule as scarring resolved (Watanabe T 

et aI., 2001). In the current study, MMP-14 protein had a similar expression 

pattern to MMP-2, being upregulated at peak fibrosis and during early recovery 

and thereafter decreasing to levels approximating untreated controls by day 366. 

There is therefore a body of evidence supporting a role for MMP-2 and MMP-14 

in conjunction with MMP-13 in mediating a co-ordinated and profound attack on 

the fibrillar ECM. This combination of interstitial collagenase(s) and gelatinases 

would form an effective antifibrotic enzyme complex. As stated earlier, MMP-14 

also activates other pro-MMPs including MMP-2 (in a ternary complex with 

TIMP-2) and MMP-13. Subsequently, active MMP-2 can also activate MMP-13. 

The results in this Chapter are broadly in line with those of other investigators, in 

that as liver fibrosis resolves expression of both these MMPs gradually declines, 

although residual elevation persists for most of the recovery period (Zhou X et aI., 

2004). Both proteases have been detected in chronic hepatitis and cirrhosis in 

humans, with mRNA again localizing to HSCs (Takahara T et aI., 1997). 

However, the actions ofMMP-2 appear to be complex and somewhat paradoxical 

as this enzyme is also associated with fibrogenesis through the destruction of 

normal ECM and pro-proliferative effects on HSCs (Benyon RC et aI., 1999). 

Furthermore, data from studies of recovery of liver fibrosis in MMP-2 deficient 

mice suggest that this MMP alone is not critical for remodeling of matrix to occur 

(A Jamil, personal communication~ SL Friedman, unpublished data). 

The other mammalian protease known to cleave fibrillar collagen is MMP-8 

(neutrophil collagenase). This MMP, which preferentially cleaves type I collagen, 

was not investigated in this study. However, the marked inflammatory infiltrate 

associated with CCl4 toxicity (and many other types of hepatic injury) is a 

potential source of degradative MMPs, including MMP-8. Moreover, the 

therapeutic potential of MMP-8 gene delivery was recently demonstrated by 

Siller-Lopez and colleagues (2004) who used an adenoviral vector expressing 
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cloned human MMP-8 which decreased bile duct ligation induced rat liver 

cirrhosis by 45%. However, adenoviruses might induce a very high level of 

MMP-8 expression which may not be achievable in spontaneously resolving liver 

fibrosis. 

The relative abundance of active MMPs and their specific inhibitors, TIMPs, 

dictates whether net accumulation or resorption of matrix prevails. In the 4 week 

CCl4 rat model, matrix remodeling correlated with reduced expression of 

procollagen-l and TIMP-1I-2 to control levels and apoptosis of activated HSCs 

(Iredale JP et at., 1998). However, in the 12 week CCl4 model, the loss of a

SMA positive cells occurred over a more prolonged period (several months) than 

the shorter fibrosis model (2-3 weeks) (Issa Ret at., 2004), suggesting that the 

more extensive and persistent scarring in the 12 week model promoted survival of 

myofibroblasts. I have shown that TIMP-l protein was still detectable by 

immunohistochemistry after 366 days of recovery (Figure 3.9), at a time when 

MMP-13 expression was virtually absent using real time RT-PCR (Figure 3.2) 

and Western blotting (Figure 3.3). This has important ramifications. Firstly, it 

would correlate with persistence of some surviving myofibroblasts which are able 

to continue expression of fibrosis-promoting genes (TIMP-I, procollagen-l). 

Secondly, TIMP-l has been shown to be anti-apoptotic towards HSCs, thus 

favouring HSC survival. Indeed, type I collagen was recently shown to promote 

the survival of activated HSCs, an event which may be mediated by specific 

integrins (Issa Ret aI., 2003). 

3.6 Summary of key findings 

• MMP-13 protein was expressed during progressive CCl4 induced liver 

fibrosis and levels correlated with the duration of toxin administration. 

• During regression of fibrosis, the prolonged increase in hepatic mmp 13 

transcription above peak fibrosis levels is consistent with MMP-13 

being actively engaged in the remodeling process. 

• Other MMPs (e.g. MMP-2, MMP-14) were also expressed during 

recovery and may contribute to matrix degradation. 
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• Persistence of TIMP-l expression may partially explain incomplete 

remodeling of scar in the 12 week rat CCl4 model, although cross

linking of the scar matrix may also contribute. 
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Chapter 4: Studies to Determine the Cellular Source of 
MMP-13 in the Regression of Liver Fibrosis 

4.1 Introduction 

Having demonstrated that MMP-13 expression was upregulated during fibrosis 

resolution, the next key question to answer was which cells within the recovering 

liver were the source of this proteinase. The cellular origin of MMP-13 in liver 

fibrosis has proved controversial. Contrasting in vivo models suggest that several 

cell types have the capacity to produce MMP-13 in certain circumstances, 

including HSCs (Watanabe T et at., 2000), Kupffer cells (Hironaka K et at., 2000) 

and stem cells (Watanabe T et at., 2003) but with no clear consensus. The role of 

recruited monocyte-macrophages has not been explored in this context, but in 

view of the rich inflammatory infiltrate in early liver injury they represented an 

alternative source of MMP-13. I used a number of complementary strategies to 

defme the cells producing MMP-13 during regression of liver fibrosis including 

laser capture microdissection, in situ hybridization and immunohistochemistry. 

4.2 Regional expression of mmpJ3 mRNA assessed using laser 
capture microdissection (LCM) 

Quantitation of whole liver mRNA gives no information regarding topographical 

variations in gene expression. In order to study the hepatic scars and adjacent 

milieu, LCM was used to select areas of hepatic scarring or areas of unscarred 

parenchyma (Figure 4. lA-D). This technique allowed location-specific 

quantitation of gene expression. In an initial pilot experiment, sections at day 14 

of recovery were used for LCM as levels of mmp 13 transcript in whole liver 

extracts were maximal at this time point. The amount of liver tissue selected for 

real time R T -PCR analysis was standardized by measuring the area dissected out 

(1 millioR ~m2) and the integrity of extracted RNA was assessed by RT -PCR for 

f3-actin (Figure 4.1E). Using real time quantitation, mmpJ3 mRNA was 34-fold 

higher in the dissected fibrotic bands relative to parenchymal tissue in the 

recovering rat liver (Figure 4.1F). Due to the technical demands of the laser 

capture procedure, it was only possible to study 2 separate cases. 
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Figure 4.1. Relative mmp13 transcript level in fibrotic bands and parenchyma. A-D, Fibrotic 

bands (arrowed) were separated from non scarred liver parenchyma in tissue sections by 

LCM in CCI4 treated rat liver at day 14 of recovery. E, RT-PCR for ~-actin was used as 

integrity control for extracted RNA. F, mmp13 transcripts were restricted to areas of 

resolving fibrosis. mmp13 mRNAwas normalized to 185 ribosomal RNA. Results show 

mean data from n=2 animals. 
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Having determined that the technique of LCM was viable in these liver sections, 

regional mmp13 expression during the entire recovery phase was quantified by 

real time RT -PCR. The temporal expression of mmp 13 mRNA in areas of 

resolving fibrosis was similar to the pattern observed in whole liver extracts. 

mmp13 transcript level was elevated only in fibrotic bands after cessation of CC4 

injury with maximal expression after 14 days of spontaneous recovery. 
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Figure 4.2. Relative mmp13 transcript level in pooled tissue from fibrotic bands (black bars) 

and non scarred parenchyma (grey bars) during the regression phase of 12 week rat CCI4 

model. mmp13 mRNA in laser dissected fibrotic bands was normalized to 185 RNA and 

expressed relative to non scarred parenchyma. Results show mean data from n=2 animals. 

4.3 In situ hybridization 

The hepatic scar and its interface constitute a heterogeneous cell popUlation. To 

establish the cellular source ofMMP-13, in situ hybridization was used in a 

murine CC4 model ofliver fibrosis and spontaneous recovery. First a short 

oligonucleotide probe was used. The small size of oligonucleotide probes allows 

for easy penetration into cells and increases the sensitivity of signal detection into 

the region of 10-20 copies of mRNA or DNA per cell (Kane MD et al., 2000). 

Figure 4.3 shows hybridization of antisense oligonucleotide (A) and sense control 

probe (B). Antisense binding was detected in large, rounded scar associated cells 
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whereas parallel labelling with sense probe gave no signal. 

Figure 4.3. Liver sections showing mmp13 transcript localization by in situ hybridization at 

peak fibrosis in 12 week mouse CCI4 recovery model. Using an oligonucleotide probe (left 

panel=antisense, right panel=sense control), mmp13 antisense identified a population of 

large scar associated phagocytes. DAB was used as chromogen and nuclei were 

counterstained with Meyer's haematoxylin. Original magnifications x400. Data are 

representative of 2 independent studies in n=4 animals. 

Next, 2 different RNA probes were prepared by in vitro transcription of linearized 

plasmid DNA to generate ~400bp riboprobes, to confirm the specificity of the 

fmdings using the shorter oligonucleotide probe. Both riboprobes also identified a 

popUlation of large scar associated phagocytes as the principal source of mmp 13 

(Figure 4.4A, B). Sense probe and no probe controls excluded non-specific 

binding (Figure 4.4C, D) . 
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Figure 4.4. Liver sections showing mmp13 transcript localization by in situ hybridization in 

12 week mouse CCI4 fibrosis recovery model. The same large scar associated phagocytic 

cells were detected during resolution using two separate riboprobes (A, S) and sense and 

no probe controls (C, D) were negative. DAB was used as chromogen and nuclei were 

counterstained with Meyer's haematoxylin. Original magnifications x400. Data are 

representative of 2 independent studies in n=4 animals. 

Using both probe types, there was no evidence that HSCs or myofibroblasts 

contained significant mmpJ3 transcripts. Moreover, the scar associated 

phagocytes that contained positive signal for mmpJ3 were well placed to facilitate 

matrix degradation, lying within and apposed to fibrotic scars. HSCs did, 

however, express abundant timpJ mRNA (Figure 4.SA, B), high levels of which 

suppress local MMP activity during progressive fibrosis and inhibit apoptosis of 

activated myofibroblasts (Murphy FR et al., 2002). Note the morphological 

distinction between the SAMs producing mmpJ3 transcript (Figures 3 and 4A, B) 

and the HSCs producing timpJ (Figure SA, B). 

100 



Figure 4.5. Expression of TIMP-1 in regression of rodent liver fibrosis. A- S, Liver sections 

demonstrating timp1 transcript by in situ hybridization at peak fibrosis in mouse 12 week 

CCI4 recovery model. At low power (A, x100), timp1 transcript was confined to fibrotic 

bands. At higher power (S, x400), timp1 transcript localized to scar within spindle shaped 

cells. C-D, Liver sections showing immunolocalization of TIMP-1 protein at peak fibrosis in 

rat 12 week CCI4 recovery model. At peak fibrosis, low (C) and high (D) power views confirm 

the spindle shaped cell phenotype of TIMP-1 producing cells. DAB was used as chromogen 

and nuclei were counterstained with Meyer's haematoxylin. Data representative of 2 

independent studies in n=4 animals. 

4.4 Immunohistochemistry 

Having detected mmpJ3 mRNA in cells that resembled macrophages 

morphologically, the cellular protein was irnmunolocalized. MMP-13 protein was 

detected in cells with histological features of macro phages (Figure 4.6A) and 

having similar topography to the population of phagocytes observed using in situ 

hybridization. The cytoplasmic pan-macrophage marker ED-l (the rat equivalent 

of human CD68) was used to identify scar associated macrophages (SAMs) 

(Figure 4.6B) and subsequent dual irnmunostaining for MMP-13 and the cell 

marker confIrmed that MMP-13 positive cells were indeed SAMs (Figure 4.6C) in 

rat liver tissue. 
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Figure 4.6. Scar associated macrophages are the primary cellular source of MMP-13 in 

resolving liver fibrosis in rats. A, MMP-13 protein was detected by immunostaining in cells 

which resembled macrophages morphologically, with typical bean shaped nucleus and 

abundant phagolysosomes (x1000). B, Immunostaining for ED-1 identified numerous SAMs 

early (day 3) in recovery after 12 weeks CCI4 injury (x400). C, Dual staining for MMP-13 

(brown) and ED-1 (red) confirmed co-localization of the protease to SAMs in rats (x400). 

Nuclei were counterstained with Meyer's haematoxylin. Data are representative of 4 

separate experiments in n=4 animals. 
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Eighty three percent of ED-l positive SAMs co-stained for MMP-13 at day 14 of 

resolution in the 12 week rat CCLt model. Importantly, immunohistochemistry 

revealed that apart from occasional spindle shaped cells, there were no other 

discernable cell types within the liver with consistent MMP-13 positivity. 

4.5 Kinetics of scar associated macropbages in regression of liver 
fibrosis 

Having determined that SAMs were the major source ofMMP-13, their 

population kinetics during resolution were investigated in the 12 week rat model 

of micro nodular cirrhosis by direct counting of scar related ceroid laden cells with 

typical macrophage morphology, thus defming a highly phagocytic population of 

macrophages (MacSween RN et aI., 2002) (Figure 4.7A). SAM numbers were 

increased 40-fold compared with normal livers at peak fibrosis (day 0) after 12 

weeks ofCCLt injury. During the early resolution phase (day 14) the number 

increased further and remained markedly elevated after 28 days of spontaneous 

recovery. However, after 366 days, very few of these cells remained apposed to 

the residual fibrotic bands and remodeling of scars was incomplete. These 

findings suggested that the presence of SAMs might be a requirement for 

complete histological resolution of advanced fibrosis. 
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Figure 4.7. SAM numbers during resolution in 12 week rat CCI4 model. A, SAM numbers 

(defined as ceroid containing cells with macrophage morphology within or apposed to scar) 

were increased compared with normal livers at peak fibrosis (day 0) and were most 

abundant after 14 days of spontaneous resolution. Late recovery was characterized by a 

paucity of SAMs and incomplete remodeling of fibrotic scars even after 366 days. Cells 

were counted in random high power fields (0.2mm2) from n=4 animals per time point and 

results expressed as mean +/- SO. B, Macrophages (arrowed) in H&E stained liver 

associated with an area of hepatic scarring at day 14 during the recovery phase (x400 

magnification). Note the tight correlation between SAM numbers (A) and whole liver mmp13 

mRNA during spontaneous resolution (C). 
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4.6 Persistent experimental liver fibrosis is associated with reduced 
numbers of scar associated macrophages 

In the 4 week rat CC4 injury model where complete remodeling of fibrosis 

occurred, SAMs persisted throughout the brief recovery period with an average of 

13 cells per h.p.f remaining after 28 days of spontaneous regression (Duffield JS 

et al., 2005). In contrast, in the 12 week rat CCl4 model of micro nodular cirrhosis 

during the early phase of maximal remodeling macrophages were numerous. By 

day 84, significant resolution of scar had occurred, but thereafter macrophages 

were lost from the liver. No further significant remodeling of fibrotic bands 

occurred resulting in the development of an attenuated macronodular cirrhosis. It 

was therefore postulated that the population dynamics of SAMs might determine 

the capacity of the liver to remodel scar. 
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Figure 4.8. Relative macrophage depletion characterizes persistent experimental liver 

fibrosis. A-C, Representative photomicrographs of Sirius red stained collagen at time 

points day 0 (peak fibrosis), day 7 and day 28 of spontaneous recovery in the 4 week rat 

CCI4 fibrosis model. Extensive matrix remodeling resulted in restoration of near normal 

hepatic architecture and SAMs persisted throughout the brief resolution phase of 28 days 

(G). D-F, Sirius red stained collagen at time points day 0, day 84 and day 366 of recovery in 

the 12 week rat CCI4 fibrosis model. SAMs were abundant early in resolution, but late 

recovery was associated with a paucity of these cells (H) and degradation of fibrillar matrix 

was incomplete. Cells were counted in random high power fields (0.2mm2) in n=4 animals 

per time point. Original magnifications x100. 
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4.7 MMP-13 is expressed in human liver cirrhosis 

MMP-13 expression was studied using immunohistochemistry in two different 

patients with alcoholic cirrhosis whose livers had been removed at transplantation 

(Figure 4.9A). Numerous large phagocytes were positive for MMP-13 and were 

associated with areas of hepatic scarring. MMP-I, the major human interstitial 

collagenase, was also detected in the same cirrhotic livers within spindle shaped 

cells and scar associated phagocytes (Figure 4.9B). These data were compatible 

with the fmdings in rodent models of liver fibrosis and suggested that SAMs 

might represent an important source of collagenolytic MMPs in human liver 

disease in vivo. 
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Figure 4.9. MMP-13 protein was detectable in SAMs in human liver cirrhosis. A, MMP-13 

protein was detected by immunohistochemistry in numerous large scar associated 

phagocytes (examples arrowed) in explanted human alcoholic cirrhotic liver (n=2 patients). 

B, MMP-1 was detected in the same liver sections in both phagocytes (arrowed) and spindle 

shaped cells within the scars. C, Negative control. DAB was used as chromogen and nuclei 

were counterstained with Meyer's haematoxylin. Original magnifications x400. Data are 

representative of 2 independent studies. 

108 



4.8 Discussion 

A major aim of this study was to determine the elusive cellular source of MMP-13 

in liver fibrosis. As mentioned earlier, there are many conflicting publications 

implicating different cell types but no general consensus. Leucocytes, particularly 

macrophages and polymorpho-nuclear leucocytes (PMNs) are recognised to be a 

major source ofMMP production (Shapiro SD et al., 1990). Macrophages can 

influence matrix turnover both directly via the elaboration of MMPs (Welgus H G 

et al., 1990) and also indirectly by secretion of cytokines including interleukin-l 

and TNFa that modulate MMP production by other resident cell types (Dayer 1M 

et aI., 1986). Furthermore, macrophages have been shown to regulate 

spontaneous resolution of fibrosis in physiological and aberrant wound healing. 

Zhang-Hoover and colleagues (2000) found that depletion of alveolar 

macrophages in mice treated with liposomal dichloromethylene diphosphonate 

(CI(2)MDP) reduced inflammatory cell recruitment and collagen deposition in a 

model of pulmonary fibrosis. In addition, Danenberg and colleagues (2002) 

demonstrated a pivotal role for macrophages in vascular repair after mechanical 

arterial injury by systemic depletion of monocytes and macrophages using 

liposomal clodronate. Although macrophages are known from in vitro 

experiments to generate a diverse array of agents that regulate the degradation of 

matrix, their role in liver fibrosis and recovery are largely unknown. 

The data in this Chapter provide compelling evidence, by both in situ 

hybridization and immunohistochemical staining, that macrophages represent the 

primary source of MMP-13 in relevant models of hepatic fibrosis; findings that 

were later confirmed using macrophage-specific markers. These macrophages 

were seen almost exclusively within areas of scarring (SAMs) and, therefore, 

were ideally situated to facilitate matrix degradation. Moreover, when areas of 

fibrosis and unscarred liver tissue were separately dissected out by laser capture 

microscopy mmpJ3 mRNA was detected only in and immediately surrounding the 

scars. 

Previous experiments using CCLt models of rat liver fibrosis demonstrate that 

SAMs populate hepatic scars during injury and repair (Duffield 1S et aI., 2005). 

The number of SAMs increased in proportion to the duration of CCl4 treatment, 
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but they were also associated with resolving scar during spontaneous resolution. 

In Chapter 3, hepatic MMP-13 protein expression was also shown to increase as 

the period OfCC4 injury was extended from 4 through 12 weeks. This temporal 

correlation between SAM accumulation and MMP-13 production was even more 

pronounced during regression of fibrosis. Following 12 weeks CCI4, a prolonged 

increase in hepatic mmp 13 transcript was observed at a time when macrophages 

were prevalent in and around the scars. However, once SAMs had been lost from 

the recovering liver (day 84-366), there was a marked reduction in hepatic mmp 13 

mRNA levels and further degradation of the fibrotic bands was minimal. These 

results differ from earlier fmdings in the 4 week fully reversible rat CCl4 model, 

where mmp 13 transcript level was increased at peak fibrosis and remained 

constant during 28 days of resolution (Iredale JP et al., 1998). SAMs persisted 

throughout the recovery phase after 4 weeks CC4, indicating that their presence 

(and synthesis ofMMP-13) might be a critical determinant of complete 

histological restitution. The population dynamics of SAMs in the 12 week rat 

model were quite different to that previously shown for HSCs during this model 

of recovery, where numbers were maximal at peak fibrosis and then progressively 

diminished thereafter (Issa R et al., 2004). Furthermore, the loss of activated 

HSCs was concomitant with diminished expression of TIMP-l and procollagen-l, 

rather than the prolonged expression profile observed for MMP-13. Therefore, at 

least in these models, the data are consistent with SAMs being the principal 

source of hepatic MMP-13 during regression of fibrosis, rather than activated 

HSCs as suggested by other investigators (Watanabe T et aI., 2000; Knittel T et 

ai, 1999; Iredale JP et al., 1998). Nevertheless, this does not rule out possible 

cooperation between these cells in resolving fibrosis. HSCs express potent 

gelatinases (e.g. MMP-2) which may act in concert with macrophage derived 

MMP-13 to degrade interstitial collagens. The derivation of SAMs and their 

functional phenotype will be discussed in later Chapters, suffice to say that there 

are two potential sources. One derives from the circulating pool of bone marrow 

derived monocytes and the other from the population of resident liver 

macrophages, the Kupffer cells. 
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4.9 Summary of key findings 

• During spontaneous resolution of fibrosis, mmp13 mRNA was confined 

exclusively to regions of hepatic fibrosis, rich in SAMs. 

• mmpJ3 mRNA localized to SAMs in resolving liver fibrosis. 

• MMP-13 protein co-localized to SAMs. 

• mmpJ3 gene expression during spontaneous regression of rat CCl4 liver 

fibrosis paralleled the relative abundance of SAMs. 

• Relative macrophage depletion characterized persistent experimental 

liver fibrosis. 

• MMP-13 was expressed in scar associated phagocytes in human 

cirrhosis. 
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Chapter 5: Mechanistic Studies to Investigate the Role 
ofMMP-13 in the Regression of Liver Fibrosis 

5.1 Introduction 

Having undertaken initial descriptive studies to determine the relative expression 

and cellular source of MMP-13 in rodent models of liver fibrosis, the next aim 

was to perform mechanistic studies to explore the specific role and significance of 

MMP-13 in mediating regression of fibrosis. 

In collaboration with Dr J Duffield (Harvard Medical School, USA), I was able to 

examine the effect of conditional depletion of SAMs on hepatic mmp]3 transcript 

level and resolution of fibrosis following CCl4 injury in CD]] b-DTR transgenic 

mice. This model exploits the low affinity of mouse diphtheria toxin (DT) 

receptor (heparin-binding epidermal growth factor receptor) for DT compared 

with the human receptor. Transgenic expression of the human DT receptor 

confers sensitivity in mice only in macrophages and permits ablation in vivo 

following toxin injection. The CD]] b-DTR construct uses the CD]] b gene 

regulatory elements for macrophage-specific expression. The role of the 

inflammatory tissue macrophage in resolution of liver fibrosis was largely 

unknown, although their role in fibrogenesis has been well described. Previous 

studies where macrophages have been depleted in different models of tissue 

injury, have suggested a role for macrophages in inflammation and scarring 

responses but results are conflicting. Successful depletion of macrophages has 

been achieved using anti-macrophage serum or liposomal clodronate in animal 

models of tissue inflammation (Leibowich SJ et al., 1975; Danenberg HD et a!., 

2002; Zhang-Hoover J et al., 2000; Feith OW et ai., 1997), but the former reagent 

has pleiotropic effects and the latter can also deplete the neutrophil pool and cause 

unwanted toxic effects. The use of this novel transgenic mouse circumvented 

problems of cell specificity and permitted ablation of SAMs using minute (non

toxic) injections ofDT. 

The effect ofMMP-13 gene deletion had never been previously examined in 

resolution of liver fibrosis - in fact no candidate collagenase had ever been 

studied in this manner. The well established CC4 model of liver fibrosis and 
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spontaneous recovery was again used to determine the phenotype of MMP-13 

deficient mice. 

5.2 Murine model of hepatic fibrosis and spontaneous resolution m 
CDllb-DTR transgenic mice 

Work included in this thesis has been recently published by Duffield and 

colleagues (2005) and the reader is directed to this publication where a detailed 

description of the experimental strategy used to develop this mouse and define the 

role of macro phages in liver injury is contained. The CD11 b-DTR transgene was 

generated by Dr R Lang (Children's Hospital Research Foundation, Cincinatti, 

USA) and the construct was used to generate transgenic mice. Dr J Duffield 

performed F ACS analysis as a test of ablation specificity and determined that the 

T cell, B cell and granulocyte pools were not sensitive to DT administration. As 

expected, WT macrophages were unaffected by DT. A 12 week model ofCC14-

mediated liver fibrosis was induced in CD11 b-DTR mice, followed by 

macrophage depletion by DT either in the final week ofCCl4 treatment ('disease 

group') or at the onset of spontaneous recovery ('recovery group'). I was 

particularly interested in examining the recovery cohort to detennine the effects of 

SAM ablation on matrix degradation and scar resolution. I was provided with 

paraffm-embedded, formalin-fixed liver to perform a series of histochemical and 

immunohistochemical assays to study components of the resolving scar in control 

(pBS treated) and macrophage depleted (DT treated) CD11 b-DTR mice. 

5.2.1 Effect of conditional macrophage depletion on the resolution of 
CCI4 induced fibrosis 

Livers depleted of SAMs during recovery were assessed for matrix components, 

including collagen and elastin. I performed the relevant staining experiments and 

Dr J Duffield performed subsequent morphometric analysis to assess the 

percentage area of stained liver tissue. 

In control mice, Sirius red stained collagen decreased by 85% compared to peak 

fibrosis levels following 7 days of spontaneous recovery (Figure 5.1). However, 

mice depleted of SAMs had persistence of Sirius red material, in particular 
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perisinusoidal collagen. The amount of perisinusoidal fibrosis was assessed using 

an established scoring system (Issa R et al., 2003) by Dr C Constandinou and Prof 

J Iredale and was found to persist at a comparable level to peak fibrosis levels. 

These data suggest that SAMs promote resorption of fibrillar collagen during 

recovery. 

Elastin is a feature of mature fibrotic scars and may provide a scaffold for 

complex cross-linking of fibrillar collagen (Issa R et al., 2004). In control mice, 

the amount of elastin declined in response to recovery, but in DT treated mice 

there was no reduction in the amount of elastin suggesting a failure of degradation 

following SAM depletion. 

HSCs are the major source of scar matrix components and TIMPs in liver fibrosis 

and the disappearance of these cells from the fibrotic liver by apoptosis is a 

critical determinant of spontaneous resolution (Iredale J et al., 1998). 

Macrophages are known to liberate both potent HSC mitogens such as PDGF and 

pro-apoptotic factors such as TNFa. It was, therefore, important to determine 

whether macrophage depletion was associated with persistence of activated HSCs 

that might explain the failure to remodel matrix in this model. I performed 

immunostaining for a-SMA as a marker of activated myofibroblasts and 

subsequent morphometry (performed by Dr J Duffield) showed that although 

there was a trend toward persistence of a-SMA positive cells in macrophage 

depleted mice, this was not significant. Further analysis (by Dr J Duffield) 

revealed that there was no clear difference in proliferation or apoptosis in the scars 

of control or DT treated mice, as assessed by bromodeoxyuridine (BRDU) 

incorporation and terminal UDP-nick end labelling (TUNEL) staining 

respectively (Duffield J et ai., 2005). 
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Figure 5.1. The effect of macrophage depletion on resolution of fibrosis after 7 days of 

spontaneous recovery from 12 weeks CCI4 induced injury. Sirius red positive material (x100 

magnification) was abundant at peak fibrosis. Both fibrotic bands and perisinusoidal 

collagen underwent significant remodeling by 7 days of recovery but this was attenuated 

when macrophages were depleted. Elastin staining (x200) was dense in areas of scarring at 

peak fibrosis, was degraded during recovery but remodeling was reduced following 

macrophage depletion. a-SMA positive HSCs (x200) were much reduced in number by 7 

days recovery, although some appeared to persist following macrophage depletion. 

5.2.2 Effect of conditional macrophage depletion on hepatic mmpJ3 
mRNA expression in CDJJb-DTR mice 

Using this model, monocytes in the circulation are depleted by 77(+1-14) % 

following DT (Duffield J et ai., 2005b) and macrophages in the liver scars are 

depleted by 78(+1-9) % (Duffield J et ai., 2005a). In transgenic mice depleted of 

SAMs, a 5-fold reduction in mmpJ3 transcript level (p=O.005) was demonstrated 

by real time RT-PCR of whole liver extracts (Figure 5.2A). Furthermore, the 

number ofmmp13 positive cells was also decreased (p<O.05) by in situ 

hybridization (Figure 5.2B-D). 
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Figure 5.2. Conditional macrophage depletion curtailed mmp13 mRNA production to a level 

consistent with the proportion of macrophages depleted following 12 weeks CCI4 injury in 

CD11b-DTR transgenic mice. A, Whole liver extracts were subjected to real time RT-PCR for 

mmp13 transcript. Macrophage depletion following DT resulted in a 5-fold reduction in 

mmp13 mRNA level (p=O.005; mean +/-SE). mmp13 mRNA was normalized to GAPDH (n=4 

animals per treatment). B, The number of cells expressing mmp13 mRNA were also 

reduced by in situ hybridization (p=O.014; mean +/- SE). C, D, mmp13 transcript localization 

using antisense oligoprobes. E, Sense control probe. DAB was used as chromogen and 

nuclei were counterstained with Meyer's haematoxylin. Original magnifications x400. Data 

are representative of 2 separate experiments. 
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5.3 MMP-13 knockout mouse model of hepatic fibrosis and 
spontaneous resolution 

MMP-13 deficient mice were a gift from Dr S Krane (Harvard Medical School, 

USA). Dr M Mizuno (Harvard Medical School, USA) performed the i.p. CCl4 

injections and assisted me in the harvesting of livers. Liver fibrosis was induced 

by iterative injury with CCl4 for 4 weeks in cohorts ofmmpJ3-1- and WT mice. 

Mice were allowed to recover spontaneously for up to 5 days after cessation of 

mJury. 

Despite MMP-13 deficiency, mice developed normally, were fertile and showed 

no gross phenotypic abnormalities. Long term survival rates were 

indistinguishable from their WT littermates. These fmdings are in line with other 

studies using mmpJ T 1
- mice (lnada M et at., 2004; Stickens D et at., 2004; 

Deguchi J-O et at., 2005; Hartenstein B et at., 2006; Uchinami H et al., 2006). 

5.3.1 Genotyping the mmp13-1- mice 

Tail tip DNA was extracted from mmpJ3-1- mice and analyzed by PCR in a 2 step 

reaction as described in detail in Chapter 2. Gene deleted mice were confirmed by 

the presence ofa high molecular weight band (1600bp) corresponding to PGKneo 

incorporation (Figure 5.3). 

PeR 1: PGK/6R primers (knockouts) ... --
1600bp ................... 

PeR 2: 5F/6R primers (wild type) 

1400bp 

Figure 5.3. Genotyping of MMP-13 knockout mouse littermates. Tail snip DNA was 

analyzed by peR using two different primer pairs to identify WT and disrupted alleles as 

previously described (Inada M et ai., 2004). The upper gel shows detection of the PGKneo 

cassette in 15 KO animals (lanes 3-18) and no band in a selected WT mouse (lane 2). The 

lower gel shows detection of the WT mmp13 locus in a selected WT mouse (lane 2) and no 

band in the 15 knockout mice (lanes 3-18). 
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5.3.2 Assessment of necro-inflammatory injury in CCI4 treated 
knockout and wild type mice 

Analysis ofH&E stained sections at peak fibrosis revealed extensive necro

inflammatory damage in mmp13-I- and WT mice (Figure 5.4). Immuno

histochemistry for neutrophils and macrophages showed no differences in hepatic 

inflammatory cell recruitment (Figures 5.5 and 5.6). Neutrophils were rarely 

observed in control (olive oil treated) mice, but CC14 injury resulted in marked 

accumulation of neutrophils. At peak fibrosis the mean number of neutrophils 

counted per h.p.fin the livers ofmmp13-I- mice (65+1-8.6) was similar to WT mice 

(57.6+1-3.3) (Figure 5.5). SAMs were also rarely identified in control liver, but 

following CC4 injury there was an increase in numbers in both mmpi3-1
- and WT 

mice. CD68 positive SAM numbers per 10 h.p.fin mmp13-I- mice (3.56+1-0.48) 

were not statistically different to WT mice (3.12+0.22) at peak fibrosis and 

throughout the recovery period (Figure 5.6). The early recovery phase was 

characterized by relatively stable recruitment of macrophages in both mmp i3-1
-

and WT livers, although by day 5 numbers had diminished in both groups. 

Olive 
oil 

CCI4 

Figure 5.4. Sections of H&E stained liver at peak fibrosis (day 0 recovery) in mmp13"- and 

WT mice. Olive oil treated mice (top panels) showed normal liver histology. After 4 weeks 

CCI4 injury, extensive necro-inflammatory injury was evident in both mmp13-!' and WT mice 

(lower panels). Typical changes associated with CCI4 damage were seen comprising fatty 

metamorphosis, zone III (centrilobular) necrosis and a prominent inflammatory infiltrate. 

Original magnifications x100. Data are representative of 2 separate experiments. 
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Figure 5.5. Analysis of neutrophil infiltration by immunohistochemistry. A, There was no 

difference in neutrophil counts between mmp13-1- and WT mice at peak fibrosis. Results are 

mean +/- SO in n=4-5 mice per group. a, Neutrophils were identified by anti-neutrophil 

staining (arrow). DAB was used as chromogen and nuclei were counterstained with Meyer's 

haematoxylin. Original magnification x100. Data are representative of 2 separate 

experiments. 
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Figure 5.S. Analysis of macrophage infiltration by immunohistochemistry. A, SAMs were 

rarely identified in control liver. Numbers were increased following CCI4 treatment, but 

there were no statistically significant differences between mmp13-/- and WT mice at peak 

fibrosis or throughout the recovery period (NS = not significant). Results are mean +/- SO in 

n=4-5 mice per group. a, Macrophages were identified by anti-CDS8 immunostaining 

(arrowed) and nuclei were counterstained with Meyer's haematoxylin. Original 

magnification x400. Data are representative of 2 separate experiments. 
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5.3.3 The effect of MMP-13 deficiency on spontaneous resolution of 
experimental liver fibrosis 

5.3.3.1 Sirius red staining 

After Sirius red staining for collagen, extensive and comparable scarring was 

observed at peak fibrosis in both mmp13-1- and WT livers but not in vehicle (olive 

oil) controls (Figure 5.7). However, remodeling of fibrosis was retarded in MMP-

13 deficient mice throughout the period of resolution. By day 5 of spontaneous 

recovery, there was a clear difference in the extent of collagen degradation 

between gene deleted and WT mice. 

MMP-13 deficient Wild-type 

Figure 5.7. Remodeling of septal and perisinusoidal fibrosis is retarded in MMP-13 deficient 
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mice. A, B, Olive oil treated control livers showed no fibrosis by Sirius red staining. At 

peak fibrosis following CCI4 injury there was significant pericentral collagen deposition with 

bridging fibrotic bands in both mmp1:r" (C) and WT (D) mice. E-F, After 5 days of 

spontaneous resolution, considerable matrix remodeling had occurred in the WT livers (F), 

but this process was attenuated in mmp13"" mice (E) with persistence of septal collagen 

bands and perisinusoidal fibrosis. Nuclei were counterstained with Meyer's haematoxylin. 

Original magnifications x100. Data are representative of 2 separate experiments in n=3-5 

animals. 

5.3.3.2 Morphometric analysis of Sirius red stained collagen 

Quantitation of Sirius red area of staining by morphometry at day 5 of recovery 

(p<0.05) confirmed the retarded remodeling phenotype (Figure 5.8), where 

residual septal bands and perisinusoidal fibrosis persisted in mmp13-1- livers in 

contrast to the WT livers where only minimal scarring remained (Figure 5.7). 
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Figure 5.8. Morphometric quantitation of Sirius red staining revealed a similar degree of 

collagen deposition in mmp13-1- and WT mice at peak injury, but by day 5 there was a clear 

difference with attenuated collagen degradation in the livers of mmp13"'- mice compared to 

WT counterparts (p<O.05). Area of Sirius red staining is expressed as a percentage of the 

total tissue area and normalized to olive oil control liver. Data represent mean +/- SEM in 

n=5 animals per time point. 
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5.3.3.3 Histological scoring of fibrosis 

Histological assessment of the perisinusoidal ('chickenwire') component of 

fibrosis was performed in a blinded manner by Dr Tim Kendall (Liver Research 

Group, University of Southampton). 

Chickenwire fibrosis scores in mmp 13-1- mice were not statistically different 

(p=0.122) compared to WT mice during recovery using an ordinal logistic 

regression model (Plummer JL et al., 2000). This was most likely due to the fact 

that the study was underpowered due to insufficient numbers of animals in each 

group. Using the same logistical regression procedure, ifthe numbers of animals 

in the study had been doubled (n=lO per time point) and fibrosis scores were 

consistent, statistical significance (p=0.029) would have been attained. This 

demonstrates the relative insensitivity of such histological scoring methods 

outside large scale clinical studies (e.g. in Hepatitis C) and justified the use of 

morphometry as the primary method of evaluating changes in fibrosis for this 

model. 

5.3.4 Expression of other MMPs with potential interstitial collagenase 
activity in MMP-13 gene knockout model 

MMP-13 deficiency did not abrogate regression of fibrosis completely, only 

retarded regression. One possible explanation is that other MMPs might take on 

additional roles in this mouse model. Real time RT-PCR was used to determine 

whether mmp13 gene disruption resulted in compensatory alterations in the 

expression of other candidate collagenases (Figure 5.9). Trends toward increased 

mRNA expression ofmmp2, mmp8 and mmp14 were observed in mmpJ3-I
- mice 

relative to WT animals, but the differences were not statistically significant. 
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Figure 5.9. Expression of other MMPs with potential interstitial collagenase activity in MMP-

13 knockout mouse model. MMP mRNA was normalized to ribosomal 185 and expressed 

relative to control olive oil treated liver. Values represent fold increase in mRNA expression 

+/- 5E. Although there were trends toward increased mRNA expression of mmp8, mmp14 

and mmp2 in mmp13-1- mice relative to WT animals, differences did not reach statistical 

significance at any time point. Data are representative of 2 separate experiments in n=3-5 

animals per time point. 
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5.4 Discussion 

Because there has been a debate over the cellular source ofMMP-13, I chose a 

direct and mechanistic approach to defme the role of macrophage derived MMP-

13. Moreover, by taking this approach I have demonstrated unequivocal evidence 

of a significant contribution to MMP-13 production in the liver in a relevant in 

vivo model of conditional macrophage depletion. 

The CD11 b-DTR transgenic mouse model provided a robust system to selectively 

deplete the cell population of interest (SAM) and observe any downstream effect 

on mmpJ3 transcript level and resolution of fibrosis. This conditional ablation 

strategy has advantages over the available naturally occurring (csfmoP/csfmoP 

(Yoshida H et at., 1990)) and induced (PU.l (Martin P et at., 2003)) macrophage

deficient mutant mice as the timing of macrophage elimination can be chosen. 

Colony-stimulating factor-l (CSF -1) is the principal regulator of cells of the 

mononuclear phagocytic lineage that includes monocytes, tissue macrophages, 

microglia, and osteoclasts. Mice homozygous for a null mutation (csfm(op)) in 

the gene for CSF -1 have depleted macrophage numbers (Yoshida H et aI., 1990). 

Mice targeted at the PU.l locus exhibit multiple defects in development of 

haemopoetic lineages including a complete absence of tissue macrophages 

(Martin P et al., 2003). Interestingly, these 'macrophageless' mice are able to 

repair skin wounds with a similar time course to WT siblings and repair appears 

scar-free as in the embryo, which also heals wounds without raising an 

inflammatory response. The growth factor and cytokine profile at the wound site 

is changed, cell death is reduced and dying cells are instead engulfed by stand-in 

phagocytic fibroblasts in a clear case of cell redundancy (Martin P et aI., 2003). 

Previous strategies used to eliminate specific cell types in a living organism 

include the generation of transgenic lines that express diphtheria toxin A chain 

(Saito M et aI., 2001) or ricin polypepide (Thepen T et aI., 2000). However, even 

low levels of unanticipated transgene expression can give unpredictable 

consequences. The alternative strategy of killing thymidine kinase (TK) 

expressing cells with ganciclovir (Caruso M et al., 1993) only permits elimination 

of proliferating cells. More recently, conditional ablation has been achieved using 

transgenic expression ofFas under the control of macrophage specific c-fms 

promoter coupled with drug inducible Fas dimerization to induce cell death 
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(Burnett Set a!., 2004). Identification of the human receptor for DT (heparin 

binding EGF receptor) (Naglich J et at., 1992) created an opportunity for a unique 

ablation strategy. CD]] b-DTR mice express human hbEGF receptor lineage

specifically and cell ablation results following toxin injection. DT is a protein 

synthesis inhibitor (Falnes P & Olsnes S, 1998) and kills both mitotic and 

terminally differentiated cells. This strategy has recently been used to generate 

transgenic mice in which hepatocytes (Saito M et a!., 2001), dendritic cells 

(Kassim SH et a!., 2006) or sensory neurons (Chen H et at., 2005) may be 

selectively ablated. 

The data in this Chapter show that conditional macrophage depletion resulted in a 

5-fold reduction in mmp13 mRNA level by real time RT-PCR, results that were 

consistent with subsequent experiments using in situ hybridization and counting 

of mmp]3 positive cells, supporting the hypothesis that SAMs represent a maj or 

(but not exclusive) cellular source. Diphtheria toxin administration did not 

abolish hepatic MMP-13 entirely, a possible explanation being that macrophage 

depletion is not absolute in this model (Duffield J et at., 2000). 

Macrophage depletion during recovery had a profound effect on the overall repair 

and resolution response in this model of CCl4 induced fibrosis. The persistence of 

fibrillar collagen and elastin in SAM depleted mice implies that, in the recovery 

phase, SAMs playa key role in matrix degradation. Furthermore, after 7 days of 

recovery activated HSCs were much reduced in number in both normal and SAM 

depleted mice, suggesting that the failure to remodel scar was not due to the 

continued fibrogenic activity of myofibroblasts. 

The effect ofMMP-13 gene knockout has recently been studied in several animal 

models of tissue turnover and injury-repair in different organs. These studies 

have demonstrated that MMP-13 plays an important role in bone development and 

remodeling (Inada Met ai., 2004; Stickens D et ai., 2004) and in collagen 

breakdown within atherosclerotic plaques (Deguchi J-O et ai., 2005), but not in 

epidermal wound healing (Hartenstein B et a!., 2006). In a biliary fibrosis model 

of progressive liver injury, MMP-13 deficiency attenuated hepatic inflammation 

and fibrosis (Uchinami H et ai., 2006). However, bile duct ligation is a complex 

model involving proliferation of stem cell components in association with 
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myofibroblasts, whereas CCLt is a model of inflammation, repair and resolution. 

The data in this Chapter have shown that MMP-13 deficiency reduced the 

capacity of the liver to remodel scar by 5 days of recovery in a mouse model of 

advanced liver fibrosis, although gene deletion did not inhibit resolution 

completely. Chronic CCLt toxicity induced inflammatory and fibrotic liver injury 

that was similar in gene deleted and WT mice such that observations made during 

the resolution phase were directly comparable. Interestingly, a perisinusoidal 

associated fibrosis persisted in mmp 13-1- livers. This distribution of fibrillar 

collagen has been shown to be especially rich in SAMs following CCl4 injury 

(Duffield J et ai., 2005). The likely explanation for the mmp13-1
- phenotype is 

partial compensation by other MMPs capable of degrading interstitial collagens 

(MMP-8, MMP-14, MMP-2), as demonstrated by Hartenstein and colleagues 

(2006) in a model of cutaneous wound healing in MMP-13 deficient mice. 

Although for each individual MMP the trend towards upregulation was not 

statistically significant in mmp13-1
- mice relative to WTs (Figure 5.9), in 

combination these proteases might materially contribute to matrix degradation. In 

the early phase of cutaneous wound healing, mmp13 mRNA expression was 

strongly upregulated in WT mice (Hartenstein Bet ai., 2006). However, WT and 

MMP-13 knockout animals did not differ in their efficiency of re-epithelialization, 

inflammatory response, granulation tissue formation, angiogenesis or restoration 

of basement membrane (Hartenstein B et ai., 2006). mmp8 mRNA was 

significantly enhanced in the cutaneous wounds of mmp 13-1- mice, as measured by 

Northern Blot analysis and semi-quantitative PCR (Hartenstein B et ai., 2006). 

Interestingly, Inada and colleagues (2005) also observed upregulation of this 

neutrophil-specific collagenase in the bone marrow cavities of newborn mmp 13-1-

mice. Although expression ofMMP-8 has recently been detected in other cell 

types such as macrophages (Fukumoto Y et aI., 2004) and chorionic 

cytotrophoblast cells (Wang H et ai., 2004), infiltrating neutrophils are considered 

to be the main source of MMP-8 in wound healing. In the current study, there 

was no difference in the number ofneutrophils after liver injury in WT and 

mmp13-1- mice, suggesting that augmented mmp8 mRNA transcript levels either 

resulted from enhanced expression by neutrophils by an undefined mechanism, or 

expression by additional cell types. Localization ofMMP-8 in mmp13-1
- mice 

during resolution of liver fibrosis by in situ hybridization and dual 
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immunohistochemical staining using cell specific markers would help to clarity 

this in future studies. 

MMP-14 and MMP-2 are also candidates for functional substitution ofMMP-13, 

both having the capacity to cleave native collagen (Tam E et al., 2004). Protein 

and mRNA for MMP-14 and MMP-2 were upregulated early during resolution of 

CC4 liver fibrosis in rats and persisted at elevated levels during recovery (Zhou X 

et al., 2004). MMP-14 was recently shown to be upregulated in the bones of 

mmp13-1
- embryos (Inada M et aI., 2004). However, in contrast to mmp8, levels of 

mmp14 and mmp2 mRNA transcripts were not increased during cutaneous wound 

healing in mmpJ T 1
- mice (Hartenstein Bet al., 2006). Additionally, levels of 

mRNA for mmpJ4 (and mmp8) were similar in the aortas ofmmpJ3-I
- mice after a 

10 week atherogenic diet (Deguchi 1-0 et aI., 2005). In the current study, there 

was a trend towards increased mRNA expression of both MMP-14 and MMP-2 

during regression of liver fibrosis in MMP-13 deficient mice. Differences in 

mRNA transcript level between WT and knockout animals were not statistically 

significant, probably due the relatively small sample size (n=4-5 animals per time 

point). The mechanism of potential compensation by MMP-14 and/or MMP-2 is 

unclear, particularly in view of the fact that both of these MMPs co-localize to 

HSCs in liver fibrosis (Zhou X et al., 2004) - cells that undergo apoptosis during 

fibrolysis. Other cells are a potential source of these MMPs (Watanabe T et al., 

2001; Deguchi 1-0 et al., 2005). Interestingly, induction of apoptosis in vitro did 

not modulate mmp2 mRNA expression, but resulted in pro-MMP-2 activation 

through increased MMP-14 mRNA and protein expression (Preaux A et al., 

2002). 

Taken together, these results indicate that macrophage derived MMP-13 plays an 

important functional role in vivo in mediating spontaneous regression of liver 

fibrosis, but following gene disruption other MMPs that are simultaneously 

expressed may compensate for lack ofMMP-13. Detailed analysis ofa variety of 

knockout mice that are deficient for multiple MMPs will need to be performed in 

order to identity the nature of co-operating MMPs and to unravel the molecular 

mechanism of this functional collagenolytic network. 

128 



5.5 Summary of key findings 

• SAMs promoted matrix remodeling during recovery from CCLt induced 

liver fibrosis. 

• Conditional macrophage depletion resulted in attenuation of mouse 

mmp 13 transcript levels. 

• MMP-13 gene knockout retarded spontaneous resolution of 

experimental liver fibrosis demonstrating an in vivo role for this 

protease in mice. 

• The modest phenotype observed in mmp13-1
- mice suggested that MMP-

13 was not indispensable and other MMPs capable of degrading 

interstitial collagen were upregulated in this model. 
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Chapter 6: Studies to Investigate the Role of MMP-12 
in the Regression of Experimental Liver Fibrosis 

6.1 Rationale 

The observation that macrophage depletion in CD11 b-DTR mice resulted in a 

failure to degrade elastin following CCl4 injury, suggested that SAMs might be a 

source of elastolytic proteinase( s) in the recovery phase of liver fibrosis. There is 

very limited data on the turnover of elastin in liver fibrosis and the role ofthe 

major macrophage derived elastase - MMP-12 - had not been investigated in this 

context. Abnormal regulation ofMMP-12 expression has, however, been 

implicated in disease processes including emphysema (Hautamaki RD et at., 

1997), atherosclerosis (Matsumoto S et at., 1998) and aortic aneurysm formation 

(Curci JA et at., 1998). The next phase of this project was, therefore, to explore 

in a preliminary way the possible interaction between elastin and MMP-12 in the 

regression of liver fibrosis. 

Some of the work included in this Chapter formed the basis of an intercalated BSc 

project. I was the primary supervisor of Cheuk Shan Lai who assisted me in the 

harvesting of mouse livers, performing whole liver RNA extraction and some of 

the real time RT-PCR and immunohistochemical assays, as indicated in the legend 

to the relevant figures. 

6.2 Introduction 

6.2.1 Elastin and liver fibrosis 

Elastin is the ECM protein that confers elastic recoil to tissues and its cross-linked 

and extreme hydrophobic nature make it a very stable protein in vivo. Elastin 

content is increased in human fibrotic and cirrhotic liver (Kanta J et at., 1990) and 

elastic fibres are detected in the portal spaces and the central (most mature) areas 

offibrous septa when stains specific for elastic tissue are used (Figure 6.1). 
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Figure 6.1. Elastin deposition in human cirrhosis. Orcein (A) and Reticulin (8) staining of 

liver biopsy material from a patient with chronic autoimmune hepatitis. Orcein positive 

elastic fibres were observed in the central portion of mature fibrotic bands. Nuclei were 

counterstained with Meyer's haematoxylin. Original magnifications x100. Liver sections 

provided by Dr Tim Kendall (University of Southampton). 

Chronic CC4 administration appears to be a good experimental model in which to 

study this feature of human liver cirrhosis with elastin deposition observed in the 

connective tissue septa of fibrotic liver in rats (Kanta J et al. , 1978) and mice 

(Duffield JS et al., 2005). 

HSCs express tropoelastin, the soluble precursor of elastin which is upregulated 

during transdifferentiation to myofibroblast-like cells in vitro and in vivo in the 

livers of CCl4 treated cirrhotic rats (Kanta J et aI., 2002). The deposition of 

insoluble elastin polymer requires the covalent cross-linking oftropoelastin 

monomers by means of lysine derived cross-links. The oxidative deamination of 

lysine residues involved in cross-link formation is a copper dependent process, 

catalyzed by the enzyme lysyl oxidase. The synthesis of lysyl oxidase has been 

investigated in CC4 induced fibrosis in rats. Lysyl oxidase activity in fibrotic 

liver was 4 times greater than that of normal liver (Wakasaki H et al. , 1990). In 

addition, tissue transglutaminase (tTG) can catalyze the post translational 

modification of proteins, a process that also results in the formation of 

polymerized cross-linked proteins. tTG establishes E(y-glutamyl)lysine cross

links by transferring an acyl intermediate to the E-amino group of a peptide bound 

lysine residue forming stable, insoluble macromolecular complexes. Both 

collagen and elastin can act as tTG substrates (glutamine and lysine donors) 
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(Aeschlimann D & Paulsson M, 1994). Recently, Issa and colleagues (2004) 

demonstrated that rat HSCs express tTG in vivo and that mature fibrotic septa that 

persist after 366 days of recovery are characterized by tTG mediated cross

linking, providing ECM proteins with resistance to MMP-mediated degradation. 

Evidence for elastin turnover in vivo comes from studies showing elevated urinary 

concentrations of markers of degradation of mature cross-linked elastin, 

desmosine and isodesmosine, in patients with cirrhosis. Furthermore, these 

urinary biomarkers correlated with liver fibrosis scores in biopsies from patients 

with chronic liver disease secondary to hepatitis C and alcohol (Afdhal NH et al., 

1997). Elastin turnover has also been studied longitudinally in liver biopsies from 

21 patients with chronic viral hepatitis (Bedossa P et aI., 1990) which indicated 

that deposition of elastic fibres occurred concomitantly with the formation of 

thick collagen bands. This is consistent with other studies showing that older 

scars in liver biopsy specimens can be identified by their elastin content (Scheuer 

PJ & Maggi G, 1980; Thung SN & Gerber MA, 1982; Issa R et af., 2004). 

A limited number of proteinases, including serine elastases and MMPs, have the 

capacity to degrade mature, insoluble elastin under physiological conditions. 

These elastases are heterogeneous with differing substrate specificities and 

catalytic mechanisms, but all share a common mechanism of cleaving peptide 

bonds associated with hydrophobic or aromatic amino acids (Mecham RP et af., 

1997). 

6.2.2 Macrophages, MMP-12 and elastin 

A range of proteinases produced by macrophages are capable of degrading elastin 

including serine and cysteine proteinases (Chapman HA et aI., 1995) and matrix 

metalloproteinases (Shapiro SD, 1994). Senior and colleagues (1989) showed that 

elastin degradation by human alveolarmacrophages was inhibited by TIMP, 

indicating a significant role for MMPs in macrophage-mediated elastolysis. 

A subset of circulating 'proinflammatory' monocytes (~ 15% of total) synthesize 

significant amounts of matrilysin (MMP-7) (Busiek DF et aI., 1992) and, similar 

to neutrophils, also contain serine proteinases in peroxidase positive granules 

(Owen CA et aI., 1994). However, when monocytes differentiate into 
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macrophages they lose their serine proteinase armamentarium but acquire the 

capacity to synthesize and secrete several MMPs (Campbell EJ et al., 1991). 

Human alveolarmacrophages are capable of producing MMP-12, MMP-1 , MMP-

9,MMP-14 and smaller amounts of strome lysin (MMP-3) and MMP-7. MMP-12 

expression is highly regulated by inflammatory cytokines, matrix fragments and 

other agents (Wu L et a!., 2000). Thus, unlike neutrophils and monocytes which 

store proteinases potentially for rapid release, macrophages monitor and respond 

to their environment; properties that could allow for tissue remodeling and 

possibly control of other inflammatory events. Mice have a similar macrophage 

proteinase profile to humans, although they do not appear to express MMP-1 and 

MMP-12 is the predominant mouse macrophage MMP. Macrophages also have 

the capacity to produce elastolytic cysteine proteinases including cathepsins K, L, 

and S. The tight lysosomal compartmentalization of the cathepsins suggests that 

their major in vivo role may be the degradation of endocytosed protein (Werb Z et 

al., 1980), although release of these enzymes after macrophage necrosis could 

contribute to ECM degradation in disease situations. 

Preliminary work in the Southampton Liver Research Group had demonstrated 

mmp12 transcripts in cells with typical macrophage morphology in rat CCl4liver 

fibrosis (Figure 6.2). Furthermore, these cells were closely associated with areas 

of fibrotic scarring (SAMs). 

Figure 6.2. Localization of mmp12 mRNA by in situ hybridization in fibrotic rat liver. mmp12 

was detected in scar associated cells with typical macrophage morphology. Original 

magnification x1000. Photomicrograph courtesy of Dr Christothea Constandinou 

(University of Birmingham). 
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Macrophage elastase (MMP-12) was first detected in 1975 when Werb and 

Gordon identified elastolytic activity in mouse peritoneal macrophage conditioned 

medium and a 22kDa metal dependent proteinase responsible for this activity was 

subsequently purified (Banda MJ & Werb Z, 1981). Cloning of the mouse cDNA 

from a murine macrophage library demonstrated that macrophage elastase was a 

distinct member of the MMP family, with 33-49 % amino acid homology with 

other MMPs (Shapiro SD et al., 1992). The human orthologue of MMP-12 was 

then cloned from a cDNA library derived from human alveolar macrophages of a 

cigarette smoker (Shapiro SD et ai., 1993). The cDNAs for human and murine 

macrophage elastase have 74 % homology and there is 64 % identity between the 

enzymes at the amino acid level. 

MMP-12 shares many features typical of MMPs including its domain structure, 

chromosomal location within the MMP gene cluster on human chromosome 

l1q22 and its capacity to degrade ECM components. MMP-12 is unique with 

respect to its predominantly macrophage specific pattern of expression and the 

ability to readily shed its C-terminal domain on processing. With respect to 

proteolytic activity, MMP-12 has the capacity to hydrolyze a broad spectrum of 

ECM components (Table 4) excluding interstitial collagens. MMP-12, like other 

MMPs, also cleaves a variety ofnon-ECM proteins such as plasminogen 

(Cornelius LA et ai., 1998) and latent TNFa (Chandler S et al., 1996), resulting in 

angiostatin and active TNF a respectively. Another apparently important function 

of catalytic MMP-12 in vivo is its ability to activate other MMPs such as MMP-2 

and MMP-3, by which MMP-12 may influence a cascade of proteolytic processes 

(Matsumoto S et aI., 1998). 

Table 4. MMP-12 substrates. 

ECM substrates Non-ECM substrates 

Elastin, collagen IV, gelatin, Pro-MMPs, pro-TNFa, urokinase-type 

aggrecan, sialoprotein, entactin, plasminogen activator receptor (uPAR), 

fibrillin, fibronectin, vitronectin, plasminogen, osteopontin, myelin basic 

laminin, heparan and chondroitin protein, a2-macroglobulin, aI-antitrypsin, 

sulphates factor XII 
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Macrophages ofMMP-12 knockout mice have a markedly diminished capacity to 

degrade ECM components (Shipley JM et at., 1996) and are unable to penetrate 

reconstituted basement membranes in vitro and in vivo. In addition, MMP-12 

appears to function as a proinflarnmatory mediator. Firstly, MMP-12 generated 

elastin-derived peptides which were chemotactic for monocytes (Senior RM et of., 

1980; Houghton AM et at., 2006) and secondly, TNFa release (Churg A et at., 

2003) and neutrophil influx (Churg A et at., 2002a) were dependent on the 

presence ofMMP-12 in a knockout mouse model of emphysema. The prominent 

and specific expression ofMMP-12 in mouse macrophages has made MMP-12 

knockout mice an excellent model system for determining the role of extracellular 

macrophage mediated proteolysis in a variety of physiological and pathological 

processes (Table 5). 

Table 5. Organ specific phenotypes of MMP-12 knockout mice. 

Cardiovascular 

Lung 

• Normal susceptibility to experimental aortic 

aneurysms (Pyo R et at., 2000) 

• Normal cardiac rupture following myocardial 

infarction (Heymans S et at., 1999) 

• Macrophages have impaired capacity to degrade 

elastin and cannot penetrate Matrigel (Shipley 

MJ et at., 1996) 

• Impaired macrophage recruitment and protection 

from cigarette smoke induced emphysema 

(Hautamaki RD et at., 1997) 

• Impaired TNFa release and reduced levels ofE

selectin (Churg A et at., 2003) 

• No significant effect on bleomycin-induced 

pulmonary fibrosis (Manoury B el at., 2006) 
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6.2.3 Hypothesis and aims 

6.2.3.1 Hypothesis 

Through its effects on elastin degradation and inflammatory cell recruitment, 

MMP-12 plays an important role in the regression of liver fibrosis. 

Putative MMP-12/elastin axis in resolution of liver fibrosis 
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Figure 6.3. Hypothetical role of MMP-12 in regression of liver fibrosis. 

6.2.3.2 Aims 

• To examine elastin deposition and remodeling in rat liver cirrhosis and 

recovery. 

• To determine whether MMP-12 gene deleted mice demonstrate normal 

macrophage ingress to sites of inflammation in liver injury and fibrosis. 

• To determine the role ofMMP-12 in regression of liver fibrosis using 

chronic CC4 injury in MMP-12 gene deleted mice. 
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6.3 Results 

6.3.1 Elastin and ECM remodeling in CCI4 induced liver fibrosis 

In the 12 week rat CC4 model of liver fibrosis, chronic injury results in the 

development of established micronodular cirrhosis from which incomplete 

resolution occurs (Issa R et ai., 2004). Although significant remodeling to a 

macronodular pattern of cirrhosis was observed, the factors limiting complete 

histological resolution required investigation. Elastin is a durable component of 

mature hepatic scars and could provide substrates for tTG mediated s(y-glutamyl) 

lysine cross-linking within fibrotic bands to form non degradable matrix which 

persists despite increased levels ofMMPs (Issa R et aI. , 2004). Using orcein 

staining (Figure 6.4) and immunostaining with anti-elastin antibody (Figure 6.5), 

abundant elastin was visualized in the thick fibrotic bands at peak fibrosis. After 

protracted recovery (366 days), residual thin attenuated septal bands still 

contained elastin. 

Peak Fibrosis Day 366 recovery 

Figure 6.4. Elastin deposition and remodeling in 12 week rat CCI4 model of liver fibrosis and 

spontaneous recovery (n=6 animals per time point). At peak fibrosis, there was 

accumulation of extensive scar matrix consisting of abundant orcein positive elastin fibrils 

(A, x200) and thick bands of Sirius red stained collagen (C, x100). After 12 months of 
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spontaneous recovery, significant matrix degradation had occurred but residual septal 

fibrotic bands remained which still contained elastin (B, x400) and fibrillar collagen (D, 

x100). Nuclei were counterstained with Meyer's haematoxylin (A, B). 

Normal liver Peak Fibrosis 

Figure 6.5. Immunohistochemistry for elastin in 12 weeks rat CCI4 model of liver fibrosis 

and spontaneous recovery (n=6 animals per time point). In normal (olive oil treated) liver, 

the internal elastic lamina of blood vessels stained positively, but there was no additional 

elastin staining (x400 magnification). In CCI4 treated rats, peak fibrotic liver (day 0) showed 

elastin staining within dense fibrous bands bridging vascular structures (x200 

magnification). After 12 months of spontaneous recovery, the thick fibrotic bands had been 

remodeled but residual elastin persisted in the mature septal bands that remained (x200 

magnification). Nuclei were counterstained with Meyer's haematoxylin. Data are 

representative of 2 separate experiments. 

6.4 MMP-12 knockout mouse model of CCl4 induced hepatic fibrosis 
and spontaneous resolution 

6.4.1 Genotyping the mmp12-1
- mice 

MMP-12 deficient mice were a gift of Dr S Pender, University of Southampton. 

Breeding pairs were obtained from the Shapiro laboratory where mmp 12-1- mice 

were generated by targeted gene disruption in embryonic stem cells as previously 

described (Shipley JM et a!., 1996). A mutation was generated in the MMP-12 

genomic locus by replacing most of exon 2 with a PGK-neo cassette. 

Tail snip genomic DNA from knockout and WT mice was amplified by peR, 

using appropriate control DNA to identify the homozygous, heterozygous or WT 

genotype. DNA from MMP-12 homozygous knockouts generated peR fragments 
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(500bp) representing the mutant allele only. The results of genotyping 

experiments are shown in Figure 6.6. 

A 

500 bp 
300 bp 

B 

500 bp 

500 bp 

null HZ WT 'nominal KOs' 

-ve 

olive oil 

Control DNA for -1-, 
+1- and +1+ genotypes 

day3 day 10 

to 

- ... -------- -----
day 1 day6 

day 14 null HZ WT -ve 

-- - -- ... - -
Controls 

Figure 6.6. Genotyping of mmp12.f· mice. A, Verification of appropriate control DNA 

samples for genotyping experiments. A peR product size of 300bp indicated a wild type 

(WT) and 500bp indicated a knockout (null) genotype. PAR2 knockout mouse DNA was 

used as WT genotype control- this DNA contains no neocassette and is WT for the mmp12 

allele (therefore one band at 300bp). MMP-3 knockout mouse DNA was used as 

heterozygote (HZ) genotype control as it contains a neocassette but is WT for mmp12 

(therefore bands at 300bp and 500bp). B, The knockout genotype was confirmed by 

detection of a single band at 500bp in all animals at each time pOint. The sample at day 6 of 

recovery that did not generate a band on this gel was repeated in a separate assay and 

verified. -ve = no template control. Data are representative of 2 separate experiments. 
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6.4.2 MMP-12 expression in WT mice 

6.4.2.1 mmp12 mRNA expression 

The level of mmp12 transcripts in whole liver extracts was analyzed by semi

quantitative RT-PCR during recovery in WT mice after 12 weeks CC4 (Figure 

6.7) . mmp12 mRNA was undetectable in control (olive oil treated) mice using 

this technique. Following chronic CCl4 injury mmp12 mRNA expression was 

upregulated, though levels then declined progressively during recovery. 

control d1 d3 d6 d10 --- - MMP12 

.. -- ... - [3-actin 

Figure 6.7. mmp12 mRNA expression in whole liver homogenates during spontaneous 

recovery following 12 weeks CCI4 injury in C57BU6 wild type mice. Beta actin was used as 

template control. mmp12 mRNA transcripts were not detectable in control (olive oil treated) 

liver, but expression was upregulated following CCI4 treatment. During recovery, the level 

of expression progressively decreased, although mRNA was still detectable after 10 days. 

Data are representative of 2 separate experiments. 

6.4.2.2 MMP-12 protein expression 

Expression ofMMP-12 protein during recovery in WT mice after 12 weeks CC14 

was assessed in whole liver extracts by Western blotting (Figure 6.8). MMP-12 

protein was detected in control (olive oil treated) liver and upregulated during 

early recovery with maximal expression from day 3-6, whereafter expression 

declined to levels approximating control liver. 
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Figure 6.8. Western blot of MMP-12 protein expression in whole liver homogenates after 12 

weeks of CCI4 treatment in WT mice. Beta-actin was used as a loading control. MMP-12 was 

detected in control (olive oil treated) liver. Following CCI4 injury, MMP-12 was expressed 

during spontaneous recovery. Expression was increased at days 3 and 6 of recovery, 

whereafter MMP-12 decreased to levels comparable with control. Data are representative of 

2 separate experiments. 

6.4.3 Assessment of necro-inflammatory injury in CCI4 treated MMP-
12 deficient and wild type mice 

6.4.3.1 Serum alanine aminotransferase 

Given the evidence that MMP-12 knockout cells might demonstrate a failure of 

vascular egress to areas of inflammation (Shipley MJ et al., 1996), cell numbers 

and the quantitation of inflammation following CC4 injury in MMP-12 deficient 

mice was an important first stage in the validation of this model. 

Serum alanine aminotransferase (AL T) was measured on an automated analyzer 

by staff at the Clinical Chemistry laboratory at Southampton General Hospital. 

AL T is a liver specific enzyme that is released into the blood when hepatocytes are 

damaged and widely used as a surrogate marker of liver injury in models where 

acute inflammation and hepatocyte necrosis are prominent. Unsurprisingly, ALT 

levels were not elevated in olive oil treated control mice, but 24 hours after 

cessation ofCCl4 injury ALT was significantly raised in both mmplT1
- and WT 

mice (Figure 6.9). By day 3 of recovery levels had already decreased to control 

values, reflecting the rapid resolution of inflammatory injury in CC4 toxicity. 

There was no difference in ALT measurements between MMP-12 deficient and 

WT mice at all time points using the Mann-Whitney U test. 
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Figure 6.9. Serum alanine aminotransferase (AL T) levels during liver fibrosis recovery 

following 12 weeks CCI4 in MMP-12 knockout (KO) and wild type (WT) mice. A dramatic 

elevation in serum AL T was observed at peak injury (day 1) but levels decreased rapidly 

back to control (olive oil treated) values by day 3. Values expressed as mean +/- SO; n=4 

animals per time point in each group. 

6.4.3.2 H&E staining of mmp12-1
- and WT livers 

H&E staining was used to assess histological changes. Following cessation of 

iterative injury with CCl4 for 12 weeks, changes of acute perivenular liver injury 

were observed in both mmpJ T1
- and WT mice including hepatocyte necrosis and 

inflammatory cell infiltration. Blinded assessment by an expert liver 

histopathologist (Dr Harry Millward-Sadler, University of Southampton) 

suggested a modest trend towards more extensive necrosis and ballooning of 

hepatocytes in WT livers. 
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Figure 6.10. Liver sections showing H&E staining of mmp1Z'- and WT liver during recovery 

after 12 weeks CCI4• Histology was normal in olive oil controls. At day 1 (24 hr after 

cessation of CCI4) there was evidence of acute liver injury with a prominent inflammatory 

infiltrate (arrows) in both mmp12-1- and WT livers. By day 3, inflammation had largely 

resolved in both groups. Original magnifications x100. Data are representative of n=4 

animals per time point. 

Rapid histological resolution occurred in both mmplT1
- and WT mice such that by 

day 14 of recovery there was no hepatocyte damage and only a few inflammatory 

cells remained, the majority of which were phagocytes on high power 

visualization. 
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6.4.4 Assessment of inflammatory cell infiltration in mmp12-1
- and 

wild type liver 

6.4.4.1 Macropbages 

Recruitment of macro phages to the site ofliver injury was assessed by F4/80 

immunostaining and counting of positive cells in randomly selected high power 

fields (Figure 6.11). Compared with control liver, CCl4 injury induced extensive 

accumulation ofF4/80 positive macrophages in both mmpJ T 1
- and WT livers. As 

recovery progressed, macrophages were lost from the liver and by day 14 

numbers were equivalent to those observed in control livers. There was 

considerable variability between individual mice at all time points such that any 

differences between the two groups did not reach statistical significance. Most 

importantly, there was no trend towards reduced numbers of macro phages in the 

knockout livers. 
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Figure 6.11. Macrophage infiltration in mmp12.f- and WT livers in CCI4 model of fibrosis and 

spontaneous resolution. A, CCI4 treatment led to a large increase in the number of F4/80 

macrophages in the livers of both mmp12.f- and WT mice. During recovery, macrophage 

numbers decreased towards control levels in both groups. There was no statistically 

significant difference (NS) in macrophage numbers between n=4 mmp1T- and WT mice at 

any time point using Mann-Whitney U test. B, F4/80 immunostaining of SAMs. Nuclei were 

counterstained with Meyer's haematoxylin. Original magnification x400. Macrophage 

staining, blinded counting and statistical analysis was performed by Cheuk Shan Lai 

(University of Southampton). 

6.4.4.2 Neutrophils 

Neutrophil infiltration was assessed by anti-neutrophil immunostaining and 

counting of positive cells in randomly selected high power fields. Neutrophils 

were largely absent in control livers, but at peak fibrosis (day 1) after CC4 

intoxication there was massive recruitment of neutrophils to the injured liver. 

N eutrophils were rapidly lost from the recovering liver (day 3 -14) in both 
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mmpJ T 1
- and WT mice, consistent with the histological fmdings on H&E staining 

and serum AL T measurements. Again, variability between individual mice meant 

that any differences observed between groups were not statistically significant. 
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Figure 6.12. Neutrophil infiltration i~ n=4 mmp1Z'· and WT livers in CCI4 model of fibrosis 

and spontaneous resolution. A, CCI4 treatment led to a massive increase in the number of 

neutrophils in the livers of both mmp1z'· and WT mice. During recovery, neutrophil 

numbers decreased towards control levels in both groups. There was no statistically 

significant difference (NS) in neutrophil numbers between mmp1Z'· and WT mice at any time 

point using Mann-Whitney U test. B, Immunostaining of neutrophils. Characteristic 2-4 

lobed nuclei are seen at ultra-high magnification (x1000). Nuclei were counterstained with 

Meyer's haematoxylin. Blinded counting of neutrophils and statistical analysis was 

performed by Cheuk Shan Lai (University of Southampton). 
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6.4.5 The effect of MMP-12 deficiency on spontaneous regression of 
experimental liver fibrosis 

6.4.5.1 Remodeling of fibrosis 

Olive oil treated (control) liver was histologically normal. However, at peak 

injury (day 1) all livers showed established but limited fibrosis, with collagenous 

septa linking the hepatic veins and bridging these areas of abnormal fibrosis with 

the portal tracts (Figure 6.13). Alternatively these appearances could be the result 

of passive collapse. It was notable that the fibrosis was less extensive than that 

observed in our previous experiments with the CD11 b-DTR mice, MMP-13 

deficient mice and rats. Blinded assessment by a liver histopathologist (Dr H 

Millward-Sadler, University of Southampton) suggested that at day 1, mmp12-I
-

livers had more Sirius red staining than WT counterparts. At days 3-10 after 

cessation ofCCl4 injury, there was histological evidence of marked fibrosis 

remodeling in both groups. Regression of bridging fibres and perisinusoidal 

fibrosis was observed, with progressive thinning and loss of the septa. 

Remodeling was retarded in MMP-12 deficient mice. By day 14 there was a 

profound reduction in Sirius red positive material in both mmp12-1
- and WT livers, 

apart from some residual matrix in the perivenular sinusoids. The limited amount 

of Sirius red staining and small animal numbers precluded robust image analysis 

based quantitation of fibrosis. 
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Figure 6.13. Sirius red staining in n=4 mmp12-1- and WT mice during recovery after 12 weeks 

CCI4 injury. No fibrosis was seen in control livers, but at day 1 following chronic CCI4 

treatment there was established fibrosis with septa bridging hepatic veins. At day 3-10 of 

recovery, the bridging fibres and areas of perisinusoidal fibrosis were gradually remodeled 

and by day 14 only residual fine collagen fibrils were observed extending into the 

parenchyma. Original magnifications x100. 

6.4.5.2 Deposition and remodeling of elastin 

Despite a significant injury phase (12 weeks) with a proven fibrogenic agent 

(CC4), in both mmpl2"l- and WT mice there was a disappointingly small amount 

of elastic material in the fibrotic bands induced in this model. Again, this 

contrasts with our fmdings in other mouse and rat strains and suggests that a more 

aggressive CCl4 dosing regimen will be required to enhance the signal-to-noise 

ratio in these animals in future studies. As a result, detection of elastin and 

detennination of the phenotype in gene deleted mice was challenging. A variety 

of tinctorial methods were used initially, including Shikata orcein, Miller's stain 

and elastic Van Gieson stain with very minimal stain positive material in the 

livers tested (data not shown). Only the more sensitive technique of 

immunohistochemistry reliably showed elastin in the scars (Figure 6.14). At peak 

injury (day 1) and throughout recovery, there appeared to be more elastin staining 

in the fibrous bands ofmmp12-1
- mice compared to WTs. However, the staining 
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signal was modest and given the small number of animals at each time point in 

this pilot study, robust and reproducible morphometric analysis was not possible. 

Wild type MMP12 deficient 
~~~~ ~~~~~ 

day 1 

day 3 

day 6 

day 14 

controls 

Figure 6.14. Elastin immunohistochemistry in MMP-12 knockout model of CCI4 fibrosis and 

spontaneous recovery. At peak injury (day 1), there were some fibrotic septa with 

contiguous elastin staining in mmp12-1- mice, but this was rarely seen in WT mice. During 

recovery, the septa were remodeled and variable thickening of centrilobular veins (ClVs) 

was observed, with occasional fibrous extensions between hepatocytes. The thickening of 

ClVs appeared greater in mmp1Z'- mice but this was not formally quantified. Negative 

(isotype) control and positive control (CD11b-DTR mouse liver) are shown. Nuclei were 
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counterstained with Meyer's haematoxylin. Original magnifications x400. Data are 

representative of n=4 animals per time point. 

6.4.5.3 Quantitation of elastase activity by casein zymograpby 

Casein zymography has previously been used to assess MMP-12 activity in vivo 

(Shipley 1M et al., 1996). A lysis band at 22kDa using a purified MMP-12 extract 

established proof of principle that casein zymography was a viable technique for 

detecting MMP-12 activity. However, the absence oflysis bands in all whole 

liver extracts (loading 150~g total protein) suggested that MMP-12 in these 

samples was below the detection threshold for this technique. Refmements to the 

protocol to address this might include concentrating the protein samples and 

increasing the time of gel development. In addition, a more aggressive CCLt 

dosing regimen with increased macrophage numbers may also be important to 

enhance detectable levels. 

22kDa -

+ve KO WT KO WT KO WT -ve L 

oil day 1 day 3 

Figure 6.15. Casein zymography of whole liver homogenates in MMP-12 knockout mouse 

model of CCI4 fibrosis and spontaneous recovery. Areas of casein degradation are 

visualized as clear zones of lysis after Coomassie blue staining. 22kDa represents the fully 

processed enzyme. +ve= positive control MMP-12 cell extract (Sigma, UK); -ve=water 

control; L=ladder. 

6.4.6 Expression of neutrophil elastase in MMP-12 gene knockout 
model 

In view of the modest phenotype in the MMP-12 deficient mice in this pilot 

model, the role of the serine proteinase neutrophil elastase (NE) was examined. 

Neutrophils package active NE in azurophil (primary) granules and matrix 

metalloproteinases (MMP-8, MMP-9) in specific (secondary/tertiary) granules. 

Certain subpopulations of macro phages can also express NE (Sugiyama S et aI., 
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2001). NE degrades not only elastin but also fibronectin, laminin, collagen III, IV 

and VI and proteoglycans (Owen CA et ai., 1999). NE tips the proteolytic 

balance in favour of matrix degradation by activating MMP-2, MMP-3 and MMP-

9 and by inactivating TIMP-1 (Ferry G et ai. , 1997; Okada Y & Nakanishi I, 

1989; Itoh Y & Nagase H, 1995). NE also regulates the activity of several 

cytokines including TNFu, IL-1~, IL-6 (Bank U et ai., 1999) and IL-8 (padrines 

Met ai., 1994). 

6.4.6.1 Neutrophil elastase mRNA expression by real time RT-PCR 

Expression ofNE mRNA in whole liver extracts was significantly increased at 

peak injury (day 1) up to 34-fold in mmplT1
- and 45-fold in WT mice. The level 

of expression decreased rapidly thereafter in both groups, although mRNA 

transcripts were still 7-fold higher compared to controls at day 14 of recovery. 

During recovery there was no statistically significant difference in NE mRNA 

levels between mmp12-1- and WT animals. 
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Figure 6.16. Neutrophil elastase mRNA expression in whole liver extracts by real time RT

PCR in MMP-12 knockout (KO) and wild type (WT) mice in CCI4 model of fibrosis and 

spontaneous recovery. Values represent fold increase in NE mRNA relative to olive oil 

treated (control) liver and normalized to 18S RNA. Mean +/- SO. NS = not significant. Data 

are representative of 2 separate experiments in n=4 animals per time point. 
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6.4.6.2 Neutrophil elastase protein expression by Western blot analysis 

NE protein expression in whole liver homogenates was analyzed by Western 

blotting. NE protein was detected in olive oil control liver and upregulated in 

CCl4 treated mmp12-1
- and WT mice during early recovery (Figure 6.18). There 

was no clear difference in NE protein expression between mmplT1
- and WT mice. 
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Figure 6.17. Western blot showing neutrophil elastase protein expression in whole liver 

extracts during early recovery in MMP-12 knockout mouse model of CCI4 fibrosis and 

spontaneous resolution. NE protein was detected in control liver, but expression was 

increased during early recovery following CCI4 injury. There was no clear difference in 

protein expression level between mmp1T- and WT mice. 

6.5 Discussion 

Previous work had shown that conditional macrophage depletion at the onset of 

recovery from CC4 fibrosis in CDllb-DTR transgenic mice inhibited degradation 

of scar associated matrix proteins, including elastin (Figure 5.1). This observation 

indicated that macrophages might be an important source of elastolytic enzymes 

and, therefore, I initiated a series of baseline studies to begin to defme the role of 

elastin and MMP-12 in rodent models ofCCl4 induced fibrosis and spontaneous 

recovery. 

Whilst elastin, in the form of tropoelastin mRNA expression, is increased with 

fibrogenesis (CM Constandinou, unpublished data), the presence of elastin laid 

down in tissue is a late feature and only occurs in mature scars. This suggests that 

elastin degradation may be important. However, remodeling of elastin during 

regression of fibrosis and the enzymes mediating this process are poorly 
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characterized. 

In rats, elastin was shown to persist in the thin attenuated fibrotic bands that 

remain 366 days after cessation of 12 weeks CCl4 (Figure 6.4 and 6.5). By 

inference, elastin may directly impact upon the degree to which scar matrix can be 

degraded. Studies have shown that mature scars contain cross-linked collagen 

which is more resistant to MMP mediated proteolysis (Grenard P et a!., 2001; Issa 

Ret aI., 2004) and elastin facilitates such cross-linking by donating lysyl residues. 

Activity oflysl oxidase (Kim Y et a!., 1999) and tTG (Mirza A et ai., 1997; Issa R 

et al., 2004) enzymes is increased in fibrotic liver and in a study ofHCV infected 

patients tTG expression correlated with the progression of liver disease (Nardacci 

Ret al., 2003). 

There were several lines of evidence to suggest that MMP-12 might playa key 

role in ECM remodeling and regression of rodent liver fibrosis. Firstly, 

macrophages populate hepatic scars during fibrosis and spontaneous recovery in 

rat and mouse CC4 models (Duffield et at., 2005) and these cells were shown to 

contain mmpJ2 by in situ hybridization (Figure 6.2). Secondly, MMP-12 

deficient mice have a markedly diminished capacity to degrade ECM components 

in the injured lung and mmp J T 1
- macrophages cannot penetrate basement 

membranes in vivo (Shipley 1M et at., 1996). 

A cohort of adult female mmpJ T 1
- mice were a gift from Dr SL Pender 

(University of Southampton) and a pilot model of CCl4 fibrosis and recovery was 

undertaken using the gene deleted mice. A first key question to answer was 

whether recruitment of inflammatory cells differed in mmpJ T 1
- and WT mice 

following liver injury, because interpretation of subsequent data was incumbent 

on that. Reassuringly, there were no significant differences in inflammatory cell 

recruitment between mmp J T 1
- and WT mice. There was some evidence of 

enhanced necro-inflammation (on H&E staining and serum AL T measurement) in 

WT mice relative to MMP-12 knockouts at peak injury (day 1), consistent with 

the previously reported pro inflammatory action of MMP-12 (Nenan S et at., 

2005). Perhaps surprising was that macrophage infiltration was seemingly 

unaffected in the livers of mmp J T 1
- mice, given that this function has been linked 

to MMP-12 in the smoke injured lung (Hautamaki Ret at., 1997). However, the 
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limitations of this study should be underscored. This experimental model was 

established as a pilot to explore the utility of this approach in the study of elastin 

turnover in liver fibrosis. As such, the numbers of animals were limited - in 

retrospect to a degree that prevented effective and robust quantitative analysis of 

the observed differences in fibrosis reduction and elastin degradation (both 

retarded) in the MMP-12 knockouts observed during a blinded histological 

analysis. Additionally, the only available mmpJ T 1
- and WT mice were age and 

sex mismatched. Female mice have been shown to exhibit reduced liver injury 

and enhanced repair following CCl4 treatment (Smejkalova J, 1988), which is also 

likely to have contributed to the modest mmpJ T 1
- phenotype. Furthermore, the 

study was underpowered due to insufficient numbers of mice used, such that 

subtle phenotypic differences could have been missed. To complicate these 

unavoidable shortcomings in the experimental protocol, livers from both mmpJ T 1
-

and WT mice which were treated with our standard laboratory CCl4 regimen 

showed less fibrosis and elastin deposition and more rapid recovery than previous 

studies using 12 weeks CC4 toxicity in other mouse strains (e.g. CDllb-DTR). 

Strain differences in the mice or inadequate CCl4 dosing could have accounted for 

this. Indeed, it has been shown that BALB/c mice develop severe liver fibrosis 

after CC4 whereas C57BLl6 mice develop comparatively minimal fibrosis; strain

specific differences that are mediated by divergent T helper cytokine responses 

(Shi Z et ai., 1997). 

In these respects this data has proven highly valuable in indicating that further 

studies using greater numbers of animals are justified. A more extended dosing 

regimen causing advanced fibrosis and slower recovery (possibly in a fibrosis

prone strain of mouse e.g. BALB/c) will likely widen the 'window of opportunity' 

to reveal differences between WT and mmpJ2 knockout mice. Given the 

observed histological changes we may then anticipate an intriguing phenotype. 

Of central importance this data has shown that, unlike the lung, macrophage 

infiltration seems unaffected by MMP-12 deficiency - validating the utility of this 

model in studies of liver fibrosis. As with all knockout experiments, alternative 

explanations for the modest phenotype in this model are the expression of a 

truncated or mutated protein with bioactivity, or compensation by other 

elastastolytic enzymes. Consequently, the role of neutrophil elastase was 
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explored in this study. 

NE is a potent serine proteinase with catalytic activity against a broad array of 

ECM substrates, including elastin, and has been shown to play an important role 

in emphysema (Shapiro SD et a!., 2003) and vascular remodeling in atherogenesis 

(Dollery CM et al., 2003). In addition, NE has been implicated in the 

pathogenesis of human liver disease. NE can act as a marker of disease severity 

in patients with alcohol induced chronic liver damage (Stanley AJ et al., 1996) 

and contributes to the early step of the inflammatory cascade in acute viral 

hepatitis (Takai S et a!., 2005). Furthermore, neutrophils have the potential to 

cause endothelial cell injury in cirrhotics (Shimizu Y et al., 1999). 

Immunohistochemistry for infiltrating neutrophils during recovery after CC14 

showed a trend towards increased numbers in mmpJI1
- mice compared to WTs at 

all time points, although differences were not statistically significant (Figure 

6.12). Quantitation ofNE mRNA showed differential expression with highest 

transcript levels at day 1 in WT mice, but greater levels from days 3-10 recovery 

in mmp12-1
- mice. Although NE protein levels in whole liver extracts showed no 

significant difference between groups, it is possible that NE in areas of resolving 

fibrosis (where neutrophils accumulate) was enhanced in mmp12-I- mice. Laser 

capture microdissection or in situ hybridization could be used to clarify this. It is 

tempting to speculate that increased NE in mmpJ II- mice could have compensated 

partly for the lack ofMMP-12 and suggests that in future studies careful 

measurement ofNE expression will be required. In addition to its proteolytic 

function, NE also mediates macrophage recruitment in the lung (Shapiro SD et 

al.,2003). Furthermore, pro inflammatory monocytes that are destined for 

transvascular migration into tissues express significant amounts ofNE (Owen CA 

et al., 1994). It is therefore plausible that macrophages in mmpJ2-1- mice could 

utilize NE to migrate to the site of injury and that neutrophil derived NE could 

recruit them from the vasculature. 

The cross-talk between neutrophils and macrophages and the relative involvement 

ofNE and MMP-12 could be further elucidated by studying the fibrogenic and 

recovery phases of CCl4 fibrosis in NE knockout mice. The expression of other 

elastolytic MMPs that might compensate for MMP-12 deficiency, in particular 
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MMP-3, MMP-7 and MMP-9 should also be the subject of future studies, as have 

been examined in MMP-13 knockouts shown earlier (Figure 5.9). 

6.6 Summary of key findings 

• Elastin persisted in CC4 treated fibrotic rat liver even after 1 year of 

spontaneous recovery and might influence reversibility of fibrosis by 

facilitating complex cross-linking of interstitial collagen. 

• MMP-12 deficiency did not affect inflammatory cell infiltration into the 

injured mouse liver following chronic CCl4 intoxication. 

• The observed phenotype in MMP-12 gene deleted mice was a modest 

enhancement of fibrosis and elastin relative to WT animals, but this 

pilot study was underpowered and a more aggressive CCI4 regimen is 

required to study more advanced fibrosis and cirrhosis in these animals. 

• Neutrophil elastase was expressed during recovery in CCI4 treated 

mmp 1 T1
- and WT mice and might contribute to ECM remodeling 

directly, by modulating cytokine or MMP activity, or via macrophage 

recruitment. 
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Chapter 7: General Discussion 

7.1 Overview 

Remarkably, the identity and source of the rodent collagenase(s) which mediates 

matrix remodeling in liver fibrosis has remained elusive, despite the importance of 

this information to the interpretation of models designed to determine the 

pathogenesis of fibrosis and provide proof of concept of potential therapies. 

Duffield and colleagues (2005) recently demonstrated an unequivocal role for scar 

associated macrophages (SAMs) in the spontaneous resolution of liver fibrosis 

and in this thesis I sought to determine whether SAMs were the source of MMP-

13 (collagenase-3), considered to be the primary interstitial collagenase in rodents. 

I have demonstrated an association between MMP-13 expression and the presence 

of SAMs in the regression of experimental liver fibrosis. Furthermore, mmp 13 

gene expression was restricted to regions of fibrosis that were rich in SAMs. Both 

mmp13 mRNA and protein co-localized to large phagocytes within and directly 

apposed to hepatic scars. Using the CD11 b-DTR transgenic mouse to deplete 

SAMs in a model of chronic CCl4 injury, SAM depletion curtailed mmp13 mRNA 

expression. Furthermore, regression of CCl4 induced fibrosis was retarded in 

MMP-13 deficient mice. These fmdings suggest that SAMs selectively, during 

regression of fibrosis induce and utilize the major collagenase MMP-13 to 

mediate the resorption of interstitial matrix and successfully remodel the fibrotic 

liver. 

An important observation from the CD11 b-DTR mouse studies was the failure to 

degrade the scar component, elastin, after conditional macrophage ablation at the 

onset of recovery following chronic CCl4 injury. SAMs were, therefore, 

hypothesized to represent a potential source of elastolytic proteinases during 

regression of fibrosis. Elastin was identified as a durable constituent of mature 

hepatic scar matrix in human fibrotic liver and in rodent models. The major 

macrophage elastase MMP-12 had been localized to SAMs in the CCl4 injured rat 

liver and protein levels were upregulated following iterative injury and detected 

during the recovery phase (CM Constandinou, unpublished data). The role of 

MMP-12 in spontaneous regression of liver fibrosis was subsequently examined 
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using gene deleted mice, but the observed phenotype was subtle and probably 

underestimated by the mild degree of liver scarring induced in this model. 

7.2 Summary of key findings and contribution to the current 
literature 

7.2.1 The role of MMP-13 in spontaneous regression of experimental 
liver fibrosis 

In contrast to humans, where MMP-l is expressed as the major interstitial 

collagenase, the orthologue ofMMP-l (McolA) is expressed in mice at low levels 

(Balbin Met al., 2001). Instead, MMP-13 is widely believed to remodel fibrillar 

collagen in rodent tissues. Despite structural and functional similarities, MMP-I 

and MMP-13 show contrasting responses to cytokines and growth factors and 

have distinct MMP dependent activation mechanisms (Knauper V et aI., 1996b). 

Therefore, one should not automatically assume that observations from rodent 

models of liver fibrosis are germane to human disease. Nevertheless, I have 

demonstrated MMP-13 protein expression in human alcoholic cirrhosis within 

scar associated phagocytes, consistent with the rodent studies, suggesting that 

MMP-13 may additionally playa role in remodeling of human liver fibrosis. As 

well as cleaving collagen-l at a single locus in the triple helix, MMP-13 cleaves 

collagen-l at a site in the N-telopeptide which destabilizes cross-linked collagen. 

This may facilitate the breakdown of mature, highly cross-linked collagen in 

tissues which have been rendered resistant to MMP-l. However, previous studies 

suggest cross-linked collagen is relatively spared from degradation after injury is 

stopped (Issa R et al., 2004). 

Much of the descriptive work on MMP-13 in Chapters 3 and 4 implicates its role 

in resolution, but more convincing evidence supporting a functional role was 

demonstrated by the effects on fibrosis regression in macrophage depleted 

CD11 b-DTR transgenic mice and in MMP-13 deficient mice. The modest but 

consistent phenotype of the mmpI3 -/- mice indicated that other enzymes capable 

of cleaving collagen at the % - Y4 locus may have been called into play. mmp2, 

mmp8 and mmp14 mRNAs were upregulated during recovery although relative 

differences in expression level between mutant and WT mice were not statistically 
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significant. Nevertheless, the combined effect of these collagenases might have 

materially contributed to matrix degradation. It would be interesting to perform a 

more prolonged follow up beyond 5 days of spontaneous recovery to see whether 

complete resolution does eventually occur in MMP-13 deficient mice or if 

reduced matrix remodeling persists relative to WT counterparts. Any further 

experiment should also aim to induce a more intense fibrosis or cirrhosis 

although, as also shown in the MMP-12 knockout pilot model, this can be difficult 

to achieve in mouse models. Functional compensation for knockout genes by 

proteinases with overlapping substrate specificities is not an unusual phenomenon 

(Manoury Bet al., 2006; Hartenstein B et al., 2006). Of the MMPs targeted to 

date, all except for MMP-14 (Holmbeck K et al., 1999) show no or only a minor 

phenotype in unchallenged mice. These observations indicate that many MMPs 

do not serve vital functions in development or homeostasis and many are not even 

expressed in the foetus, or successful implantation selects for those with a 

compensated phenotype. In contrast, once challenged, MMP knockout mice 

reveal a spectrum of phenotypes indicating that these enzymes serve specific and 

at times essential roles in tissue repair as well as angiogenesis, host defence, 

inflammation and tumour progression among other processes. 

The effect of targeted gene disruption of a candidate collagenase on regression of 

liver fibrosis has never been previously reported, although unpublished findings 

demonstrate that CCl4 treated MMP-2 knockout mice only have a small increase 

in fibrosis after injury (SL Friedman, unpublished data) and do not have a 

phenotype during resolution of fibrosis (AM Jamil, personal communication). In 

contrast, MMP-13 deficient mice displayed a retarded remodeling phenotype in 

liver fibrosis and preliminary data using mmpi T'- littermates in a model of 

unilateral ureteric obstruction has shown profound attenuation of renal matrix 

degradation (M Mizuno, personal communication). 

Clues to the importance ofMMP-13 in collagen turnover have also been provided 

by studies using mice with a targeted mutation in the ColI a-I gene that encodes 

amino acid substitutions around the specific collagenase cleavage locus in the 

helical domain of collagen-I. Mice homozygous for this mutation (ColI a_Ir') 

have been used to investigate its impact in different models of wound healing. 

Regression ofCCl4 liver fibrosis was inhibited in rlr mice (lssa R et aI., 2004) and 
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healing of epithelial skin wounds was delayed (Beare A et aI., 2003). 

Furthermore, in the Call a_l r/r mouse, not only was epithelial remodeling 

impaired, but macrophage influx was higher and MMP-13 was increased and 

more persistent in or near the wound in the rlr mice while other MMPs were 

similarly expressed in the mutant and the WT (Beare A et al., 2003). MMP-13 

has also been shown to be overexpressed in other tissues in the rlr mouse (S 

Krane, personal communication), all of which points to a major role for MMP-13 

in mediating tissue remodeling in vivo. 

The relative contribution of other MMPs with collagenase activity (in vitro and/or 

in vivo) will become clearer as the results of further gene targeting experiments 

become available. Conditional knockout mouse models based on tissue specific 

inactivation of the gene of interest might reduce the risks associated with 

constitutive knockouts such as lethality or a complex phenotype (Smith CM, 

2000). It is quite possible that several MMPs may contribute to the hepatic 

remodeling process at different stages. Further clarification of the functional 

phenotype of SAMs during recovery and their MMP repertoire will also be 

required. 

7.2.2 The role of MMP-12 in spontaneous regression of experimental 
liver fibrosis 

Although elastin has long been recognised as a durable constituent of hepatic scar 

matrix (Scheuer Pl & Maggi G, 1980; Thung SN & Gerber MA, 1982), elastin 

turnover in liver fibrosis and the identity of the key elastinolytic enzymes has 

remained unclear. 

Elastin is distributed within the central portion of thick bridging collagen bands in 

human and rodent models of liver fibrosis. These are the most mature areas of 

scarring, where extensive tTg -mediated matrix cross-linking occurs (lssa R et al., 

2004), thus limiting matrix degradation even in the presence of active MMPs at a 

time when TIMP expression is reduced. Future anti fibrotic therapies may require 

activity against matrix cross-links or elastin and therefore identification of the key 

elastase(s) within the liver and the cellular source have particular relevance. 

Previous work has shown that MMP-12 is detectable within SAMs by in situ 
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hybridization (CM Constandinou, unpublished data) and ablation ofSAMs in 

CD11 b-DTR mice resulted in a failure to degrade elastin (Duffield JS et at., 

2005). In a pilot model ofMMP-12 deficiency, modest differences in elastin and 

fibrosis were observed relative to WT mice. The likely reasons for this modest 

phenotype are that the study was underpowered, the animal groups were not 

uniform or optimal with respect to sex or age, and in retrospect a larger dose and 

increased duration of CC4 was required. However, the study was highly valuable 

in validating CCl4 as a model for MMP-12 function in the liver using gene 

knockouts, as inflammatory cell recruitment and NE expression were constant 

across genotypes. Although there was no clear difference in serine elastase (NE) 

expression between mmp 1 T 1
- and WT mice in this preliminary model it is likely 

that future studies, potentially including a knockout model, will need to 

specifically focus on the possible functional importance of other proteinases with 

elastase activity such as NE. Several studies have reported that MMP-12 is 

required for accumulation of macro phages during tissue injury. Nenan and 

colleagues (2005) recently demonstrated that instillation of recombinant catalytic 

domain of human MMP-12 to mice induced inflammation with prominent and 

stable macrophage recruitment to the lung. Houghton and colleagues (2006) 

showed that MMP-12 derived elastin fragments induced chemotaxis of monocyte

macrophages in a murine model of emphysema. In the current study, there was no 

statistically significant difference in the number of macrophages in the livers of 

mmp1 T 1
- or WT mice during recovery of fibrosis. This may suggest that different 

mechanisms are involved in the liver or that, in this study, macrophage 

accumulation was not dependent on chemotaxis from MMP-12 derived elastin 

fragments. Even in the lung, macrophage recruitment is not simply due to a 

requirement ofMMP-12 for monocytes to properly emigrate from the vasculature 

to the lung because monocytes do not synthesize MMP-12; only differentiated and 

activated tissue macrophages produce this proteinase (Shipley 1M et at., 1996). 

Other chemotactic stimuli (e.g. MCP-I, cryptic sequences from ECM proteolysis) 

could drive this process in the liver. Furthermore, MMP-12 deficient 

macrophages could utilize NE to migrate across basement membranes. 
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7.3 Evaluation of experimental models of rodent fibrosis used in this 
thesis 

There are clearly practical and ethical barriers to following the cellular and 

molecular mechanisms mediating recovery from fibrosis in humans by way of 

serial biopsy, particularly in patients who appear to be improving clinically. 

However, the use of animal models permits frequent sampling and control over 

the time course and extent of liver fibrosis and resolution, and allows 

manipulation of these complex processes in vivo. 

Carbon tetrachloride intoxication in rats and mice is probably the most widely 

studied experimental model of liver fibrosis and is well characterized with respect 

to the histopathological and molecular changes associated with injury, 

inflammation, fibrosis and repair. It also appears to recapitulate the pattern of 

disease seen in human fibrosis and cirrhosis associated with alcohol damage 

(perez Tamayo R, 1983; Tsukamoto H et af., 1990). Furthermore, the 12 week rat 

CClt model (which was used extensively in this thesis) induces micronodular 

cirrhosis which undergoes dramatic but incomplete remodeling during a year of 

spontaneous recovery (Issa R et af., 2004). The least mature areas of fibrosis are 

predominantly remodeled, resulting in an attenuated macronodular pattern of 

cirrhosis. These observations mirror exactly the fmdings of Wanless and 

colleagues (2000) in explanted human cirrhosis of various aetiologies, where 

progressive septal resorption leads to the formation of large cirrhotic nodules. 

Furthermore, CClt appears to elicit a reproducible fibrotic response, such that it is 

:frequently used as a model for mechanistic or proof of concept therapeutic 

studies. For mice, however, strain specific differences in CCl4 sensitivity 

represent a significant and unpredictable variable (Shi Z et af., 1997). For this 

reason, all mice used in the knockout models (mutated and WTs) were C57BLl6 

background. A valid criticism of the MMP-12 knockout study was its small 

sample size and use of non sex- and age-matched mice. There is some evidence 

to suggest that female mice may be more resistant to CCl4 fibrosis (Smejkalova J, 

1998), but this was primarily a pilot experiment to validate the approach and two 

more sophisticated MMP-12 knockout models, redesigned on the basis of the data 

generated in the reported study, are now proposed. 
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7.4 Suggestions for future study 

The data generated from these studies have raised important questions and 

provided several themes that should be pursued in future studies. 

7.4.1 The origin and functional phenotype of SAMs in regression of 
liver fibrosis 

The functional phenotype of SAMs in liver injury and recovery needs further 

characterization and should be a primary focus of future studies. Duffield and 

colleagues (2005) have provided the first clear evidence that functionally distinct 

subpopulations of macrophages can exist in the same tissue, performing both 

injury-inducing and repair-promoting tasks. But are the same macrophages 

responsible for mediating these divergent processes during recovery through 

phenotype switching or are different subsets of macrophages specifically 

recruited? The former seems more likely and is consistent with evolving concepts 

of macrophage function, whereby macrophage properties are the consequence of 

aggregated, programmed or hierarchical responses to specific stimuli and the 

biological context (Erwig L-P et al., 2003). These experiments have shown that 

macrophages develop co-ordinated sets of non overlapping and mutually 

exclusive properties when exposed to specific cytokines (Riches 0, 1995). An 

alternative explanation, supported by other studies (Duffield JS et al., 1995; 

Lapidot T & Kollet 0, 2002; Lataillade J et al., 2000) is the recruitment and 

differentiation of bone marrow (BM) derived monocytes into hepatic 

macrophages. Using V-chromosome fluorescent in situ hybridization (FISH) in 

BM chimeric mice, it was shown that around 50% of SAMs are derived from the 

BM monocyte pool (Duffield JS et al., 2005). The rest are presumably derived 

from a non haematogenous source, most probably resident Kupffer cells. These 

data are interesting in view of other recent work which has shown that a 

significant proportion of hepatic myofIbroblasts in liver fibrosis are also ofBM 

origin (Forbes SJ et ai, 2004). But there are several unanswered questions. 

Firstly, if phenotypic switching of the same cells accounts for the divergent 

behaviour ofSAMs during injury and recovery, what are the signals driving this 

switch? An approach to answering this question would be to isolate SAMs by 

flow cytometry at different stages during injury and recovery to analyze their 
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transcriptional profile by gene microarray and to perform functional studies (e.g. 

phagocytosis assays). Specifically, CD11 b-DTR cells could be isolated from the 

livers of control mice (treated with PBS rather than diphtheria toxin) using flow 

cytometry. This strategy could be used in mice chimeric for wild type BM cells 

post BM transplant so that the phenotype of intrinsic CDllb-DTR expressing 

SAMs could be distinguished from those derived from BM. It might then be 

possible to determine whether the functional distinctions are clearly related to 

macrophage origin. 

The factor(s) mediating recruitment of circulating monocyte-macrophages to the 

recovering liver should also be addressed. During injury (e.g. paracetamol) MCP-

1 and CCR2 may playa role (Dambach DM et aI., 2002). It would be interesting 

to perform experiments using dual IHC for MMP-13and a macrophage marker 

(e.g. F4/80) combined with Y chromosome FISH, to determine whether BM 

derived macrophages express MMP-13 during recovery. Others have recently 

demonstrated that BM derived cells are recruited to CCl4 injured mouse liver 

following hematopoietic reconstitution with enhanced green fluorescent protein 

(EGFP)-expressing BM cells. Some EGFP( +) cells were observed during 

recovery and a proportion of these transiently expressed MMP-13 in periportal 

areas, whereas MMP-9 was detected diffusely throughout the liver in several 

different cell types over the recovery period (Higashiyama R et ai., 2007). 

The transcriptional regulation ofMMP-13 expression in macrophages during liver 

fibrogenesis and spontaneous resolution requires investigation. Induction of 

MMPs by cytokines appears to depend on unique combinations of signaling 

pathways that are cell type specific. For example, in chondrocytes p38, JNK, and 

NF-kB are required for IL-I induction ofMMP-13 (Mengshol JA et ai., 2000). In 

contrast, in chondrosarcoma cells MMP-I induction depends on p38 and MEK (a 

MAPK kinase) and does not require JNK or NF-kB (Mengshol JA et ai., 2000). 

Interestingly, the expression of type I coUagenand MMP-13 mRNAs in HSCs 

appears to be reciprocally modulated by TGFp. Specifically, TGFpI induced a 

rapid decline in steady state levels of MMP-13 mRNA at the time when type I 

collagen mRNA was upregulated by the cytokine (Lechuga CG et ai., 2004). Wu 

and colleagues (2002) have used real time visualization ofMMP-13 promoter 

activity in transgenic mice to study the role of MMP-13 in cutaneous wound 
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healing. This technique could be used to visualize and quantify MMP-13 

promoter activity (as luciferase bioluminescence) in vivo during recovery in the 

fibrotic mouse liver, with in situ hybridization to localize mRNA expression. 

Preliminary studies focusing on the phenotype of SAMs during progressive liver 

fibrosis and spontaneous recovery suggest that two morphologically distinct 

macrophage populations exist. Some appeared 'dendritic ' in morphology whereas 

others appeared larger, rounder and contained large phagolysosomes filled with 

fluorescent. debris (Figure 7.1). Further experiments (beyond the scope of this 

study) are required to confirm the derivation of these cells and determine whether 

reliable phenotypic markers can be elucidated. During the recovery phase of the 

CD11 b-DTR model, the predominant macrophage morphology in the liver in the 

WT was the round, phagocytic cell type (~80 % at day 7 of recovery), which 

correspond to the large SAMs that expressed MMP-13 mRNA and protein in 

Chapter 4. These reparative macrophages express the markers CD 11 b, CD68 and 

gpNMB OS Duffield, personal communication). The latter could function as a 

co-receptor for phagocytosis, scavenging for necrotic and apoptotic cellular debris 

and remodeling the matrix. 

, ~ , 
--. "'. ~ • ~ 

Figure 7.1. C068 immunofluorescence of murine liver during spontaneous recovery of CCI4 

fibrosis. A population of large, phagocytic 'reparative' macrophages was identified. Nuclei 

were counterstained with OAPI. Original magnification x400. 
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7.4.2 Further exploration of the role of MMP-13 and MMP-12 in 
regression of liver fibrosis 

Studies in MMP-13 deficient mice suggested an in vivo role for MMP-13 in 

mediating spontaneous regression of liver fibrosis. This role could be explored 

further by crossing mmp 13-1- mice into ColI a_Ir/r mice to generate compound 

mutant mice with non degradable type I collagen. These mice could be compared 

to mmpI3-1
- and mmpI3+I+j ColI a_Ir/r mice to determine whether the liver fibrosis 

phenotype in mmpI3-1
- mice is due specifically to a failure of collagen degradation 

or to loss of other MMP-13 functions, which might include activity against non 

collagenous and non matrix substrates (e.g. aggrecan (Miwa HE et at., 2006), 

fibrillin (Ashworth JL et at., 1999)). 

The expression and potential role ofMMP-13 as a collagenase in human liver 

disease should be studied in additional explanted cirrhotic livers from a range of 

underlying aetiologies. This may reveal disease specific differences in MMP 

expression and in the cell populations expressing proteases in human liver. 

The role ofMMP-12 in resolution of liver fibrosis should be examined in greater 

detail. The pilot MMP-12 knockout model was helpful in developing the required 

techniques and reagents necessary to study elastin remodeling in vivo and the 

subtle phenotypic differences between mutant and WT mice indicate that a 

modified protocol with more aggressive CCl4 dosing, increased sampling time 

points and larger cohorts of age and sex matched (male) mice is likely to provide 

exciting data. It may be that a higher dose or more prolonged course of CCI4 is 

required to induce adequate fibrosis, such that differences in the remodeling 

response are more apparent. This might also allow for accurate quantification of 

elastin (and/or allysine cross-links) in whole liver using high performance liquid 

chromatography (HPLC) (Gonclaves C et at., 2001; Umeda H et at., 2001), to 

complement the in vivo elastin staining techniques. 

MMP-12 has a pro inflammatory role in pulmonary (Churg A et at., 2002; Churg 

A et al., 2003) and intestinal (SL Pender, personal communication) models of 

injury. It was therefore hypothesized that MMP-12 might mediate inflammatory 

cell recruitment in acute liver injury. MMPs, TIMPs and cytokines have been 

detected in the liver early (3-96 hours) after a single dose of CCl4 in rats (Knittel 
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T et al., 1999). This theory is already being tested in the Southampton laboratory 

by studying the early hepatic inflammatory response to CC4 intoxication in 

MMP-12 deficient and WT mice (see Appendix 3). 

Finally, these studies should be viewed in a broader context. MMPs usually co

operate to break down complex extracellular matrices and can also activate each 

other. This leads to biological redundancy in some cases, but important 

requirements in others, for a particular MMP. Therefore, whilst a knockout 

mouse model may show that a particular MMP is important for a particular 

process, the reason may be very complex. 

7.4.3 Therapeutic advances 

The recognition of macrophages as key players in hepatic injury and repair, 

coupled with the discovery that BM derived cells are recruited to the liver in order 

to restore its normal architecture have encouraged investigators to exploit these 

mechanisms in developing antifibrotic therapies for patients with chronic liver 

disease. 

Wilson and colleagues (2002) transduced primary cultures of macrophages to 

express IL-l 0 and tested the ability of these cells to control rat nephrotoxic 

nephritis, a model of human glomerulonephritis. Transduced BM derived 

macrophages were injected into the renal artery after induction of injury, where 

they localized efficiently to inflamed rat glomeruli and attenuated nephritis in 

both the ipsilateral and contralateral kidneys. This study highlighted the 

possibility of using local delivery of genetically modified macrophages to 

manipulate inflammatory based diseases. 

The role of stem cells is to replenish multiple mature differentiated cell types and 

thereby achieve long term tissue reconstitution. Stem cells retain the capacity to 

generate progeny and renew themselves throughout life. Haematopoietic stem 

cells are the main stem cell population within the BM and give rise to all mature 

blood lineages. A second type of BM stem cell, the mesenchymal stem cell, 

forms stromal tissue and can give rise to cells of mesodermal origin. A 

longstanding biological principle has been that cell loss is reconstituted via stern 

cells resident within and specific to an organ, but recent work suggests that this 
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tenet may not hold for all organs or all types of injury, and tissue damage may 

attract migratory stem cell populations, especially those from the BM. This 

observation has led to considerable interest in liver disease, where new strategies 

to restore hepatocyte number, augment liver function and counteract progressive 

organ fibrosis are desperately required (Kallis Y et ai., 2006). Terai and 

colleagues have exploited this potential to use BMSCs for therapeutic application 

in human liver disease by performing autologous BM cell infusion from a 

peripheral vein in 9 patients with cirrhosis. Significant improvements in liver 

function and increased expression of proliferating cell nuclear antigen (PCNA) 

were observed, with no major adverse effects (Terai S et ai., 2006). 

7.4.4 Final comments 

The identification of SAMs as the primary source of hepatic interstitial 

collagenase (at least in rodents) represents a major advance in our understanding 

of fibrosis resolution. The preliminary studies in human cirrhosis indicate that 

MMP-13 might also playa more prominent role in human liver fibrosis than was 

previously considered. 

Taking the MMP-13 data together, a tentative model can thus be constructed 

(Figure 7.2), whereby local release ofMMP-13 by SAMs (a proportion of which 

are likely to be recruited monocyte-macrophages) represents a key initial event in 

the process ofECM degradation. Further characterization ofSAMs in recovery 

may uncover additional functional roles. For example, SAMs may also regulate 

the fate of HSCs during regression of fibrosis. They could mediate this directly 

by the expression ofTNF-related apoptosis-inducing ligand (TRAIL) or other pro

apoptotic stimuli as recently reported (Fischer R et ai., 2002), or indirectly by 

degrading fibrillar collagen (via MMP-13 or other collagenases), thus removing 

important survival signals for HSCs (Issa R et ai., 2003). 
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Figure 7.2. Summary diagram illustrating the central role of the hepatic macrophage in liver 

fibrosis and spontaneous resolution. TRAIL=TNF-related apoptosis-inducing ligand. 
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Appendix 1: Reagents 

Primary antibody conditions 

Antibody Type [IgG] Antigen Dilution Clone I 
Retrieval manufacturer 

MMP-13 Ms anti Rt Img/ml CitratelMW 1180 VIII A2, Biocarta 
EDTAlMW (Hu) 

F4/80 Rtanti Ms Img/ml CitratelMW 1I2S0 C 1 :A3-1, Serotec 

ED-l Msanti Rt O.5mg/ml CitratelMW 1I1S0 ED-l, Serotec 

TIMP-l Rb polyclonal 20Omg/ml CitratelMW 1/S00 H-lSO, SantaCruz 

a.-SMA Ms anti Rt 2.2mg/ml CitratelMW 1/S00 lA4, Sigma 

Ms=mouse; Rt=rat; Rb=rabbit; Gt=goat; Hu=human; MW=microwave 

Primers and Probes for TaqMan real time RT-PCR (Rat) -
sequences 

MMP-13: 

sense: 5' -GGTTGAGCCTGAACTGTTTTTGA-3' 

antisense: 5' -CTCGTATGCAGCATCCACATG-3' 

probe: 5' -AGTCCTTTTGGCCAGAACTTCCC-3' 

MTI-MMP (MMP-14): 

sense: 5'-CAGCGTTCACTGCTGGACAA-3' 

antisense: 5' -CCTTCGGAGGAGGCAAAGTC-3' 

probe: 5' -CCCCCACCACTGGCCCACC-3' 

TIMP-l: 

sense: 5' -AGCCTGTAGCTGTGCCCCAA-3' 

antisense: 5' -AACTCCTCGCTGCGGTTCTG-3' 

probe: 5' -AGAGGCTCTCCATGGCTGGGGTGTA-3' 
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TGFI31: 

sense: 5'-AGAAGTCACCCGCGTGCTA-3' 

antisense: 5'-TGTGTGATGTCTTTGGTTTTGTAT-3' 

probe: 5'-TGGTGGACCGCAACAACGCAA TC-3' 

GAPDH: 

sense: 5'-GGCCTACATGGCCTCCAA-3' 

antisense: 5' -TCTCTCTTGCTCTCAGTATCCTTGC-3' 

probe: 5' -AGAAACCCTGGACCACCCAGCCC-3' 

procollagen-l: 

sense: 5' -TTCACCTACAGCACGCTTGTG-3' 

antisense: 5' -GATGACTGTCTTGCCCCAAGTT -3' 

probe: 5' -ATGGCTGCACGAGTCACACCG-3' 

a-SMA: 

sense: 5' -CGAAGCGCAGAGCAAGAGA-3' 

antisense: 5'-CATGTCGTCCCAGTTGGTGAT-3' 

probe: 5' -TCCTGACCCTGAAGTATCCGATAG-3' 

MMP-2: 

sense: 5'-TTCCCCACATGGCTCTATGACT-3' 

antisense: 5' -AACAAGAGGACCCCGACCTT -3' 

probe: 5' -CTAACATTTCTGCTTTGGACTCTCAT -3' 

MMP-9: 

sense: 5'-CGTGGCCTACGTGACCTATGA-3' 

antisense: 5'-TGCACCGCTGAAGCAAAAG-3' 

probe: 5' -CTGCAGTGCCCTTGAACT AAGGCT -3' 

Ribosomal18S: 

Primers and probe for ribosomal 18S were ordered pre-designed and manufactured 

by Applied Biosystems (Ribosomal RNA Control Reagents, VIC probe). 
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Primers and probes for TaqMan real time RT-PCR (Rat) -
concentrations 

Gene sense primer (J.1I) antisense primer (J.1l) probe (J.1I) 

MMP-2 1 (7.5J.1M) 1 1 

MMP-9 0.6 1.4 0.15 (5OIlM) 

MMP-13 0.15 (50J.1M) 

MMP-14 1 1 

TIMP-l 1 1 

TGFJ3 1 (7.5J.1M) 1 (7.5J.1M) 1.5 (51lM) 

a-SMA 0.93 1.32 0.15 

procollagen-I 0.25 (30J.1M) 0.25 (3OIlM) 0.15 (50J.1M) 

GAPDH 1 1 0.15 (15IlM) 

Primers and probes for TaqMan real time RT-PCR (Mouse) -
sequences 

a-SMA: 

Forward: 5' -TCAGCGCCTCCAGTTCCT -3' 

Reverse: 5'-AAAAAAAACCACGAGTAACAAATCAA-3' 

Probe: 5' -F AM-TCCAAA TCATTCCTGCCCAAAGC-T AMRA-3' 

TIMP-l: 

Forward: 5'-GCATGGACATTTATTCTCCACTGT-3' 

Reverse: 5'-TCTCTAGGAGCCCCGATCTG-3' 

Probe: 5' -F AM-CAGCCCCTGCCGCCGCCATCA-T AMRA-3' 

MMP-13: 

Forward: 5' -GCTGGTCAGTCGCCCTTTT 

Reverse: 5' -TAAGGAAAGCAGAGAGGGATTAACA 

Probe: 5' -F AM-AGACCACTCCTTTGTGCTCCACC-TAMRA-3' 
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MMP-2: 

Forward: 5' -CCCCATGAAGCCTTGTTTACC-3' 

Reverse: 5' -TTGTAGGAGGTGCCCTGGAA-3' 

Probe: 5'-FAM-AATGCTGATGGACAGCCCTGCA-TAMRA-3' 

Procollagen-l: 

Forward: 5'-TTCACCTACAGCACGCTTGTG-3' 

Reverse: 5' -GATGACTGTCTTGCCCCAAGTT -3' 

Probe: 5'-FAM-ATGGCTGCACGAGTCACA-TAMRA-3' 

GAPDH: 

Forward: 5'-GGCCTACATGGCCTCCAA-3' 

Reverse: 5' -TCTCTCTTGCTCTCAGTATCCTTGC-3' 

Probe: 5' -F AM-AGAAACCCTGGACCACCCAGCCC-TAMRA-3' 

Primers and Probes for TaqMan real time RT-PCR (Mouse) -
concentrations 

MMP-13: 

sense: O.76JlI (9.92JlM) 

antisense: 1.66JlI (4.52JlM) 

probe: O.15JlI (50JlM) 

a-SMA: 

sense: O.7JlI (lO.50JlM) 

antisense: 1.2JlI (6.22JlM) 

probe: as for rat collagen-I / GAPDH 

TIMP-l: 

sense: O.54JlI (13.96JlM) 

antisense: O.59JlI (l2.79JlM) 

probe: O.15JlI (50JlM) 
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Neutrophil elastase and MMP-8 primers were custom made by 

PrimerDesign Ltd (sequences unavailable) and used in the following 

reaction as per the manufacturer's guidelines: 

Component 

Reconstituted primer/probe mix 

Mastermix 

PCR-grade water 

Diluted cDNA 

Final volume 

n=1 reaction 

1 III (200nM) 

10 III 

81ll 

1 III (lOng) 

(pCR conditions are described in Chapter 2.) 

GeneDetect Greenstar™ byperlabeled oligonucleotide probe details 

MMP-13, mouse Antisense, 48bp 

Probe hybridizes to nucleotides 158-205 located within the coding sequence of 

NM 008607. 

5' -TGTGGAGGTCACTGTAGACTTCTTCAGGATTCCCGCAAGAGTCGCAGG-

3' 

TIMP-l, mouse Antisense, 48bp 

Probe hybridises to nucleotides 294-341 located within the coding sequence of 

NM 011593. 

5' -AGGCGGCCCGTGATGAGAAACTCTTCACTGCGGTTCTGGGACTTGTGG-

3' 
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Polyacrylamide gel ingredients 

Reagents Resolving gel Stacking gel 

Bis-acrylamide (37.S:1 Biorad) 7.0Sml 2.23ml 

Separating buffer 3.7Sml N/A 

(1.87SM Tris-HCI, pH 8.8 @ 2SoC; O.S% SDS) 

Stacking buffer N/A 3ml 

(0.62SM Tris-HCI, pH 6.8 @ 2SoC; 0.5% SDS) 

dH20 7.6ml 9.6ml 

TEMED 19111 1 Sill 

APS (10%) 188111 lS01l1 

lOX Running Buffer 

Reagents IX Final Concentration lOX Running Buffer 

Glycine 1.92M 144g 

TrizmaBase 0.2SM 30.3g 

SDS 1% 109 

dH20 N/A 1000ml 

2X Sample Buffer 

Reagents 2X Final Concentration 2X Sample Buffer 

Tris-HCI pH 8.0 130mM 0.3146g 

SDS (w/v) 4.6% 0.92g 

Glycerol (v/v) 20% 4ml 

DTT 2% OAg 

1 % bromophenol blue 0.02% 4OOll1 

dH20 N/A lS.6ml 
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Transfer Buffer 

Reagents 

Glycine 

Trizma base 

dH20 

Reagents 

Methanol 

lOX transfer buffer 

dH20 

Concentration 

1.92M 

0.25M 

N/A 

IX Transfer Buffer 

400ml 

200ml 

1400ml 

Protein extraction buffers 

Modified RIP A buffer 

0.1% SDS 

1% Triton-X 

1 % Deoxycholic acid 

Protease inhibitor cocktail (+EDTA) (Complete Mini, Roche) 10ml 

Dignum A buffer 

Reagents Volume 

1M Hepes (PH 7.9) 100J.lI 

1M MgCh 15J.lI 

IMKCI 100J.lI 

IMDTT lOJ.lI 

dH20 9.58ml 

lOX Transfer Buffer 

144g 

30.3g 

1000ml 

Final Concentration 

10roM 

1.5roM 

lOroM 

0.5roM 
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Gelatin substrate Zymograpby 

Polyacrylamide Gel 

Reagents Resolving Gel Stacking Gel 

Bis-acrylamide (37.5:1 Biorad) 7.05ml 2.23ml 

Separating Buffer 3.75ml N/A 

1.875M Tris-HCI pH 8.8 @ 25°C; 0.5% SDS 

Stacking Buffer N/A 3ml 

0.625M Tris-HCI pH6.8 @ 25°C; 0.5% SDS 

0.4% (w/v) Gelatin 2.5ml N/A 

Final conc. will be --0.05% 

TEMED 19f1l 15fll 

APS(lO%) 188fll 150fll 

lOX Running ButTer 

Reagents IX Final Concentration lOX Running Buffer 

Glycine 1.92M 144g 

TrizmaBase 0.25M 30.3g 

SDS 1% 109 

dH20 N/A 1000ml 

2X Sample ButTer 

Reagents IX Final Concentration 2X Sample Buffer 

O.5M Tris-HC1 pH 6.8; 10% SDS 0.05M/O.1% 4ml 

Glycerol N/A 2ml 

1 % bromophenol blue 0.1% 0.5ml 

dH20 N/A 3.5ml 
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Appendix 2: Additional Methods 

2a Immunohistochemistry Methods 

Preparation of adhesive coated slides 

All slides were coated with VECTABONDlM (Vector Laboratories, UK), which 

was prepared by adding 7ml ofVECTABONDlM Reagent to 350ml of acetone 

(BDH, UK). The coating of slides was carried out at room temperature. 

DNaselRNase-free frosted coated microscope slides (2.6 x 7.6 x 1.0 cm, 

Surgipath Europe Ltd) were washed with acetone for 5 min. The slides were then 

soaked in the VECTABONDlM solution for 5 min, before being rinsed with 

DEPC-treated distilled water for 1 min. Slides were covered in clingfilm and then 

dried overnight in a 37°C incubator. 

Tissue sectioning 

A microtome was used to cut 3/.lm sections from 10 % formalin-fixed paraffin

embedded tissues. The microtome was cleaned and sterilized with absolute 

alcohol between each tissue block to avoid cross-contamination of tissue. Tissue 

sections were picked up from a water bath (previously cleaned and sterilized with 

absolute alcohol) containing DEPC water (at 45°C) onto DNaselRNase-free 

Vectabonded microscope slides and incubated in a 37°C incubator to dry the 

tissue sections onto the slides. All tissue sections were stored at room temperature 

in DNaselRNase-free conditions until further use in immunohistochemistry or in 

situ hybridization. 

Antigen retrieval techniques 

i) EDTA antigen retrieval method 

EDTA buffer 

EDTA (Sigma) 

Distilled water 

0.37g 

1000mi 

Mix to dissolve. Adjust to pH 8.0 with NaOH. Add O.5ml Tween 20 and mix well. 

182 



Tissue sections were deparafinized in xylene, then hydrated in 100%, 95% and 

70% ethanol for 5 min each. Slides were then rinsed in distilled water. The 

EDTA buffer was pre-heated in a microwave oven on full power. The slides were 

then inserted and heated at high power for 5 min x3 and buffer topped up if 

necessary. The slides were left to cool at RT for 20 min, then washed in PBS for 

3x2 min. 

ii) Microwave Antigen Retrieval 

Rehydrated tissue sections requiring microwave antigen retrieval were placed into 

500ml of an unmasking solution (Vector Laboratories) with 4.69ml diluted in 

distilled water, and heated at full power for 15 min in a standard 800 watt 

microwave oven. 200ml of distilled water was added to the unmasking solution 

after microwaving and the solution was allowed to cool for 10 min. 

iii) Enzymatic (proteolytic) antigen retrieval 

Some antibodies (e.g. a-SMA) required trypsin digestion of formalin-fixed tissue 

antigens prior to immunostaining. Proteolytic digestion compensates for the 

impermeable nature of non-coagulant fixatives by 'etching' the tissue and 

allowing hidden target epitopes to be exposed. Briefly, 3.5ml of lOX trypsin were 

added to 346.5ml of IX PBS and heated in a water bath to 37°C. 

Alternatively, sections were incubated in pronase (O.lml in 1.9ml TBS or PBS) 

for 10 minutes at room temperature. 

Baematoxylin and eosin staining 

The staining procedure was carried out room temperature. Tissue sections were 

de-paraffinised through xylene twice, each time for 5 min and then through IMS 

twice, each time for 5 min, before being rehydrated in distilled water for 1 min. 

Tissue sections were dipped in filtered Meyer's Haematoxylin (BDH, UK) for 30 

s before washing the slides thoroughly in tap water. Sections were next dipped in 

Eosin (BDH, UK) for 30 s before being rinsed off with tap water, then dehydrated 

through IMS twice, each time for 5 min and then through xylene twice, again each 

time for 5 min. Sections were mounted in DPX (BDH, UK) and coverslipped 

(Surgipath Ltd, UK). 
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2b RNA Methods 

Preparation ofDNaselRNase-free equipment 

All glassware was washed, dried and covered in aluminium foil. For 

DNaselRNase-free conditions, glassware was baked in a dry oven at 240°C for a 

minimum of 4 hr. All microscope slides used for histology sections were placed 

in metal racks, wrapped in aluminium foil and were also baked at 250°C for a 

minimum of 4 hr. Plastic filter tips were bought as DNaselRNase-free (Greiner. 

UK), or alternatively, tips were autoc1aved at 121°C for 20 min. All bench 

surfaces and micropipettes (Anachem Bioscience - 'Gilsons') were wiped down 

with 'RNase Away' (Molecular Bio-Products, USA) before use. 

DEPC-treated water 

1ml of diethyl-pyrocarbonate (DEPC, Sigma, UK) was added to 1 litre of distilled 

water, left to stand for at least 12 hr, then autoc1aved at 121°C for 20 min to 

deactivate DEPC. 

Agarose gel electrophoresis 

A 2 % agarose gel was cast by melting 2 g agarose 3: 1 HRB (Promega, UK) in 

120ml of IX TBE containing IOf.lglml ethidium bromide. The mixture was boiled 

using a microwave set at full power for 2 min and the melted solution poured into 

a standard gel plate/mould, producing a -5 mm thick gel. A tooth comb was 

positioned 0.5 mm above the gel plate so that a complete well formed once the gel 

had set. The gel was allowed to stand at room temperature for 1 hr to harden. 

Once the gel had set, the comb was removed and the gel submerged into IX 

TBE/ethidium bromide in a gel electrophoresis unit. 

2c Zymography Methods 

Coomassie blue staining 

Substrate breakdown was confirmed by staining with colloidal Coomassie blue 
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(Invitrogen, UK). The stain solution was prepared as follows: 

Reagents 

Methanol 

Stainer A 

StainerB 

Vol (ml) 

55ml 

20ml 

20ml 

5ml 

Gels were incubated in colloidal staining solution for 6 hr on a shaker at room 

temperature. Background could be removed if necessary by incubating gels in 

25% methanol solution until a clear background was obtained. After staining, 

gels were rinsed under slow-running water and then de-stained in 200ml deionised 

water on a shaker. The water was replaced several times during this procedure, 

finally leaving it to de-stain overnight. Areas of gelatinase activity were seen as a 

clear band on a blue background. 

Gel drying and preservation 

The DryEase Mini-Gel Drying System (Invitrogen, UK) was used. After de

staining, gels were washed three times for 2 min in 50ml de-ionized water on a 

rotary shaker. The water was decanted off and 35ml of Gel-Dry Drying Solution 

added per gel. The gel was equilibrated in the Dry Solution by shaking for 5 min 

in the StainEase Gel Staining Tray. Next, any rough edges were cut off from the 

gel with a blade. Two sheets of cellophane were prepared by soaking in Drying 

Solution for no more than 2 min. The gel was carefully mounted in the DryEase 

Gel Drying Frame, sandwiched between two pre-soaked sheets of cellophane, 

with no bubbles trapped inside. Any wrinkles were smoothed out. Gels were left 

to dry at room temperature for 12-36 hr. When dry, gels were pressed between 

the pages of a lab-book for approximately 2 days to remain flat for subsequent 

scanning and/or photography. 
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2d Genotyping of MMP Deficient Mice 

Mouse tail DNA extraction protocol 

Tail lysis buffer 

0.2% SDS 

O.lM Tris pH8.5 

5mMEDTA 

200mMNaCl 

Mouse tail tips were added to Eppendorfmicrofuge tubes containing 600J.lI of tail 

lysis buffer and 30J.lI proteinase K (lOmg/ml, Sigma, UK). Tubes were incubated 

in a shaker incubator at 55°C overnight. The tubes were then spun at maximum 

speed for IO min. The supernatants were tipped into 1.5ml tubes and 600J.lI 

isopropanol added, then mixed by inversion (not vortexing) before standing for 

30-60 min (to help give clean DNA). Next, tubes were spun at maximum speed 

for 10 min. The supernatant was drained, then 200J.lI of cold 70% ethanol was 

added to give a quick wash. Tubes were left at room temperature for a while to 

dry, then 200J.lllOmM TE buffer was added before incubating in a heater block at 

55°C for 1 hr to help the DNA dissolve fully. 

MMP-13 knockout mouse genotyping peR protocol 

All reagents were purchased from Applied Biosystems unless stated otherwise. 

Two PCR reactions - (PIP3 and P2P3) were performed for EACH sample. For 

the PCR reaction, Master mix # 1 was prepared first, then the Ampliwax gem 

beads were added to the mix before heating to 70°C for 2 min. Next, Master mix 

#2 was prepared, and added to each tube before finally adding the sample DNA. 

MMP-13 genotyping primer sequences 

(PI) PGK: 5' -GACCCACCCCTTCCCAGCCTCTGA-3' 

186 



(P2) exon5F: 5'-TTTATTGTTGCTGCCCATGAG-3' 

(P3) exon6R: 5'-AGTTTCTCCTCGGAGACTGGT-3' 

PCR - master mix #1 

Reagent Vol (fJ.I) Vol (fJ.I) Final cone 

dH20 8 8 

25mMMg(Oach 4 4 2mM 

3.3X XL Buffer 6 6 200fJ.M 

10mM dNTP mix 1 1 200nM 

PGK (10fJ.M) l.25 250nM 

Exon 5F (1OfJ.M) l.25 250nM 

Exon 6R (10fJ.M) 1.25 l.25 250nM 

(stock 100fJ.M, 1:10) each 2OfJ.1 

-7 add wax bead, 70°C for 2 min 

PCR - master mix #2 

Reagent Vol (fJ.I) Vol (fJ.l) 

dH20 41 20.5 

3.3X XL Buffer 18 9 

rTth DNA polymerase XL 1 0.5 

Genomic DNA 1 1 

Final cone 

0.02U/fJ.I 

each 29fJ.1 

maybe <1:10 
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peR conditions 

40 cycles 

Product PIP3:1600bp (KO) P2P3:1400bp (WT) 

MMP-12 knockout mouse genotyping peR protocol 

Approximately O.S cm3 pieces of frozen liver were incubated in SOOIlI oflysis 

buffer (see below) and 80111 of proteinase K overnight at S5°C. Next day, samples 

were spun at 13,000 rpm for 10 min at room temperature. The supernatants were 

put into fresh Eppendorfmicrofuge tubes. SOIlI ofSM sodium perchlorate was 

added to each tube and they were put on a rotary machine (Stovall <Belly Dancer') 

for 15 min. Samples were then incubated in a 6SoC water bath for 30 min. 200111 

of chloroform was added and samples were mixed on the rotary machine for 10 

min. Next, they were spun at 1400 rpm for 10 min and the upper layers were 

transferred to fresh tubes. 400lli of ice cold (-20°C) 100% ethanol was added and 

samples were spun at SOOO rpm for 10 min. The supernatants were removed and 

500111 of 70% ethanol was added. Samples were spun at 13000 rpm for 10 min 

and the supernatant again removed. Microfuge tubes (with lids open) were put in 

a linear air flow hood to air-dry. Finally, SOIlI of res us pension buffer (see below) 

was added and samples were incubated at 4°C overnight. 
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Lysis buffer 

Reagent Vol (J.lI) 

IMTris pH 8 20 

0.5MEDTApH8 80 

5MNaCI 8 

10% SDS 40 

dH20 252 

Resuspension buffer 

Reagents Vol (J.lI) Final cone 

lO/lM Tris pH 8 2.5 1M 

I/lMEDTA 0.5 O.5/lM 

dH20 247 

1 J.lI of DNA together with the 2X PCR Master Mix (Promega, UK), primers and 

nuclease-free water were used in each PCR reaction. A PCR product size of 

300bp indicated a WT and 500bp indicated a KO genotype. Appropriate control 

DNA samples were obtained from Dr SL Pender. P AR2 knockout mouse DNA 

was used as 'wild type genotype control' as it contained no neocassette and was 

wild type for MMP-12 allele (therefore 1 band at 300bp). MMP-3 knockout 

mouse DNA was used as 'heterozygote genotype control' as it contains a 

neocassette but is wild type for MMP-12 allele (therefore 2 bands - one at 300bp 

and one at 500bp). 

MMP-12 genotyping primer sequences 

Neo F: 5'-ATGATTGAACAAGATGGATTGCAC-3' 

Neo R: 5'-TTCGTCCAGATCATCCTGATCGAC-3' 
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MMP-12 WTF: 5'-ACCACTAAACTACCTTCCCC-3' 

MMP-12 WTR 5'-GTTGTATGCAGCCAGGTTTC-3' 

PCR Reaction mix 

2X Master Mix 

NeoF 

NeoR 

MMP-12WTF 

MMP-12WTR 

Genomic DNA 

dH20 

PCR Conditions 

94°e 2 min 

94°e 1 min "'\ 

600e 1 min 

noe 1 min 

noe 5 min 

>-

Vol (J.LI) 

12.5 

2 

2 

2 

2 

1 

up to final volume of25J.Ll 

35 cycles 
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Appendix 3: Work In Progress 

MMP-12 knockout mouse - acute CCl4 model 

t 
\. 

1 

Rationale 

• MMP-12 has a pro inflammatory role in pulmonary and intestinal models of injury 

(Churg A et al., 2002; Churg A et al., 2003; SL Pender, personal commw1ication). 

• Elastin degradation products are chemotactic to monocytes and drive disease 

progression in murine emphysema (Houghton J et al., 2006). 

• MMP's, TIMPs and cytokines are detectable early (3-96 hours) even after a single 

dose of CCl4 in rats. 

Hypothesis 

MMP-12 regulates inflammatory cell recruitment in acute inflammatory liver 

lllJury. 

Protocol 

Cohorts of 36 mmpJ T 1
- and 26 C57BLl6 wild type mice received bi-weekly i.p. 

CCl4 for 2 weeks (4 doses total). Harvesting was performed on days 1-3 to 

determine effects ofMMP-12 gene deletion on inflammatory cell recruitment, as 

follows: 

:1 t t ~ ~ ~ ~ J, 

) 
X 

\-... ./ 
Y V 

CCI4 doses Harvest 

2 3 4 3 hr 6 hr 24 hr 48 hr 72 hr 

Weeki Week 2 Day 1 Day 2 Day 3 
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(n=6 mmpJ T 1- and n=4 WT mice per time point; n=3 olive oil (vehicle) 11I111pJ2 -

and WT mice harvested at first time point) 

Harvesting of livers 

Livers were harvested into formalin and snap frozen into liquid nitrogen for 

subsequent immunohistochemical and molecular analysis. Tail snips were 

obtained for genotyping. 

Areas of Proposed Investigation 

.:. H&E staining to assess necro-inflanunatory damage . 

• :. Macrophage and neutrophil immunostaining . 

• :. Cytokine and MMP/TIMP expression using TaqMan real time RT-PCR 

and Western analysis. 
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