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ABSTRACT

There is a growing body of evidence that suggests a role for the coagulation cascade in promoting
liver injury, in particular fibrosis. With the exception of thrombithe expression and role of
individual coagulation preins in liver injury is poorly understood. The aim of this body of work was

to further our understanding of the role of specific coagulation proteins in liver injury and consider
viable targets as adibrotic therapies. We examined these concepts usimgnunohistochemical,

cell line, and animal based studies as well as translational studies in human subjects.

Using immunohistochemical techniquesregulation of coagulation proteins in both acute and
chronic liver injury in mice and humans was demonstlabnd correlated with severity of injury.

Data from cell line studies demonstrated stellate cells, the principal cell involved in hepatic fibrosis,
were sensitive to both thrombin and Factor Xa. Furthermore the direct inhibition of both thrombin
and Facto Xa using novel anticoagulants in cell line studies and chemical induced murine models of
liver fibrosis exhibited anfibrotic effects. Two unique translational studies were undertaken to
determine the applicability of these findings in humans. A piialy demonstrated that warfarin
anticoagulation resulted in a significant reduction in liver stiffness measurements, a surrogate marker
of liver fibrosis, in patients with prexisting hepatitis C related liver fibrosis, and the interim results

of a large study, performed in the setting of hepatitis C post liver transplantation, has shown a

reduction in fibrosis scores.

The studies presented in this thesis add to the growbagly of evidence suggestingrale for
coagulation proteins in the pathogenesisliver injury and are the first to show the potential anti
fibrotic benefits of both novel anticoagulants in murine models of liver fibrosis and warfarin

anticoagulation in patients with hepatitis C related liver fibrosis pre and post transplantation.
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1. GENERAL INTRODUCTION

I.I. LIVER DISEASE

Liver disease represents a significant global health prolfente liver failureis a rare, but

life threatening illness accounting fover 2000 deaths in the United States per year
(Hoofnagleet al.,1995; Ostapowiczet al.,2002. In contrast the majority of liver related
morbidity and mortality is related to chronic liver disease, with cirrhosis having an estimated

worldwide prevalence ©1% (Schuppaet al.,2008).

1.1.1. Acute liver failure

Acute liver failure (ALF) was initially defined as a syndrome of rapidly progressing liver
failure in which encephalopathy develops within eight weeks of onset of symptoms, in the
absence of previgs liver disease (Trey, 197(Further modifications to this classification
have evolved to incorporate both aetiology and speed of onset of encephalopathy. A more
recent classification defines ALF, as the development of encephalopathy within 12 weeks of
the onset of jJjaundice with three subaegtRlgups:
1993). In acute and subacute liver failure, the onset of encephalopathy occurs wizBin 8
days and 82 weeks respectively after the onset of jaundice; whereasypetacute liver

failure the encephalopathy develops within seven days of the onset of jaundice.

1.1.1.1. Aetiological factors in ALF
The aetiological factors responsible for ALF vary markedly according to geographical
location. In the United Kingdom (UKjaracetamol overdose accounts for greater than 50%,

whereas in France it a c ¢ o uehdl.,2000). oMore feééntlg, a s e s
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the incidence ofparacetamolinduced ALF has declined due to the introduction of UK
legislation limiting the amotinf paracetamothat can be bought over the counter. This is in
contrast to what isbeing observed in the United Stajeshere an increase in inadvertent
paracetamopoisoning is occurringWorldwide, viral hepatitis ishe most common cause of

ALFE InJapan the high incidence and prevalence of viral hepatitides account for up to 55%
causes of ALF. More recently, the increased use of herbal remedies and recreational drugs
constitute a small but significant number of cases of severe heptatoxicity an(Gfdadman,

2002) In both the UK and USA, the second most comm@auséis seronegative, or ALF of

unknown aet i etlalgQ0p) ( O6 Gr ady

1.1.1.2. Paracetamol toxicity and acute liver injury

Paracetamol toxicity is a leading cause, in humans, of deytatic failure@stapowiczet al.,
2002) Despite extensive research, the mechanisms involved in the process are not fully
understood. Numerous factors contribute to paracetamol induced injury including
microchrondrialdysfunction reactive oxygen anditnogen species, and cytokinedafmest

al., 2003; Coveret al.,2005; Chiuet al.,2003; Gardneret al.,2002; Hinsonet al.,2004;
Jaeschket al.,2003. Animal models have demonstrated that paracetamol is bioactivated by
the hepatic cytochrome P450 havay to a highly toxic and reactive metabolitd;acetyip-
benzoquinoneimine (NAPQI) (Whitcomeét al.,1994; Manyikeet al.,2000; Corcoran et al.,
1980;Bessemet al.,2001;Jollowet al.1973; Mitchelket al.,1973). At therapeutic doses, 90
percent of paracetamolis metabolized in the liver to sulfate and glucuronide conjugates,
which are then excreted in the urine (Forrest al.,1982;Mitchellet al. 1973; Manyiket al.,
2000. However, with toxic doses ofparacetamql the sulfation and glucuronidation

pathways are saturated, and moparacetamols metabolized to NAPQI (Leet al.,1996).
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When hepatic glutathione stores are depleted by approximately 70 to 80 percent, NAPQI
begins to react with hepatocytegPrescott, 1983; Mitchelet al.,1973; Gemboryset al.,
1980; Lindenet al., 1984). This process leads to oxidative injury and hegpeitalar
centrilobular necrosisAlthough not fully characterized, lipid peroxidation and mitochondrial
injury likely playa role in the progression of hepatocellular injury (Larsdral.,2005, Knight

et al.,, 2003). In addition, it appears that the release of cytokines, reactive nitrogen and
oxygen species from damaged hepatocytes may also contribute to propagation ofc hepat

injury.

The clinical course of poisoning is often deal irto four sequential stagesSingeret al.,

1995):

Stage I: In the first 24 hours after overdose, patients often manifest nausea, vomiting,
diaphoresis, pallor, lethargy, and malaise. Soniernis remain asymptomatic. Laboratory

studies are typically normal.

Stage Il. From 24 to 72 hours after ingestion, the clinical and laboratory evidence of
hepatotoxicity and, occasionally, nephrotoxicity become evident. Initially, stage | symptoms
usuallyresolve and patients appear to improve clinically while subclinical elevations of
hepatic aminotransferases (AST, ALT) occur. Cytokine release from hepatocytes may initiate
a secondary inflammatory response from Kupffer cells and other inflammatory cells,
extending the zone of hepatic injuriMi{chaelet al.,1999;Blazkaet al.1995;Liu et al.,2004;

Liu et al.2006; Ishidaet al.,2002) As stage Il progresses, patients develop right upper

guadrant pain, with liver enlargement and tenderness.afitaws of prothrombin time (PT),
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international normalized ratio (INRand total bilirubincan occur with oligurisand renal

function dnormalities

Stage llI: Liver function abnormalities peak from 72 to 96 hours after ingestion. The systemic
symptoms of stage | can reappear in conjunttiath jaundice and hepatic encephalopathy,

Signs of severe hepatotoxicity include plasma ALT and AST levels that often exceed 10,000
IU/L, prolongation of the PT or INR, hypoglycemia, lactic acidosis, and an elevated bilirubin

concentration.

Stage IV (days to 2 weeksii Patients who survive stage Ill enter a recovery phase that
usually begins by day 4 and is complete by 7 days after over@&skilet al.,2000).
Recovery can be slower in severely ill patients; symptoms and laboratory values may not
normalize for several weeks. Histologlcchanges in the liver vary from cytolysis to
centrilobular necrosis. The centrilobular region is preferentially involved because it is the
area of greatest concentration of CYP2E1 and therefore the site of maxirduption of

NAPQI.

1.1.1.3. Coagulopathy and acute liver injury

Haematological abnormalities occiracute liver injury sinctéhe liver is responsible for the
synthesisof coagulation factors. In paracetamol induced ALF patients have |sareim
concentrations of various coagulation factors, with a reduction in circulating levels of
fibrinogen, factors II, V,VII, IX and Kerr, 2003). This is thought to be primarily due t
decreasedsynthesis of coagulatidactorswithin the damaged liver. [&rnatively, increased

consumptiornvia activation of the coagulation cascade could contribute to this phenomenon.
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Indeed increased peripheral consumption of coagulation factors and platelets is well
documentedin this type of injuryThe concentration of plasmigssue factor(TF) is elevated

in patients following paracetamol injury, and this is associated with an increase in plasma
concentrationsof the thrombirdantithrombin (TAT) complexes (Kerr, 2003)Hence the
profound coagulopathy in ate liver injury islikely multi-factorial with reduced synthesis of
coagulation proteins in the acutely failing liver accompanied by consumption of coagulation
proteins peripherally. The extent of consumption or activation of coagulation factors
centrally within the liveduring acute liver injuryemains lesslefined.One can hypothesise

that in paracetamol induced injuryepaticsinusoidal endothelial cells are damaged, which
would favour hepatic consumption of coagulation factors, viaegplation of TF and the
activation of the coagulation cascade (DelLesteal, 1997, Williamset al, 2003). A single
study has demonstrated hepatic fibrin deposition in a mouse model of paracetamol injury
(Ganeyet al, 2007). No studyto date has evaluated whether activated coagulapooteins

are expressed in human liver tissue following paracetamol injury. Furthermactigation of
coagulation factors in the acutely failing liver may not only contribute to coagulopathy via
consumption but also have an important role in thetiation or propagation of injury.
Microcirulatory dysfunction, caused by activation of the cascade and fibrin deposition could
result in a potent ischaemic environment which contributes to injury furth€hese
concepts need to be studied further to understatide role coagulation proteins in the

generation of acute liver injury and whether they represent viable therapeutic targets.
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1.1.2. Chronic liver disease

Chronic Liver diseasés now the fifth most commonause of mortality in the UK, butinlike

the first four causes (ischaemic heart disease, cerebrovascular disease, respiratory disease
and cancer) liver disease mortality is increasing (Office for National Statistics:
http://www.statistics.gov.uk/). The majority of liver disease results from chronic
inflammation driving tissue fibrosis leading to cirrhosis, diminished hepatic function and
hepatocellular carcinoma (HCC). Bhresults in increased mortality and morbidity with
reduced quality of life andife expectancy (Younosst al, 2001). Indeedhepatocellular
carcinoma nowhasthe fastest rising cancer incidence of any cancer in the western world

(Friedman, 2010).

1.1.2.1. Liver fibrosis

Liver fibrosis represents the uniform response of the liver to toxic, infectious, and metabolic
agents and isharactersed by an increased synthesis and altered deposition of extracellular
matrix components (Friedman, 2008). It is a complex dynamic process, involving the
recruitment and activation of platelets, inflamtory cells, hepatic stellate cells and other
extracellular matrix producing cells, including portal fibroblasts and bone marrow derived
cells (Calvaruset al, 2008;Beaussieet al, 2007; Forbegt al, 2004).For the most part, it

is a process which evolves over many years, however it can ooedlsi be rapid, in the case

of drug induced liver injury, Hepatitis CGvirus (HCV) coinfection with human
immunodeficiency virus (HIV) or HCV infection post transplantatiSchjugeret al.,1996;
Bonnardet al.,2007;Friedman, 2008).

In viral hepatitisalcoholic steatohepatitis and non alcoholic steatohepatitis, the commonest

causes of liver fibrosis, fibrogenesis is invariably initiating by inflammatiors ifresntrast
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to haemachromatosis, where there is characteristically a lack of inflammadtrinfiltrate

but still fibrosis meaningother mediators in ddition to cellularinflammation cannitiate
fibrosis (Friedman 2008)Possibilitiesnclude: reactive oxygen species generated by lipid
peroxidation, via induction of cyochrome P450 (Chwstiet al., 1993; Chitturi 2001);
apoptosis, which can result from liver injury itselfaéschke, 20p2and innate immunity

pathways includingpll like receptor 4 TLR4 signalling (Sekit al.,2007).

1.1.2.1.1. Extracellular matrix

The extracellula matrix (ECM) is a dynamic structural compent of the normal liver
(Wells, 2008). It is made up ohacromolecules which provide the scaffolding of the liver and
act as transducers of extracellular signals. In the normal, lilierbasement membrare

matrix or ECM, is made up of collagens, glycoproteinspffiéctin, laminin, tenascivon
Willebrand factor(vVWF) and proteoglycanéSchupparet al.,2001). Various cellular sources

of the ECM have been demonstrated, the msanircebeing the hepatic state cell

In fibrotic livers the quantity and quality of the ECM changes, increasing up to eight fold
compared to normal livers. A significant increase in collagen content and proteoglycans
occurs, resulting in a higher density interstitial type mat(Rojkind et al.,1970; Gressner,
19998. With progressive fibrogenesis the ECM composition changes from one predominantly
made up of type IV collagen, proteoglycans and laminin to a matrix consisting of type I and 11l
collagen. Fibronectin released fromssiodal endothelial cells into the ECMrdributes to
transforming growth factobeta (TGFbeta) mediated stellate cell activatiorafdaginet al.,

1994.

The constitutional change in the ECM has resulting consequences on surrounding cells,
including heatocytes, endothelial cell dysfunction, and perpetuation of stellate cell activation

(McGuire et al.,1992. Angiogenic stimuli, includingatelet derived growth factorRDGH
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and vascular growth factor (VEGF) causapillarisationof sinusoids Rosmorducet al.,

2010. The accumulation and change in matrix composition also drives fibrosis further, by
stimulating positive feedback mechanisms. Altered signalling promotes intergins, and
membrane bound proteins Rho and Rac to further provoke stellate cellatiogp and
activation Yanget al.,2003; Zhouet al.,2004; Meltonet al.,2007; Shafiet al.,2006; Zhang

et al.,2006; Yee, 1998; Chait al.,2006, and activation of matrix metalloproteases, result in
release of growth factors stimulating furthebrfbogenesis $chupparet al.1998; Schuppaet

al.,2001).

1.1.2.1.2. Signalling in hepatic fibrosis

Fibrogenesis is a complex mechanism involving an array of cellular andceitar
signalling. Cytokines, chemokine, adipokine, neuroendocrine, angioged nicotinamide
adenine dinucleotide phosphabgidase(NADPH) signalling have all been found to play an
important function(Freidman2010) The release of cytokines in the context of fibrogenesis,
is controlled in part by activation of metajmoteinases. TGHbetal, PDGF,connective
tissue growth factor (CTGF)tissue necrosis facteslpha TNF-alphg, and vascular
endothelial growth factofVEGHF are all involved in key meahisms of fibrosi§Schupparet

al., 2001 Pinzaniet al, 1994 Marra et d., 200]). TGFbetal is of particular importance,
mediating stellate cell activation and stellate cell collagen produgtiagakiet al.,2007;
Breitkopf et al, 200§. VEGFand PDGFmedide angiogenesis, which contribsteo ECM

production and portahypertensionandregeneration post injuryHernandezt al, 2009).

Chemokines such aSCRI and CCR5 receptors are profibrotic mediatorSdkiet al.,2009
Sekiet al.,2009) Adipokines, such as leptin and adiponection, are syrstediy hepatic

stellate cells, and involved in fibrogenesiBing et al., 2005; lkejima et al., 2007).
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Neuroendocrine signalling including the cannabinoids and their respective receptors have
fibrogenic propertiesCannaboid Ieceptor (CB1)is a profibrotic mediator Teixeira-Clerc
et al.,2006. CB2 conversely has asiibrotic but proinflammatory properties (Freidman,

2010)

Neutrophil and monocyte chemoattractants are also released leading to increased local
inflammatory infiltration (Marraet al, 1998). Oxidative stressis long recognised to be a
important inducer of liver fibrosis. Recently the NADPH oxidase enzyme complex has been
found to be vital in this proces®ge Miniciset al.,2007) Indeed inhibition of NADPH, using

losartan has demonstrated afiforotic potental in mice.

1.1.2.1.3. Platelet activation

Platelets are the first cells recruited to a site of injury. They have a vital role by limiting
blood loss via the formation of aggregates, in damaged blood vessels, and converting
fibrinogen into fibrin. Fukltermore their alphegranules are richn growth factors such as
PDGFE TGFRbeta and VEGF These factors are released upon activation and are potent

stimulators of fibrogenic cells, including hepatic stellate cells (Hendetsaln 2007).

1.1.2.1.4. Extracellular matrix producing cell populations

Hepatic stellate cells are the primary source of the ECM in both normal and fibrotic livers
(Friedman 203). However it is increasingly evident that fibrogenic cells not only arise from
hepatic stellate cells, bubther cell lines, including portal fibroblasts, hepatocytes,
cholangiocytes, circulating fibrocytes and bone marrow recruitment of mesenchymal cells
(Wells 2008 Forbeset al, 2004; Jhandiezt al,2005; Beaussiest al, 2007; Kisselevet al,

2006). The degree of contribution from these different cellular sources likely differs with
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aetiology and stage of liver injury. Portal fibroblasts may be of importance in cholestatic liver
disease (Beaussiet al, 2007) The primary fibrogenic cellular soutiberefore needs to be
considered when developing novel afiltirotic therapies for specific liver diseases

(Friedman, 2008).

1.1.2.1.5. Hepatic stellate cells

A considerable body of research implicates the hepatic stellate(ld8IC) as the principal

cel type involved in hepatic fibrogenesis. (Friedman, 2008). Its activation is the common
pathway leading to hepatic fibrosisBlSCsnormally lie in a quiescent state in the sub
endothelial space of Disse andmprise 15% of liver cel@Vells, 2008) In thenormal liver

they are the principal storage site for retinoids and are thought to be derived from neural
crest tissue, since they express neural crest markers, including glial fibrillary acidic protein
and nestin (Nikiet al, 1999). They areactivated bya number of stimuli, including pro
inflammatory cytokines angrotease activated receptet (PARJ ligation,which results in a
myofibroblastic phenotype (Friedman, 2008his myofibroblasis proliferative, fibrogenic

and contractile. Activation consistd two major phases, an initiation phase followed by a

phase of perpetuation (Freidman, 2000).

1.1.2.1.5.1. Hepatic stellate cells activation: Initiation

Initiation refers to the early changes that occur in gene expression and phenotype initiated
by a lange of mediators, that render the previously quiescent hepatic stellate cell responsive
to other stimuli (Friedman, 2000). The characteristic feature of thgation phase is the
production of a fibrogenic, contractilephenotype with induction ofPDGF receptors.
Initiation is invariably stimulated by a variety of neighbouring cells including apoptotic

hepatocytes, injured cholangiocytes, Kupffer cells, injured sinusoidal endothelial cells, other
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stellate cells or other inflammatory cells (Freidman 2008patocyte apoptosis generates
oxidative stress since hepatocytes are a rich source of lipid peroxides and stellate cel
activation is mediated by TIORand Fas, a protein involved in apoptosis (Cardiagl.,2002;
Watanabeet al.,2007); Kupffer cellssia TGFbetal and production of reactive oxygen
species stimulate stellate cell activati@ilzer et al.,2006. Endothelial cells, when injured,
via fibronectin activate stellate cells (Jarnagiml.,1994). Platelets via PDGF, T®Etal

and epidermal growth factor (EGF) (Bacheet al.,1989) are another source of activation.

1.1.2.1.5.2. Hepatic stellate cells activation: Perpetuation

Initiation activates the stellate cells, while perpetuation is the response to stimuli which
maintains the activat stellate cell in the myofibroblastic state allow fibrotic scar
formation (Freidman, 2008). Perpetuation consists of several discrete changes in stellate cell
function aimed to contribute to excess abnormal matrix production. These changes include
stdlate cell proliferation, chemotaxis, fibrogenesis, increased contractility, altered matrix
degeneration, and cytokine signalling, (Friedman, 200@se actions work in swngy to
propagate fibrogenesisoiFexample proliferation and chemotaxis ensurergased numbers

of collagen producing cells are present at the site of injury to amplify fibrogenesis.

1.1.2.1.5.2.1. Proliferation

The release of a varigtof mitogenic factors causgsoliferation of stellate cell?2DGFis a
potent stellate cell mitogn BorkhamKamphorstet al.,2007, and has been shown to be
up-regulated in liver injury (Pinzaet al.,1994). Indeed induction of PDGF receptors on
stellate cells occurs early in the initiation phase (Waigal.,1994).Other factors include
VEGF Yoshijiet al.,2003) thrombin, (Marreet al.,1995; Marraet al., 1998 EGF TGF alpha,

kerinocyte growth factor, and filmblast growth factor (Steilingt al.,2003, Yuet al.,2004).
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Matrixmetalloproteinas€ (MMR2), act as stellate cell mitogens, vidiation by discoidin
domain receptor2 (DDR-2) binding to fibillar collagen (Olaset al, 2001; Olasoet al,

2002).

1.1.2.1.5.2.2. Chemotaxis

Activated stellate cells migrate to towards areas of hepatic injury. A number of growth
factors have beerdentified within the liver, whiclnave chemoattractant properties. These
include PDGF, insulin growth factorl (IGF1), endothelinl (ET-1), monocyte
chemoattractant protein AMCPR1) and the chemokine receptor CXCR3 (Bonacdial,
2001; Gentiliniet al, 2000; Marraet al, 1998; Tangkijvanickt al, 2001). Adenosine in
contrast to these mediators, inhibits further chemotaxis, allowing cells to fix at the site of

injury Hashmiet al.,2007).

1.1.2.1.5.2.3. Fibrogenesis

The primary event of fibrogersss is mcreased matrix production and scar formation, which

is predominantly mediatetly stellate cells and results imepatic fibrosis (Friedman 2003).
Stellate cells regulate the expression of type I, Ill and IV collagen. Type | collagen, which is
the major constituent of scar tissue, is #pgulated postranscriptionallyin stellate cells by

the actions of TGbeta via SMADs (Pinzaet al.,2001). Other less potent mediators of

type | collagen production include angiotensin Il, interleukim and TNF(Battellier et al.,

2003). Connective tissue growth factor (CTGF) also promotes fibrogen@sisafiset al.,

2002; Rachfakt al.,2003;Gaoet al.,2004;Chenet al.,2010).
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1.1.2.1.5.2.4. Contractility

On activation, the hepatic stellate cell contracts, a state tlsatcharacterised by the
increased expression of alpha smooth muscle a@iBMA) a contractile filament protein
(Rockeyet al, 1992) This results inmpedanceof sinusoidal blood flow increasing portal
resistance, and eventually increasing portal pressure once advanced fibrosis has developed
(Rockey 2001;Pinzaniet al., 1992; Melton et al., 2009. Progressive development of
intrahepatic shunting occurs in conjunction with the constriction of hepatic sinusoids. The
process is mediated bfT-1 as well as angiotensinogen Il, and atrial natriuretic peptide
(Rockey2003; Reynaertet al.,2002; RacineSamsoret al, 1997). Nitric oxide (NO) has an

opposing effect, resulting in sinusoidal relaxation (Rockey, 2001).

1.1.2.1.5.2.5. Matrix degradation

The concept of matrix degradation evolved following evidence that resolution ofsidban

occur andsubsequently thatirrhosis is reversible. This has given rise to the notion that
fibrosis is a dynamic balance between matrix production and degradation. Initial matrix
degradati on may be ter med 06 p a ptiorodf thegnormd , and
low density matrix of the subendothelial basement membrane, which occurs in the early
stages of fibrosis. This allows for normal matrix to be replaced by a higher density
pathological matrix, containing filwi Matrix degrading collagases, including the
metalloproteinase$MMP)break down collagen type 1V and are central to thAstbur 1995;

Benyon et al., 2001; Iredale 2Q0%tellate cells and Kupffer cells are the primary sources of
MMR2 and MMP2 respectively Benyonet al.,2001;Arthur et al.,1992. Conversely MMA
degrades type | collagenamsli i nvol ved in the O6restorativebo
matrix (Friedman, 2003 and upegulation of this enzyme would favour resolution of scar

tissue. Tissue inhibitors of metalloproteinases (TIMPSs), inhibit the actions of collagenases,
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resultingin reduced matrix degradatiorgnd inhibit stellate cell apoptosis, which inhibits
resolution of fibrosis andavours matrix accumulation (Iredale, 2007). TiMB&nd 2 are up
regulated in progressive fibrosigyigrawakiet al.,1997; Iredaleet al.,1998; Herbstet al.,
1997) and their sustained release from stellate cellsedale, 2001)is potentially a key
determinant of progressive fibrosis. The emergence os¢éheoncepts further highlight the
need to develop viable antifibrotics, since inhibiting fitr@sid matrix accumulation would
not only prevention further fibrosis butould potentially causeaegression, by tipping the

balance away from matrix accumulatitowards degradation.

1.1.2.1.5.2.6. Hepatic stel late cell mediated inflammatory  signalling

The concept thatstellate cel are purely effectors of fibrosis no longr exists. Evidence
suggests stellate cells also haveentral role amplifying inflanatory sigralling, via toll like
receptors and cytokines includinMCR1, CCL21, CCR5 and RANTE$hey demonstrate
antigen presenting capabilities, amldo produce neutrophil chemoattractants (Pagt al.,

2003;Marraet al.,2002;Bonacchet al.,2003;Schwabest al.,2003).
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Figure 1-1: Pathways of stellate cell activation and resolution during liver injury
The activated stellate cell anyofibroblast is proliferative, fibrogenic and contibtActivation consists of two

major phases, an initiation phase followed by a phase of perpetu&timm Freidman 2003).
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1.2. EXPERIMENTAL MODELS OF LIVER INJU RY

1.2.1. In vitro hepatic stellate cell lines

The development of techniques fasolating and cultivatinglSCs represented a major
advance in exploring the roles of these cellstire complex mechanisms involved in
fibrogenesigFriedman, 2008 Rodent stellate cell lines have been charasgeti(Greenwel

et al.,1993; Vogeet al.,2003) but now have been been superseded by human cell lines. The
most commonlyusedhuman HSC cell lines include the LX1 and LX2 cell lines. The c&l

line has been generated by isolating stellate cells from mabrimnuman livers and
immortalizing themby culturing in low serum conditions. \Wen activatedthese cellsbear

close similarities tdn vivo human activated HSCs (Xet al.,2005. The LX2cell linehas

been extensively validatezhd alreadyused in a number of studies exploring the effects of
medators on stellée cell activity (Freidman, 20D8

Utilising hese cell lines therefore all@ws the unique opportunity to study the factors that
both inhibit and activate HSCs. Culturitf¢SC cellson plastic results ircellular activation
(Bachemet al.,1992; Friedmaret al.,1989; Geertset al.,1989) whereas growing on non
adherent surfaces, maintains a quiescent state (Friedetaal., 1994). Stellate cells
additionally grow well on a variety of extracellular matrices including ones consisting of type
| collagen matrix. This has given rise to the use of contractility assays which permit a

guantitative measure of HSC activation and contractility (Setail.,2009).
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1.2.2. Murine Models of Liver Injury

The useof murine modelss an invaluable tdan providing insight into the pathogenesis of
liver injury. Ideally an animal model should reproduce tthentical pathological process seen

in humans, while reproducibly demonstrating similar pathophysiological complications,
patterns of morphology, desase progression, reversibilignd mortality (Tsukamotoet al.,
1990). As yet no animal model reproduces human fibrosis exactly but rodent models still
offer us the opportunity to study the pathogenesis of liver injuand in particular the
interactionsof different cell types or systems while controlling environmental and genetically
conditions offering,in intact organismswhose physiological and pathological responses
closely mimic those of humar(&nstee et al.,2006) Various different models havesén
described each havingmodelled different types of liver injury. The majority of studies
investigating liver fibrosismploy mouse models utilising chemically induced fibrdgiate

liver injury can be studied usiranimal models of paracetamol injurwhich allow us a
unique opportunity to examine the pathogenesis of acute liver ynjurananalogousnanner

to that of human injury (Birget d., 1990)

1.2.2.1. Chemically induced liver fibrosis

A variety of agents, often carcinogenic can be emmagechemically induce fibrosis. The
most commonly used are carbon tetrachloride and thioacteamide. Fibrosis generated in this
manner has both a degree of reproducibility and robustn&gsiler-Norman et al.,2007)

which are criteria vital to any methodf disease modelling. These models also have the
addedadvantagethat they can be used inonjunction with eithertransgenic or wild type

mice to explore the underlying molecular mechanismsolved in liver fibrosis or can be
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used to evaluate the potemal of novel antifibrotic agents, usingtrictly controlled

environmental and genetic conditions

1.2.2.1.1. Carbon Tetrachloride (CCL4)

Carbon tetrachloride (CCL4) is the oldest and commonest method of inducing liver fibrosis
in rodent models (Cameroret al,, 1936; Marrioneet al.,1949). It is a halothane, which
results in hepatic injury when givex a repetitive low dose. Itan be administerethrough

a variety of routes, but is most commonly administered by intraperitoneal injection up to
three times per week. CCIl4 is bioactivated by oxidases. This leads to a combination of
effects including CCL3 radical fornmt in the liver, which causdsepatocyte dmage via
lipid peroxidation,hepatic stellate cell activatipiKuppfer cell actiation andTGFBeda 1
upregulation and increased oxidative stre@snittel et al.,1999 Hillebrantet al, 2002 Kim

et al, 2006 Yu et al.,2002. Histological changes result in fatty change with necrosis and
intense necroinflamation in centrilobular areas. This praggses onto both gatal and non
septalfibrosis resulting in extensive fibrosis and cirrhosis. The fibrous septaelassically
thin, and can regress whe@CL4 is withdrawn (Weiler-Norman et al., 2007) CCL4
provides us a model dibrosis originating frm hepatoellular necrosis, hence can be used
as an indirect model of HCV related liver fibrosis, senno direct murine model of this
infecton exists. The reproducibilitand ease of induction of fibrosis are its main advantages.
Disadvantages include leebgeneity in amounts of fibrosis produced between arsmal

(Weiler-Norman et al.,2007).
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1.2.2.1.2. Thioacetamide

Thioacetamide (TAA) was first described over sixty years ago as method of inducing liver
fibrosis(Fitzhughet al.,1948). A selective hggioxin, chronic administration not only induces
liver fibrosis but can result in tumors, including cholangiocaroe and HCC(Yeh et al,
2004). TAA is usually given drinking waterover a period of 8 to 18 weeks$o induce liver
fibrosis Muller et al.,1988; Dashtiet al, 1989). Acute administration of TAA can result in
both necrosis and nephrotoxic damage (Constantiedal, 2006).

TAA is an organic sulphuric compoutidat is metabolised to acetamide and TAA8de,

by a microsomal monooxygenasequiring NADPH and cytochrome P45Ckieli et al.,
1984; Leeet al.,2003). TAA Soxide is then metabolised tdAA-Sdioxide, an unstable
reactive metabolite that is thought to initiate necrosis and oxiatstress by covalently
binding to liver macromelcules (Hunteret al.,1977; Porteret al.,1978; Lowet al.,2004;
Chilakapatet al.,2005;Kornek et al.,2006; Dashtet al, 1989;Wanget al.,2000; Ramaiaét
al.,2001).

Histologically mild to moderate amounts of fibrosis develop by 8 weeks.1Byweeks of
exposure parenchymal damage occurs, with hepatocyte swelling, necrosis and proliferation
(Zimmermanet al, 1987). This results in fibrous enlargement of the portal tracts, with
portal-portal and portalcentral septae developing resulting drrhosis Zimmermanet al,
1987; Liet al.,2006; Muller et al, 1988). Inflammation and fatty infiltration is less extensive
than in CCL4 induced injury (Krefet al, 1998). Histological similarities with human viral
hepatitis, have led to its use as emlirect model of both fibrosis secondary tdepatitis B
virus HBV) and HCV infection. Withdrawal of thioacetamide results in resolution of fibrosis
over an 8 week period Zimmermanet al.,1987). A longer period of resolution, when
compared to CCL4 mods, makes it a more suitable model, when evaluating potential

antifibrotic therapies, and the occurrence of regenerative nodules make it more comparable
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to human cirrhosigZimmermanet al, 1987; Dashti et al.,1989). When given orally it has
ease of usecost, and animal safety benefits with less mortality compared to CCL4 based
regimens [(i et al.,2002). A degree of heterogencity in fibrosis levels between study animals
can be observed, but this is less than in CCL4 modeit al.,2006). TAA does rquire a
longer period of administration to develop significant levels of fibrosis, which has cost

implications regarding animal husbandry.

1.2.2.2 Other rodent models of liver fibrosis

Alternative models to chemical induced liver fibrosis have beenldped. Rats opposed to
mice can be utilized to induce cholestatic fibrosisngsabile duct ligation modelWeiler-
Norman et al.,2007) In this model ligation of the bile duct surgically results in a cholestatic
injury leading to fibrosis with 2 weeksand cirrhosis within one montijwWeiler-Norman et

al., 2007) The advantage of this model is the study of mechanisms underlying cholestatic
liver injury and trialling anfibrotics in an animal setting that may be of benefit in biliary

cirrhosis.
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1.3. THE COAGULATION CASCAD E AND CHRONIC LIVER INJURY

1.3.1. Coagulation cascade

The coagulation cascade traditionally is divided into an extrinsic pathway, which is the
principal pathway, and an intrinsic pathway. Both pathways converge to form a final
common pathway resulting in thrombin (Factor Ila) production (Sa@gure 11). Recently in

Vivo evidence suggests the division between the two pathways is increasingly indistinct, with
both being initiated by similar factors with multiple interactions existing roiveam
between the two pathways (Mann et al., 2009). Vascular or endothelial injury, including
inflammation, initiates the extrinsic pavay by the binding of plasma factor VIlIA to tissue

factor (TF). TF acts with activateddtor Vila and phospholghi(PL)to convert factor 1X to

IXa and factor X to Xa. The intrinsic pathway includemtact Xla andactivation of factor

Xl by the Xllaactivated highmolecularweight kininogen (HKa) complex. Factofla
converts factor IX to IXa, and factor IXa, in turconverts factor X to Xa, in concert with
factor Villa and PL (the otenased6 compl ex)
oprothrombinased compl ex, which includes f a
thrombin. Thrombin cleaves fibrinopeptide$PA, FPB) from fibrinogen, allowing the
resultant fibrin monomers to polymerise, and converts factor Xlll to Xllla, which elioks

the fibrin clot. Among the procoagulant drivers, factor VIII plays a key role, being
responsible together with factor >and the negatively charged phospholipids of activated
platelets to boost thrombin generationMann et al.,2009) Thrombin accelerates this
process by its potential to activate factors V and VIII, however continued proteolytic action
dampens the processylactivating protein Cwhich in complex with its endothelial receptor
thrombomodulin, degrades factor Va and VllI®ghlbacket al.,2004) Natural plasma

inhibitors also provide negative feedback mechanismsin@itor (C1 INH) neutralises
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factor Xlla,tissue factor pathway inhibitor (TFPI) blocks factor Vlla/TF, and antithrombin IlI
(ATIII) blocks factors 1Xa, Xa and thrombifhe balance of coagulation in normal conditions
is therefore ensured by the tight control of thrombin generation resulting franfine

equilibrium between procoagulants and endogenous anticoagulants.

Intrinsic Extrinsic
pathway pathway

Tissue factor

X 1% .
¥lla | HKa
1 INH
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1\\ |;.(a Uﬁzlra | Prothrombin
" :,H 1 A
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Figure 1-2: The coagulation cascade .

The Coagulation cascade: Mechanism of Thrombin and production: The extrinsic and intrinsic pathway unite to
form a final common pathway resulting in the production of thrombin (Factor Ila) which results in fibrin
deposition at the site of injury. Arrows, d@ge enzymes; filled rectanglesife of inhibition; dashed line,
feedback reactions. From Chapter 1.Haemostasid Thrombosis, Edition 5, LWW.
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1.3.2. Mechanisms of interaction between the coagulation system and chronic

liver injury

The interaction between the coagulation cascade and liver injury is multifaceted (Borensztajn
et al, 2010). On theone hand coagulopathy is avell documented sequelae ohronic liver

failure On the other hand evidence is emerging which suggests-filbootic states are
prothrombotic and activation of the coagulation cascade and individugutaigon proteins

resultsin the geneation of chronicliver injury.

1.3.2.1. Coagulopathy in liver injury

1.3.2.1.1. Platelet dysfunction in chronic liver disease

Cirrhotic patients have elevated levels of vWF, which can contribute to induction of primary
haemostasis (Lismaet al.,2006), and compensate for defects in platelet function and
numbers that are demonstrated in cirrhosis. Indeed platelets in cirrhotics still have the
gualitative capability to support tmbin production, but reductionn platelet numbers may

be a key limiting faor in these patientgTripodi et al.,2006)

1.3.2.1.2. The balance of procoagulant versus a nticoagulant factors in liver injury

The effects of liver injury on the coagulation systenvehbeen described as a paradox
(Borensztajnet al, 2010). Advancedibrosis is associated with impaired synthesisat
clotting factors, except Factovlll and vVWHTripodi et al.,2005; Tripodiet al, 2006) This
defect is demonstrated by prolongation of the PT ahé activatedpartial thromboplastin
time (APTT), which are tests that represent the status of procoagulant proteins syrabesi

by the liver. The usénowever of these conventional tests of haemostasis on peripheral
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blood correlate poorly with bleeding in chronic liver disease (Tripetal.,2010),sincethis
reflects the inability of these tests to take into account an imbatéance endogenous
anticoagulants and procoagulanBatients with advanced fibrosis have significantly lower
levels of protein C and antithrombin (Tripodet al, 2005). This partial deficiency of
anticoagulant proteins counteracts any reduction in thrombin generation in advanced
fibrosis, resulting in a normal net effect in plasma coagulati even an imbalance favog

a procoagulant stat€Tripodi et al, 2005) Indeed this in pa& can explain the paradox of why

in chronic liver disease an increased relative risk of venous thommbolic disease is
observed in acasecontrol population based stud{Sggaardet al.,2009). In this study of
99,444 patients with thromboembolic diseas#rhosis had a 1.7 fold increase relative

risk of venous thrombosis compared to the general population.

Advanced fibrosigherefore represents a fragile balance of pro and anticoagulant factors.
Imbalances caused by portal hypertension, bacteratiions or renal failure can promote

an anticoagulant state resulting in bleeding. Conversely vascular dysfunction secondary to
endothelial damage or chronic inflammation can promote a prothrombotic state resulting
thrombosis. No studies have examinectaxtent of activation of the coagulation cascade in
early fibrotic states in the Jer. Since various other organs, including skin and lungs,
demonstrate local activation of the coagulation cascade in the setting of ongoing fibrosis,
(Borensztajnet al. 2008; Borensztajret al. 2009) it is conceivable that in early fibrotic
states, a balance towards a local hypercoagulable state exists, which in part drives further

fibrosis, by the mechanisms that will be discussed below.
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1.3.2.2. Coagulation system and the pathogenesis of liver Injury

Two medanisms have been postulatéy which activation of thecoagulation system
contributes to liver injury and specifically the generation of hepatic fibrosis. The first
describes a hypotheis by which ativation of the coagulation cascade results in fibrin
deposition and microthrombi formation within the liver parenchyma, resulting in hypoxia
and fibrosisandhas been termed parenchymal extinctiB¥anlesset al, 1995; Wanlesst

al, 2005). More recently an alterative pathway, promoting the profibrotic effects of
coagulation proteins independent of their popagulant action, in part via PAR receptor
ligation, has been suggested. Furthermore epidemiological evidence demonstrates a
relationship between prothrombatitendencies and rate of hepatic fibrqsihich indirectly
supports these concepts. The evidence for these hypothésesscussed in further detail

below.

1.3.2.2.1. Microemboli and Parenchymal extinction: a role in liver injury

1.3.2.2.1.1. Microthro mbi and hepatic damage in animal models

Mice with acute murine hepatitis virus infection demonstrated some of the initial evidence
for a role for coagulation in the pathogenesis of liver disease. Microthrombi within the
hepatic microvasculature were assateid with areas of tissue necrosis (MacPkeal, 1985;
MacPheeet al, 1988; Levyet al, 1983) and disease severity. This effect may have been
mediated by Fgl2/Fibroleukin, a prothrombinase whose expression on the surface of hepatic

endothelial cellssiinduced by virahfections including BV (Marsdenret al.,2003).
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1.3.2.2.1.2. Parenchymal extinction in human liver disease

Wanless et al (1995) formulated a hypothesis for liver tissue remodelling and fibrosis, in
which microthrombi deposition is c¢dral. They demonstrated microthrombi within
branches of the hepatic vein and portal vein in cirrhotic livers from a range of pathologies
including HCV, HBVprimary biliary cirrhosis, alcoholic liver disease, and cardiac cirrhosis.
Based on these observahs they proposed that hepatic necroinflammation causes local
intimal injury and occlusive thrombi generation within branches of the hepatic and portal
vein, which leads to sinusoidal congestion and tissue ischaemia. This in turn leads to
hepatocyte deathcollapsing the region between the central veins and their adjacent portal
tracts. The collapsed tissue would be replaced by fibrous tissue, and the process was termed
oOpar enc hy ma l(see&igutei 18).c Theéy opastulated that cirrhosis results from
multiple areas of parenchymal extinction becoming confluent (Wamess,1995). These
findings were validated by the same group, using animal models of chronic liver disease
including a rabbit model of fibrosing steatohepatitis induced by a combination
diethylstilbestrol injections and a higholesterol diet (Wanlesgt al.,1996; Wanles®t al,

2009). At the time of reporting, the above concept was not entirely unique. In BObdhri
syndrome, the underlying occlusion of the hepatic vein by throsnis well recognised to

result in hepatic congestion and subsequent hepatic fibrosis (Tahakal998).
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Figure 1-3: Natural h istory of parenchymal extinction and fibrous septa formation .

A Normal liver with patent portal and hepatic veinB. Inflammatory injury causes venous thrombosis (black).
The consequent hepatocyte ischaemia and death leads to parenchymal exti@cEatinction allows tissue to
collapse so that adjacent portal tracts and hepatic veirs approximatedD Regions of extinction are
replaced by fibrous septa. The obliterated venules are no longer evident. (Reproduced from Anhstee
2009.

1.3.2.2.2. Profibrotic effects of coagulation proteins independent of their

procoagulant acti vity

1.3.2.2.2.1. Thrombin: an overview

Activation of the coagulation system generates thrombin (Flla) from its precursor protein,
prothrombin (FIl), which is synthesised primarily in the liver. Thrombin is best known for
the proteolytic cleavage of fiilmogen to form fibrin (Coughlin 2000) but it has a multitude of
other cellular actions (See g 1-2). It promotes platelet aggregation; is a potent activator

of endothelial cells, smooth muscle cells, and macrophages; acts as a chemoattractant for

48



infammatory cells, and acts as both a mitogen and chemoattractant for fibroblast and
vascular smooth muscle cells (Hendersetnal, 2007). Recent studies have demonstrated

the role of thrombin in hepatic stellate cell activation.

Figure 1-4: Functions of thrombin .
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1.3.2.2.2.2 Thrombin and PAR receptors: A Role in Direct Stellate cell activation

The cellular actions of thrombin are in part mediated fnptease activated receptaiPAR
signalling (Rullieet al, 2007). PAR receptors are a family of widely expresse¢@tein-
coupled receptors, activated by cleavage of the aremminal sequence of the extracellular
exodomain, producing a new -irminus tethered ligand that transduces transmembrane
signding (Coughlin.2000). Four PARs have been identified. PAR1, PAR3, and PAR 4 are
thrombin receptors, with PAR 1 and 3 both preferentially activated by thrombin. PAR4 has
reduced affinity to thrombin and is activated also by trypsin (Di, 2003). PAR2, which is
selectively activated by trypsin and mast cells tryptase, and is resistant to thrombin
activation. PAR1 is expressed on human platelets, macrophages and endothelial cells.
Hepatic stellate cells have been shown to express PAR1. A substantial body of evidence

from in vivo and in vitro studies is now accumulating to suggest-PAiRtivation leads to
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stellate cell activation and hepatic fibrogenesis (Fioreical, 2004; Marraet al, 1998; Gaca

et al, 2002).

Selective PAR 1 agonists in vitro have demonstrateceas®d stellate cell proliferation and
contractility. Conversely PAR 1 antagonists inhibited these actions in a rodent bile duct
ligation model of fibrosis, with reduced collagen type | collagen expression (Fietuaki
2004). Equally invalidation of RAl in transgenic knockout mice induces a significant
protection against liver fibrosis (Rullieet al.,, 2007). PARL also facilitates the
posttranslational activation GiGFbeta, a key mediator of fibrogenes{denkingt al, 2006).

PAR 1 expression igp-regulated during both acute and chronic liver disease and with both
severity and duration of liver disease. (Magtal.1998, Fouriccet al.,2004, Rullieret al.,
2005). Finally a recent study has demonstrated that carriage of tidABC/T transiton
mutation in the 58 r-&genelirmHCY pagients is gssooiated with t h e
increased rates of hepatic fibrosis (Martinetlial.,2008). These studies heavily promote the

role of PAR1 and thrombin via PAR activation in hepatic fibr@gsFigure 14).

1.3.2.2.2.3. Thrombin: Other mechanisms of Hepatic Stellate cell activation

In addition to thrombin activating stellate cells via PAR 1, indirect activation via other PAR
receptors has been demonstrated. PAR mediated platelet degtamulaesults in the
release of PDGRnd FAR mediates the activation of T@%eta Both PDGF and TGbeta

stimulateHSCactivation (Friedman, 2003).
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Figure 1-5: PAR-18mediated actions

of thrombin in stellate cell activation. ¥
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1.3.2.2.3. The role of other coagulation factors in  chronic liver injury

1.3.2.2.3.1. Tissue factor

Tissue factor (TF) is a 47 KDA transmembrane glycoprotein that is expressed physiologically
in vascular adventitial cells, a number of epithelial cell types, including mucous membranes,
macrophages and blood monocytes (Nakasdlal.,2002. TF is classed as a type | integral
membrane protein with the aminterminus extracellular and earboxy terminus is located
within the cell. The extracellular domain is vital for procoagulant activity and the cytoplasmic

domain is involved in cell sidisation. TF provides a haemostatic barrier to limit bleeding
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after injury but does not come in contact with the circulation in normal circumstances.
During injury it is locally expressed and binds to factor VII, forming the TF:Vila complex
thereby activahg the extrinsic coagulation system.. In inflammatory lesions, TF is expressed
by endothelial cells, monocytes and macrophages (Stodl, 1998). Rullier et al has
reported a predominantly hepatocytic expression of tissue factor in normal and cirrhotic
livers, which would be unexpected based on the above principles (Relliai.,2005).
However samples classed as normal liver tissue in this study were actually taken from the
periphery of livers with metastasis or benign tumours. This may hardoundd the
distribution of TF demonstratedn liver tissue classe@ds normal inthis study since
malignancy has been shown to upregulate TF expression (Retll&r,2005). It is vital that

the role of TF in chronic liver injurys studied further.In partcular its expressiomn fibrosis

and whether it initiates activation of coagulatiam this setting would have important

implications to planning therapeutic interventions.

1.3.2.2.3.2. Fibrin and Fibrinogen

Fibrinogen is a plasma glycoprotein consistifi three dsulfide bondinked pairs ofalpha,

beta, and gamma chains coded by separate genes. It is involved in the final step of the
coagulation cascade. Thrombimduced cleavage of alpha and beta chains results in a
conversion of the soluble proteimto fibrin monomers. These fibrin monomers polynseri

to form a fibrin clot. Fibrin clot dissolution or fibrinolysis is primarily maintained by plasmin
and inhibited by plasminogen activator inhibikbr(PAFL). Fibrin production in liver injury is

in keeping with the theories of microemboli deposition and parenchymal extinction.
Neubauer et al investigated fibrin deposition in animal models with short and long term liver

damage. In shoterm liver damage, large amounts of fibrinogen/fibrin deposits were
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detected in the areas of necrosis, with positivity along the hepatic sinusoids. htelomg
liver damage, fibrinogen/fibrin was losadi within the fibrous septa. (Neubauet al.,1996)

No studies have as yet attempted to densirate these findings iliver fibrosis or acute
liver injuryin humansThis is in part is due to the advent of studies demonstrating the role
of thrombin in PARL activation, which has questioned the significance of microemboli and
fibrin deposition in liver injury (Rulliest d., 2007, Fioruccet al.,2004). Further studies are
still required to clarify this as it is likely neither pathway is mutually exclusive (Aestale,

2009).

1.3.2.2.3.3. Factor Xa

Factor Xa(FXa)is a coagulation factor generated at the point oheergence of the intrinsic

and extrinsic coagulation pathways. It is an essential component of the prothrombinase
complex, which is responsible for the conversion of prothrombin to thrombin by proteolytic
activity. Evidence is now emerging that it nieye profibrotic propertiesacros a range of
fibrotic diseases.

Chambers et al have demonstrated it to be a potent promoter of connective tissue growth
factor, a cytokine involved in fibrogenesis in foetal lung fibroblasts. It also acts as a potent
mitogenfor lung fibroblasts (Chamberst al.,2000) and is produced in the lungs of both
mice and humans with pulmonary fibrosis, a paradigm for liver fibrosis (Scrett&in2010).
Ree@nt evidence suggests that FAetivates PAR 1, in a similar fashion boambin, as well

as PAR 2 (Rutt al.,2003; Borensztajet al.,2008). PAR1 activation has been demonstrated
to be the dominant effector in FXa related lung fibroblast activation (Scrogtoal.,2009).

PAR 2 has been studied in less detail, and fewedies have explored the rolef PAR 2 in

liver fibrosis, sincés role isless well defined compardgd PAR 1,3 and 4 (Borensztagt al.,
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2010). PAR2 expression has been demonstrated on both hepatic stellate cells and
hepatocytes (Borensztajt al.,2010; Fiorucciet al.,2004; Gacaet al.,2002), and shown to

be upregulated in fibrotic livers (Borensztagt al.,2010). PAR2 agonists demonstrate
hepatic stellate cell proliferation and collagen synthesis in rats (Fioetieti,2004; Gacaet
al.,20®), and PAR2 activation results in the release of the profibrotic cytokines]1 &M
TGFbeta from fibroblasts (Borensztagt al.,2008). Recently PAR2 deficiency, using PAR2
knockout mice, has been shown to reduce CCL4 induced liver fibrosis (Knight et al., 2011).
Additionally FXa activation of PAR2, has been demonstrated to result in the release-of pro
inflammatory cytokinesnia number of cell lines, including endothelial, mesangial, epithelial
and fibroblastic cells (Paat al.,2008; Tanaket al.,2008; Wilsonet al.,2009).

These stidies suggeghat FXa in a similar fashion to thrombimndindependenbf its pro-
coagulan function,may promote fibrosizvia PARactivation Although many of these studies
have been in the setting of pulmonary fibrosis, this is a well established graréafi liver
fibrosis. e role of FXa and related therapeutittgerefore need to be charaerised further

in the setting of hepatic fibrogenesis.

1.3.2.2.3.4. Other coagulation related proteins

1.3.2.2.3.4.1. Thrombospondin -1

Thrombospondinl(TSP1) is a member of the thrombospondins, which are extracellular
glycoproteins involved in cell toel and cell to matrix signallinghfmstrong et al.,2003;
Bornsteinet al.,2001; Lawleret al.,2000. TSP1 is a major constituent of platelet alpha
granules and is released by thrombin activated platelets and inflammatoryBoetist{enet

al, 200). TSP1is involved in platelet aggregation, wound healing iahibition of nitric

oxide, allowing platelet aggregation to occur fast@h@inget al., 1997; Isenbergt al.,2008.
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TSR1 release can contribute to liver injury. In rodent models TISRas ben demonstrated
to be upregulated in fibrogenesis, via activation of T8f. No studies have defined the

expression of TSR in acute liver injury.

1.3.2.2.3.4.2. Thrombomodulin

Thrombomodulin (TM) is an endothelial cell membrane glycoprotein that iivates
thrombin and activates protein CEsmonet al.,2004; Dittmanet al.,1990). Protein C in
complex with TM degrades factor Va and Vllla, resulting in decreased generation of
thrombin and thus an anticoagulant stafeM is expressed in a variety oklts, including
endothelial cell{Raifeet al.,1996), and has beedemonstratedin large blood vesds in
normal human liver tissue (Lasakal.,1997).

To date, only one study demonstratingV expression in a model of human chronic liver
injury has ben reported (Zeniyaet al.,1995). Therefore, further studies are required to

determine the role ofTM expression in chronic liver disease.
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1.3.3. Epidemiological evidence: the coagulation system in liver fibrosis

1.3.3.1. HCV and prothrombotic factors

A number of coagulation factor polymorphisms have been shown to have funcéiffeeis

on the clotting cascade leading to an increased risk of thrombosis or thrombophilia. Several
studies have confirmed that presence of thrombophilia increases thefrsévere fibrosis in
chronic viral hepatitis. Papatheodoridis et al demonstrated that hepatitis B and C patients
with advanced fibrosis (Ishak stag#ytwere significantly more likely to have thrombophilia
related to deficiencies of protein C, plasminogand antthrombin Il compared to patients

with milder fibrosis (Papatheodoridet al,2003). Factor V Leiden (FVL) a well characterised
mutation in the coagulation system, which causes activated protein C resistance and
amplification of the coagulatiocascade, conferred a near fourfold increase in the risk of
rapid fibrosis in a caucasi&lCV population (Wrightet al.,2003A). These findings have also
been validated in other human studies (Potgobert et al.,2004) and confirmed by animal
studies wing C57BL/6 mice carrying the FVL mutation treating with carbon tetrachloride to
induce hepatic fibrosis, demonstrating significantly more fibrosis than wild type mice (Anstee
et al.,2008). Furthermore, protein C deficiency, increased expression of faéth, and
hyperhomocysteinemia havalso been related to accelerated fibrosis in HCV patients
(PoujotRobert et al.,2004). A single study has questioned this effect but a predominantly
female study group with a low overall fibrosis stage was examinddchwmay have

confounded the results (Gouldirgg al, 2007).
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1.3.3.2. Haemophilia and liver fibrosis in HCV infection

Haemophilia in contrast to thrombophilia results in an ghtombotic state. Two small case
series have studied the natural histasfyHCV in patients with haemophilia (Yegal.,2000;
Assyet al, 2007). Yee et al, demonstrated a slow rate of disease progression in a cohort of
185 patients singly infected with HCV, 25 years post expog¥ee et al.,2000) Assy et al,
demonstratedchronic HCV infection in patients with haemophilia caused less severe liver
disease than in patients without haemophilia, and the extent of histological abnormalities
correlated with the severityof the underlying coagulopati{Assyet al, 2007) Both these
studies suggedtypocoagulation states may slaates of hepatic fibrosis. dther larger
prospective studies of liver fibrosis in haemophiliacs to confirm these findnmegsequired
thoughwould be difficult to carry out due to inherent issues witkerforming liver biopsies

to accurately stage fibrosis.
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1.4. THERAPIES FOR LIVER FIBROSIS

1.4.1. Current antifibrotic therapies

To date there are no specific antifibrotic therapies licensed in the UK or elsewhere in the
world. Several potential agentsave shown antifibrotic properties in experimental animal
models, but have either failed to translate to human studies or have been ineffective in
human trials (Rocket al, 2008). Potential antifibrotic candidates including angiotensin Il
antagonists,hte cannabinoid receptor 1 antagonist Rimonabant, and Silymarin (Milk Thistle)
are currently being evaluated in ongoing trials (http:/clinicaltrials.gov. Identifiers NCT
00298714, NCT00265642, NCT00680407). To date however the only clearly effective
antifbrotic therapy is still clearance of the underlying disease process. A new antifibrotic
agent evaluated in an adequately powered well designed clinical trial is therefore urgently

required.

1.4.2. The Rationale for Anticoagulation as an antifibroticin|  iver disease

As described a convincing body of evidence exists outlining a potential role of the
coagulation system in the pathogenesis of liver fibrosis. Furthermore epidemiological studies
have shown that prothrombotic states promote liver fibrosis. denf prothrombotic states
accelerate liver fibrosi the converse should be true, in thahticoagulation should slow

liver fibrosis. Several animal studies support this hypothesis.
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1.4.2.1. Animal models demonstrating the benefit of anticoagulation on fibrosis.
Studies using animal models of fibrosis have been used to evaluate the impact of

anticoagulation on liver fibrosis.

1.4.2.1.1. Direct thrombin antagonists

Duplantieret alevaluated, in a rat model of CGléhduced chronic liver injury, the fefct of
thrombin inhibition using a novel synthetic thrombin antagonist SSR182289. The study
demonstrated a reduction in liver fibrosis and smooth muscle actin expression.
(Duplantieret al, 2004). To date no human trials have been reported with this agent nor

other commercially available direct thrombin antagonists.

1.4.2.1.2. Direct Factor Xa antagonists

No studies to date have evaluatdite antifibrotic potential of direct FXa inhibitors in animal
models of liver fibrosis. Recent evidence from studies of pulmonary fibrosis, a paradigm for
liver fibrosis suggest that use of direct FXa inhibitors may offer protection from fibrosis in
animamodels. The direct FXa inhibitor, ZK 807834 has been shown to significantly reduce
bleomycin induced lung fibrosis in mice (Scrotteinal, 2009). The impact of direct FXa

inhibitors on hepatic fibrosis needs to be studied to assess theifilnditic potential.

1.4.2.1.3. Heparin
Three studies have demonstrated an antifibrotic effect of heparin anticoagulation. Assey et al
evaluated the effects of aspirin and enoxaparin on fibrosis progressibAAntreated rats.

Both aspirin and enoxaparin prevedteghe progression of fibrosis. Aspirin additionally
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stimulated liver regeneration (Asset al, 2007). AdbeBalam et al using a rat bile duct
ligation model demonstrated the beneficial effects of unfractionated and low molecular
weight heparins (Abdebdam et al, 2005). A reduction in the elevated bilirubin, ALT and
GGT levels and prevention of hepatic necrosis and fibrosis were demonstrated. Abe et al,
demonstrated heparin prevented hepatic fibrogenesis induced by chronic CCl4
administration in mice, hrough down regulation of TGBeta and inhibition of HSC

proliferation (Abeet d., 2007).

1.4.2.1.4. Warfarin

The use of warfarin anticoagulation to reduce liver fibrosis induced by carbon tetrachloride
has been tested using a transgenic mouse modéi\if (activated protein C resistance).
The progression of fibrosis in FVL mice was compared to the C57BL/6 mice (controls) and
C57BL/6 mice which had been anticoagulated with warfarin. The results confirmed that the
thrombophilic mouse developed fibrosis @ faster rate than the control mice but warfarin
anticoagulation significantly reduced the rate of fibrosis seen in both strains. (Asistee

2008).

1.4.2.1.5. Other agents with anticoagulant properties

Wanless et al in a rabbit model of fibrosisgeatohepatitis induced by a combination of
diethylstilbestrol injections and a higholesterol diet reported that concomitant
administration of dipyridamole, an antiplatelet and vasodilator, reduced hepatic fibrosis

(Wanlesset d., 1996).
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1.4.2.2. Human studies of anticoagulation for fibrosis

To date only one small study has suggested an efficacy ehtecularweight heparin as an
antifibrotic in humans. &ients, with HBVinfection, treated with 3 weeks of heparin,
showed improved serum levels LT and Bilirubin, with a reduction in serum Hyaluronic
acid and type IV collagen concentrations (&hal, 2003). Londerm use of heparin as an
antifibrotic in humans may not be practical due to side effects including osteopaenia,
thrombocytopaenia ah idiopathic hepatitis. Kubo et al in a clinical trial of warfarin in
idiopathic pulmonary fibrosis reduced mortality at three years by 50% (Katilab, 2005). In

this trial patients in the treatment group had their INR raised to between two and three
with no associated morbidity which is in line with other reports of complication rates at this
level of anticoaguletn. Therapeutic use odinticoagulation to prevent fibrosis in humans is
not therefore without precedent but needs to be evaluated in hepabcobis using well
designed clinical trials with relevant endpoirfisirthermore a better understanding of the
role of individual coagulant proteins in fibrogenesis would inform which anticoagulant would

be best suited tdeingtrialled in this setting.

1.4.2.2.1. Safety of anticoagulation for in chronic liver disease.

Anticoagulationis widely used in medicine as a treatment for deep vein thrombosis and
pulmonary embolus and prophylactically to reduce the risk of cerebrovascular accident in
patients wih atrial fibrillation. Despite the proven benefits of anticoagulation a number of
clinicians have reservations about the use of these drugs particularly if they have witnessed a
significant adverse evef@houdaryet al.,2006) This probably accounts for the under use of
anticoagulation where cliniba indicated(Rashidet al.,2006) It is therefore natural for

hepatologists to have safety concerns in view of the risks of bleeding from oesophageal
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varices in advanced liver diseaBespitethis several recenstudes have demonstrated not
only a beneficial effect for anticoagulation in preventing or treating thrombogistients
with advanced fibrosis or cirrhosibut also an acceptable safety profiletiémagulation in

this settinghas mainly been studied inetltontext of extrahepatic portal vein thrombosis.
Benefits of anticoagulation relate tce-canalization which is more likely to occur if
thrombosis is partial or anticoagulation therapy is prolonged. Desthitse prolonged
periods of anticoagulation, nimcreased risk of bleeding has been demonstratedeveral
series and anticoagulation is considereelatively safeeven in the presence of advanced
fibrosis (RomereGomez et al, 2002; Amitrano et al., 2010; Francozet al., 2005).
Futhermore a single sall study has demonstrated a role for heparin anticoagulation as a
potential prophylactic agent against portal vein thrombosis in patients with Child B and C
cirrhosis (Zechiniet al.,2010).In addition to a significant reduction both the incidence of
portal vein thrombosis and episoded decompensationthere was no increased risk of
bleedingeventsin these patients whemmeparinwas giverfor a period of 24 monthsvhen
compared toa matchedcontrol group patients treated with placebo alone (Zechahial.,
2010).Not only is anticoagulation potentially safe in pretransplant patientsBhuughs et

al unpublished dathave audited a group of 80 patients who received liver transplants at the
Royal Free Hospital and who were anticoagulated for saamctlinical indications such as
Budd Chiari syndrome. In this group of patient no anticoagulation associated adverse events
occurred.

Therefore prolonged amtoagulation is not without preacent in the setting of both patients
with advanced fibrosis orgtients who have undergone liver transplantation. No added risk
of bleeding has been noted in these studies and anticoagulatiopatantially be saféy
undertaken in patients with hepatic fibrosis whether it be in the setting of a clinical trial or

treatment of thromboembolic disease.
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1.5. METHODS OF ASSESSNG LIVER FIBROSIS IN CLINICAL TRIALS

1.5.1. Liver Biopsy

Liver bi opsy i's currently <considered the
Multiple scoring systems for the quantification afflammation and fibrosis, when
interpreting liver histology, have been developed. Knodekl developed the first scoring
system based on the identification and scoring of periportal necrosis, intralobular necrosis,
portal inflammation, and fibrosis (Kdell et al, 1981). This system was modified by Ishak

al, to produce a scoring system that is still routinely used in clinical practice (kthak

1995). The Metavir scoring system was developed to specifically assess fibrosis in the setting
of Chronic HCV infection. Fibrosis stage is scored on a scale of O to 4, with 4 representing
cirrhosis (Poynardet al., 1996). Scoring fibrosis via liver biopsies is not without
disadvantages. It is an invasive and painful procedure with rare but potentiltddésning
complications. These factors limit its acceptance in asymptomatic patients and raise ethical
issues when employing it to stage fibrosis in the setting of clinical trials (Caetaade2000;

Bravo et al, 2001; Foucheet d., 2006). In adtlon, the accuracy of liver histology in
assessing fibrosis has been questioned due to sampling error anebbbgerver variability,
which can often lead to understaging of fibrosis (Regewal, 2002). There is a need
therefore to develop and validateon-invasive tests that can firstly reflect the full spectrum

of hepatic fibrosis and secondly act as effective longitudinal surrogates for the progression or
regression of fibrosis when conducting trials of antifibrgtsisice the use of liver biopsies
cannot always be ethically justified in studies where there is an absence ofexiptiag

clinical needor histology(Friedmaret al, 2006)
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1.5.2. Non Invasive markers of fibrosis

Non invasive markers of liver fibrosis can be classed either by theahtpdf the test
(serum marker versus imaging) or the constituents of the test (direct versus indirect marker
of fibrosis) (Guhaet al.,2008). A number of noinvasive markers have been developed but

this section will focus on the techniques we have @yed in this body of work.

1.5.2.1. The Enhanced Liver Fibrosis test

The Enhanced Liver FibrogiSLF)est is a serum panel of biomarkers which combines three
direct markers of liver fibrosis: hyaluronic acid (HA)MPR1 and the aminoterminal peptide

of procollagenase 3 (PlIINPEach individual marker is measured and entered into an
algorithm (the ELF algorithm) to generate a score (the ELF score). The test score was first
validated in a mixed cohort of patients with chronic liver disease, and has &lgown to

correlate with the level of liver fibrosis assessed by liver biopsy (Rosenberg et al., 2004).

1.5.2.2. Transient Elastography

Transient elastography (FibroScan; Echosens, Paris, Fraag&)risnvasive technique used

to measure liver stiffres. (Foucheet al, 2006) A shear wave at a low frequency of 50 Hz is
created by a vibrating probe, which propagates through the liver. The velocity of the wave is
measured by a pulse echitrasound, with results represented in KPA. This measurement
correlates to the stiffness or elasticity of the underlying liver. The wave propagates faster
through the liver if the tissue is harder due to increased fibrosis and liver stiffness has been
shown to be related to severity of fibrosis and in particular fibsosiage in Hepatitis C
patients (Sandriet al.,2003; Casterat al.,2005; Ziolet al.,2005). Other variables however

in addition to fibrosis may contribute to liver stiffness, including inflammation, hepatic
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steatosis and portal hypertension. Furthemap measurement is heavily limited or
impossible in obesity, ascites or in patients with narrow intercostal spaces (6ubh
2008). Advantages include a sampling area that is considerably greater than that of a liver

biopsy.

1.5.2.3. Contrast Ultraso und and Hepatic T ransit Time

Microbubble ultrasound contrast agents have been assessed in various liver diseases. After
intravenous injection of the microbubble contrast, the hepatic transit time (HTT) is
calculated. The HTT represents the difference betwehe arrival time of the contrast to

the hepatic artery and hepatic vein. The HTT decreases with progressive fibrosis due to
increased intrahepatic shunting and capillarization of the sinusoids (Sugimako2002).
Studies have shown that HTTs adedgly differentiate severe and mild fibrosis in hepatitis C

infected patients (Linat al, 2005). This test however is not widely available.

1.5.2.4 APRI score

The AST to platelet ratio indescore (APRI) uses commonly available serum tests to predict
the indirect risk of underlying fibrosis, and has been validated in a variety of liver disease
including HCV (Waget al.,2003). The AST to platelet ratio index (APRI) is calculated as AST
level (/ ULN) X10 /Platelet count (10/1). Aecentmetaanalysis hagdemonstrated that an

APRI score of 0.7 has a sensitivity and specificity of 77 and 72 percent respectively for

significant fibrosiéLin et al.,2011)
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1.6. GENERAL AIMS AND OBJECTIVES FOR THE OVERALL STUDY

The overall aim of the study is to furthesur understanding of the role of the coagulation

system in the pathogenesis of liver injury and fibrosis. The work is intended to have three

main objectives:

1. To demonstrate activation of the coagtitm system, and investigate thele of

individual coadation proteinsin the pathogenesis of acute and chronic liver injury.

2. To evaluate novel anticoagulants as potential antifibrotic therapies in vitro and murine

models of liver injury.

3. To evaluate the antifibrotic potential of warfarin anticoagulatiorpatients with liver

fibrosis.
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2. THE  COAGULATION SYSTEM IN LIVER INJURY: AN

IMMUNOHISTOCHEMISTRY APPROACH

2.1. INTRODUCTION

Evidence is emerging to suggest that coagulation proteins have a multifaceted role in liver
injury. The effects oncoagulation in both acute and chronic liver injury are well
documented. Recent evidence also suggests that liver injury, particularly fibrosis is in part
activated by the coagulation system. The role of coagulation proteins in the pathogenesis of

acute lier injury is less well defined, and warrants further study.

2.1.2. Acute Liver Injury

Paracetamol toxicity is a leading cause of hepatic failure. Despite extensive research, the
mechanisms involved in the process are not fully understood. In acute iiery,
abnormalities in haemostasis are well documented. Patients with paracetamol induced liver
injury have lower concentrations of coagulation factors peripherally (Kerr, 2003).
Historically this has been attributed to the decreased production of thps#eins in an
acutely injured or failing liver. An alternative explanation would be increased consumption of
factors in the damaged liver, due activation of the coagulation sy#esmgle study has
demonstrated hepatic fibrin deposition in a mouse manfgbaracetamol injury (Ganest al,

2007). As far as we are aware, no study has evaluated whether activated coagulation
proteins are expressed in human liver tissue following paracetamol injury. The consumption
and activation of coagulation factorstime acutely failing liver may not only contribute to
coagulopathy but hypothetically could have an important role in the generation of injury via

thrombin mediated platelet aggregation, microcirculatory dysfunction and ischaemia. These
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concepts can in parbe evaluated further using murine models of acute liver injury induced
by paracetamol, which is an analogous to the paracetamol induced human acute liver injury,

(Birgeet al.,1990).

2.1.3 Chronic Liver Injury

The theories of parenchymal extinction andicroemboli deposition as mechanisms of
chronic liver injury inherently rely on intrahepatic activation of the coagulation system
(Wanlesset al, 1995) More recently thrombin, has been demonstrated to cause RAR
activation, leading to hepatic fibrogiglarra et al.,1998; Fioruccet al.,2004), and FXa has
been demonstrated to mediate pulmonary fibrosis (Scrotétral.,2009. This pathway now
seems to have superseded the earlier theories of microthrombi deposition. With the
exception of thrombin, thdunction of individual coagulation proteins in liver injury is poorly
understood. Few studies have looked directly at the expression of individual coagulation
proteins in liver tissue. Fibrin has been shown to be deposited in areas of necrosis and
within fibrosis septae in carbon tetrachloride treated mice (Neubaeteal, 1996). Tissue
factor expression has been demonstrated in cirrhotic and normal human livers (Ratlky
2005). No study has examined the -eapression of fibrin, tissue factor andsaciated
proteins in liver fibrosis, which is of importance in order to-establish whether these
factors are upegulated; the relationship between their expression and severity of injury; and
whether microthrombi and thrombin mediated stellate cell aation are mutually exclusive

mechanisms in the pathogenesis of hepatic fibrosis.
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2.2. AIMS

1. To determine if coagulation and associated proteins, including fibrin and tissue factor,

are expressed or wpegulated in the liver during acute and chroniet injury.

2. To quantify and qualify expression of these coagulation factors in relation to the

grade of severity of liver injury.
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2.3. METHODOLOGY

2.3.1. Rationale

Immunohistochemistry was used to stain liver tissue sections for coagulatioripsotAn
indirect detection technique adapted from a previously described strepabvidiim labelled
method was used (Golombiewskt al, 1997). The method allowed for amplification and
increased sensitivity. It allowed a low level of binding to be deteby labelling the primary
antibody with a biotinylated secondary antibody, which was then revealed by the enzyme
labelled streptavidin conjugate and chromogen. Using the streptduimin staining
method may however result in high levels of rgpeciic background staining, due to
endogenous biotin in tissues, such as the liver, kidney or spleen. This was prevented by
treating the tissue with avidin/biotin blocking reagents when required prior to the incubation

of biotinylated antibody.

2.3.2. Materi als

2.3.2.1. Tissue
Both acute and chronic liver injury tissue was studied with appropriate control tissue. For

each injury, both murine and human liver tissue was studied.

2.3.2.1.1. Acute liver injury tissue

2.3.2.1.1.1. Murine acute liver injury tissu e
Formalin fixed paraffin embedded blocks of liver tissue from mice, previously held under a

Home Office project license (license number 70/5562), were kindly supplied by Professor
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Robert Goldin (Imperial College London). Treatment group mice (n=12) leived an
intraperitoneal dose of 300mg/kg of paracetamol to induce an acute liver injury analogous to
that since in humans. Control mice (n=4) had received only an intraperitoneal saline
injection. Animals were then culled by 24 hours post administratiith a nonrecoverable
injection of 0.2ml sodium pentabarbitone (60ng/ml). A subset of treatment group mice was
culled at 2 and 4 hours. Whole livers were extracted at the time of culling and fixed in 10%
formalin immediately. The formal fixed tissue dde were embedded iparaffin wax and
sectioned at 5m. Each section was graded according to the Imperial College Scoring system
(ICSS) (se@able 21). This is a validated, yet to be published, scoring system, which grades
mouse liver injuries secondarg paracetamol on the basis of the extent and distribution of
necrosis.Briefly thissystem had beedeveloped(by Robert Goldin and Helen Matthews)
using 20murine livers with paracetamehduced damage, and validateda further 27
murine livers, wit inter-observer kappa scores between 0.85 and 0.96 (as a percentage of
the maximum possible) and intabserver scores were between 0.95 and 0.%ctions
were stained with Haemtoxylin & Eosin (H&E) and stained for fibrin, tissue factor,
thrombospondinl (TS-1), a marker of thrombin mediated platelet aggregation lypbxia

induced factorl dpha(HIF1a), a marker of ischaemia.

Table 2-1: Imperial College Scoring S ystem (ICSS):

A grading system for paracetamol induced liver injury in murine models

Grade O no injury

Grade 1 perivenular necrosis no bridag
Grade 2 some bridging necrosis
Grade 3 extensive bridging necrosis

Grade 4 panlobular necrosis
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2.3.2.1.1.2. Human acute liver injury tissue

It is not often feasibled biopsy patients when they have developed acute liver failure due to
the high risk of post biopsy bleeding. A more appropriate approach was to obtain tissue
sections from livers removed at time of transplantation indicated for acute liver failure from

a \ariety of causes, including paracetamol toxicity, acute hepatitis B, autoimmune hepatitis
and seronegative acute liver failure. The use of this tissue, held under a human tissue bank
license, was kindly supplied by Dr Alberto Quaglia (Institute of LitediSs, Kings College
Hospital, London) and approved by the Kings College and Medical School Ethics committee
(Reference number: 01/04/005). Archived transplant recipient explanted livers were
extracted at the time of transplantation and fixed in 10% falimand embedded iparaffin

wax and sectioned at 3p. Sections were stained with Haemtoxylin & Eosin (H&E) and

staired for fibrin, TF,TSR1 and HIFla.

2.3.2.1.2. Chronic liver injury tissue

2.3.2.1.2.1. Murine chronic liver injury tissue

Formalin fked paraffin embedded blocks of liver tissue form mice, previously held under a
Home Office project licensé¢license number 70/5562)vere kindly supplied by Dr Quentin
Anstee (Imperial College London). C57BL/6J mice, aged 8 weeks old, had been trehted wit
carbon tetrachloride (CCl4) diluted in a corn oil vehicle and administered by intraperitoneal
injection on alternate week days for a period of 4 weeks. The dose of CCl4 administered
had been increased weekly in a stepwise fashion with a maximum dosalo€Cl4 per kg

body weight being reached after 3 weeks (Ansetal, 2008). At completion, animals had
been culled by intraperitoneal injection of 0.1ml Pentoject (Pentobarbitone Sodium Ph.Eur.

200mg/ml, Animal Care Ltd., UK) followed by cervical delmn. Liver tissue had been
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collected and preserved in 10% formalin and then embedded in paraffin wax. Sections were

cut at5um. Sections were stined with H&Eand staned for fibrin, TF and TM

2.3.2.1.2.2. Human chronic liver injury tissue

Archived Iver biopsy specimens performed for the clinical staging of chronic HCV infection
were used. Tissue sections were supplied by Professor Robert Goldin (Imperial College
London) and use of tissue was approved by the Brent Research Ethics com{Riteeence
number: 08/H0717/34)Archived biopsies were identified via the departmental Hepatitis C
database. Inclusion criteria were biopsies archived within the last 10 years with evidence of
active HCV viral replication (positive HCV RNMeve) at time of biopsy.Biopsies were
excluded if a patient was taking anticoagulation at time of biopsy or if there was insufficient
archived biopsy tissue for adequate histatad) restaining and scoringBiopsies that fulfilled

the inclusion and exclusiaeriteria were idenified (n=20), and 5pn sections were cut from

the corresponding formalin fixed paraffin embedded tissue blocks. Sections were stained for

fibrin, TF and TMSome sections were utilized optimizing staining techniques.

2.3.2.1.3. Control tissue

Human forméin fixed paraffin embedded placental tissue was used as positive control tissue
to establish the staining techniqu#ue to the vascular nature of the tissue and presence of
coagulation factorsHuman placental tissue, with acute and chronic injury ti$su@ mice

and humans stained with the omission of the primary antibody acted as negative controls.
Sections of formalin fixed, paraffin embedded liver tissue from mice which were
administered saline injections instead of paracetamol or CCL4, and thesdcaltted as

experimental murine controls.
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2.3.2.2. Antibodies, Detection System, Blocking Agents and Reagents

2.3.2.2.1. Primary antibodies

A monoclonal murine 1gG1l against human fibrin (No. 350; American Diagnostica,
Greenwich, CT, USA) was used. Thastibody is documented to react with the fibrin
monomer of the fibrin clot, by reacting with fragments X and Y, bot B and E of human
fibrinogen A monoclonal murine IgG1 against human tissue factor (No. 4509; American
Diagnostica, Greenwich, CT, USWgs used, which is directed against an eptitope, within aa
1-25, the extracellular domain of human tissue factor. Both of these primary antibodies
were diluted with an assay solution made up of 0.15M Tris buffered saline (TBS), 1% Bovine
serum albumin BSA) and 0.3% of Tween 20 to a recommended dilution of 1:50.
A monoclonal murine IgG1 against human T3Rsc73158, Santa Cruz Biotechnology Inc,
Santa Cruz, US.), a polyclonal rabbit IgG against hufidn (sc9162, Santa Cruz
Biotechnology Inc, Sant&ruz, US.), which is directed against amino acids32P of

thrombomodulin, and a mononclonal murine IgGldirectaghinst amino acids 4828 of
HIF1U (sc¢53546,Santa Cruz Biotechnology Inc, Santa Cruz, US.) were U$exkeprimary

antibodies were dillgd with an assay solution made of 1.5% goat serum in phosphate

buffered saline (PBS) to dilutions of :BQ00, depending on tissue type.

2.3.2.2.2. Secondary antibodies

For staining using antibodies against fibrin and tissue factor, the secondbodgnised was
abiotinconj ugat ed r anouse IgG1l FSTARLLEB; RbD &eardtec, Oxford, UK).
The secondary antibody was diluted witlBS The chosen dilution of 1:50 was determined

by titration to eradicate norspecific staining.
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For staining usig antibodies against T3RPandHIF1U, a biotinylated goat artinouse was

used (ABC staining system, Santa Cruz Biotechnology Inc, Santa Cruz, US). For staining
againstTM, a goat antrabbit secondary antibody was used (ABC staining system, Santa

Cruz Bptechnology Inc, Santa Cruz, US).

2.3.2.2.3. Detection systems

For fibrin andTF staining, the detection system employed was a Streptavidin conjugated to
Alkaline Phosphatase (STAR 6B; AbD Serotec, Oxford, UK). The detection system was
diluted withTBSto the recommended dilution of 1:100. For T&PHIF10 and TM staining,

an avidin conjugated biotinylated horseradish peroxidise was used, dilutedPBi8to the

recommended dilution of 1:50(ABC staining system, Santa Cruz Biotechnology Inc, Santa

Cruz, US).

2.3.2.2.4. Blocking agents

Normal rabbit serun (C12SA; AbD Serotech, Oxford, UK) was diluted with TBS to a
dilution to produce 10% normal rabbit serum. Normal goat serum (Santa Cruz
Biotechnology Inc, Santa Cruz, US.) was diluted with PBS to produce 1.5% normal goat
serum. Avidin/Biotin blocking rgant (BUF016; AbD Serotech, Oxford, UK) was used to
minimise norspecific binding from endogenous biotin when staining for fibrin and tissue

factor in murine sections.
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2.3.2.2.5. Chromogens and substrates

Fast red tablets with Fast Red Substrate buf@UF023; AbD Serotech, Oxford, UK) were
used. One Fast Red Tablet added to 5mlis of Fast Red substrate buffer was allowed to
dissolve with gentle mixing3,3-DiaminobenzidindDAB) x 10 concentrate was diluted

with peroxide buffer. (Roche DiagnosticsaMnheim, Germany).

2.3.2.2.6. Other reagents

Xylene solution (Genta Enviromental Ltd, York, UK) was kindly donated by the Department

of Hi stopathol ogy, St . Maryds Hospital. Et h
was diluted with distilled watr to produce 75% and 90% Ethanol solutions. Hydroden
peroxidase (H3410; Sigma, St. Louis, MO, USA) was diluted with Methanol (Fischer
Scientific, Leicestershire, UK) to produce 0.3% Hydrogen Peroxidase in Methanol. Sodium
Citrate buffer (HDS05; HD Suppbe Bucks, UK) was diluted with distilled water to a
concentration of 0.01IMTBS10x working solution (T591A4L; Sigma, St. Louis, MO, USA)

was diluted with distilled water to produc&BS.PBStablets (P4417; Sigma, St Louis, MO,

USA) were dissolved in difed water to producePBS.

2.3.3. Experimental Protocol

2.3.3.1. Deparaffinisation
Sections were immersed in 100% Xylene solution for 10 minutes twice and rehydrated by
immersing in 100 % Ethanol for 5 minutes, 90% Ethanol for 5 minutes and 75% Eih&nol

minutes. Sections were then washed with distilled water.
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2.3.3.2. Blocking of Endogenous Peroxidise Activity
Sections stained for fibrin and tissue factor were treated with 0.3% hydrogen peroxide in
methanol for 30 minutes, and then washed oncéhwiBS Sections stained for TSE HIF

10 and TM were treated with 3% hydrogen peroxide in methanol for 30 minutes, and then

washed once withPBS

2.3.3.3. Antigen Retrieval
Sections were immersed in 0.01M of sodium citrate buffer, pH 6.0 and microw@s&d
W) two times for 5 minutes each, then allowed to cool to room temperature, and then

washed once iTBSor PBS

2.3.3.4. Blocking

To minimise non specific staining, murine sections were incubated at room temperature for
120 minutes in 10% normahlbbit serum for fibrin and’F staining, and for 60 minutes in
1.5% goat serum for TSE HIF1U and TM staining. Excess serum was tapped off. Sections
were then incubated for 15 minutes with Avidin solution. Sections were washed thoroughly
3 times with TBS before incubating for 15 minutes with Biotin solution. Sections were

washed 3 times witiBSor PBS

2.3.3.5. Incubation with the Primary Antibody
Sections were incubated with the primary antibodies at the noted dilutions {1LZ00)
overnight at 4C, and then washed three times with buffered salif@ tissue sections,

which were to act as negdive controls, the pmary antibody was omitted, anskections
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were incubated only in the assay solution in which the respective antibody had been diluted
(0.15M TBSwith 1% lovine serum albumin (BSA) and 0.3% of Tween 20; or 1.5% Goat

serum diluted irPB$. All sections were washed three timesTiBSor PBS.

2.3.3.6. Incubation with the Secondary Antibody

Sections stained for fibrin an@iF were incubated with biotinylated secondary antibody
(STAR11B) at recommended dilution (1:50) for 60 minutes at raemperature. Sections
stained for TSA and HIF14 were incubated with the biotinylated goat amtiouse
secondary antibody (ABC staining system) for 60 minutes at room temperature. Sections
stained forTM were incubated the biotinylated goat anéibbit secondary antibody (ABC
staining system) for 60 mites at room temperature. All sections were washed three

times inTBS or PBS.

2.3.3.7. Application of Detection System

Sections stained for fibrin or TF were incubated with the enzyme conjugated streptavidin
(STAR 6B) at recommended dilution (1:100) 6® minutes at room temperature. Sections
washed three times witfTBS Sections stained for TSR HIF1U and TM were incubated
with the avidin conjugated biotinylated horseradish peroxidiBC staining systengt the
recommended dilution (1:50pr 60 minutes at room temperature Sections were washed

three times with Phosphate buffered saline.
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2.3.3.8. Chromogen and Substrates

Fibrin and TF sections were incubated with Fast red solution for 2 minutes at room
temperature. Sections were then washed once in distilled water-I,$RF10 and TM

sections were incubated with DAB staining solution for 2 m@s. Sections were then

washed in distilled water for 2 minutes.

2.3.3.9. Counterstaining and Mounting

Fibrin andTF sections were counterstained in haematoxylin for 1 minute and then rinsed in
running water for 5 minutes Sections were mounted in theaqueous mounting medium and
coverslips added manually (Dako permanent aqueous mount; Dako)-1,TiHI-10 and

TM sections were counterstained in haematoxylin for Iminute, and then dehydrated with
two washes iB5% ethanol for 10 seconds each, followed by 2 washes in 100% ethanol for
10 seconds each and then 3 washes in xylene for 10 seconds each. Exeasswas then
wiped off. Sections were mounted using a non agueous mounting medium and cover slips

applied.

2.3.4. ANALYSIS

2.3.4.1. Acute Liver Injury

Each murine section was evaluated in its entirety using light microscopy by a histopathologist
(Professor Robert Goldin) blinded to the injury grade of the specimen. The extent of
necrosis in each section stained with H&E was reassessed using theTi&S Z1). The
amount of fast red staining for fibrin or TF expression or brown stained secondaBAB

for TSR1 expression was noted using digital image analysis and or a 4 point visual analogue
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scale of 0 (none), 1 (small amount of staining), 2 (moderate staining) and 3 (heavy staining).
Structural patterns and distribution of staining were noted mcle section. Digital image
analysis was performed to allow a semmitomated quantification of protein expression.
Using an Olympus BX50 microscope at x1.5 objective under fixed lighting conditions,
multiple digital images of each section stained were takking the Nikon NIS Elements
Software Viewing System (Nikon, Japan) the digital images acquired from each section were
6stitchedd to produce a single image repres
analysed, using Nikon NIS digital image aismboftware to calculate the percerge area of
staining in each section. Image mapping techniques allowed for-sgtomated ce
localzation of staining patternsetween individual proteins, and or areas of necrosis.

Each human acute liver injury sectimas evaluated in its entirety using light microscopy by

a histopathologist initially blinded to the aetiology of the cause of acute liver failure.

Structural patterns and distribution of staining were noted in each sectioedchprotein.

2.3.4.2. Chronic Liver Injury

Liver sections were evaluated using light microscopy with a histopathologist (Dr Adam
Levene) blinded to the nature of specimen. Digital image analysis was performed to allow a
semiautomated quantification of the coagulation proteinseiach section of tissue. For
archived HCV human liver, sections were graded using the Ishak Modified Histological
Activity Index for fibrosis (sed€lable 22) and the Knodell Histology Activity Index for
inflammation (sedable 23). Sections were sublassified into one of four groups according

to the reported scoring of liver fibrosis: Mild fibrosis (fibrosis score 1 and 2), moderate

fibrosis (fibrosis score 3 and 4) and severe fibrosis (fibrosis score 5 and 6) dbée 22).
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Using an Olympus BX50 ombscope under fixed lighting conditions, digital images of 8
randomly chosen microscope fields of view at x20 objective were taken from each murine
sections. We evaluated the whole of each human section at x10 objective. The Nikon NIS
Elements Software ®ing System (Nikon, Japan) was used to create stitched images, and
the percentage area of staining for fibrin and tissue factor in each section was calculated as

described above.

Table 2-2: Modified histological scoring system for quantifying liver fibrosis

Score Degree Description

0 - No fibrosis
1 Fibrous expansion (spurs) around some central veins
Mild

2 Fibrous expansion around >50% central veins
3 Fibrous expansion around most central veins, soméda®V bidging

Moderate
4 Fibrous expansion around most central veins, marked (>50%9)-CV bridging
5 Marked bridging fibrosis plus some nodules

Severe

6 Cirrhosis (>50% nodularity)

Table 2-3: The Knodell Histology Activity in  dex for quantifying hepatic inflammation

Score Level of inflammation
0 No inflammation present
1-4 Minimal inflammation present
5-8 Mild inflammation present
9-12 Moderate inflammation present
13-18 Severe inflammation present
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2.3.5. Statistics

Data was collated using Microsoft Excel (Microsoft Inc, USA). Statistical analysis was

I+

performed using SPSS version 14 (SPSS, USA). Quantitative data is expressed as mean
standard error of meanAn independent test analysis was used to compare protein
expression between control and experiment murine groups where applicableear trend

across categories was examined using regression analysis to assess expression of proteins
and degree of injury. Statistical significance was accepted at p<0.05hsGrape generated

using Microsoft Excel (Microsoft Inc, USA) and SPSS version 14 (SPSS, USA) with any error

bars representing standard error of mean.
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2.4. RESULTS

2.4.1. Antibody evaluation

2.4.1.1. Fibrin and Tissue Factor

The experimentamethod described in section 2.3 utilised Fast Red and should produce a
strong red stain at the site of the antigen. In human placenta (positive control), fibrin and
tissue factor were detected in keeping with the expected pattern of distribution Egee
2-1.BD). In placental tissue tested, no non specific staining occurred when the protocol was

performed with the omission of the primary antibody (Segure 21.A).

2.4.1.2. TSP-1, HIF -1 U and Thrombomodulin

The experimental method described in section 2.3, utilising DAB, should produce a brown
stain at the site of each antigen stained with this technique. Human placenta was again used
as the positive control, and TSPand TM were dete@d in keeping with the expected
pattern of distribution (sed-igure 21 FG). In placental tissue tested, again no non specific
staining occurred when the protocol was performed with the omission of the primary

antibody (Seéigure 21.E).
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Figure 2-1: Placental control tissue stained for TF, fibrin, TSP -1, TM, and HIF -1 U.

Fast red stains red, and DAB stains brown.
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A: Negative control: Placenta tissue section stained with the omission of the primargbirétive. No fast

red stain demonstrated

B: Placental tissue section stained for fibrin (x40 objective). Findingedping with expectediense fibrin

deposition in the placental bed.

C: Placenta tissue stained for tissue factor (x10 objectiM&avy epithelial staining around a sectionthod

amniotic sack.

D: Placenta tissue stained for TF (x40 objectiv#davy TF staining in the placental bed in a similar pattern to
fibrin.

E: Negative control: Placenta tissue stalngith the omission of TSR, HIF1 Uor T™M (x10 objecive). No

non ecific staining demonstrated
F: Placenta tissue stained for TM (x10 objectivégavy staining of syncytiotrophoblast layer of placenta
G: Placenta tissue stained for F&Px20 objective). Positive staining seen in the placental bed.

Black arrows iiwéte positive antigen staining

2.4.2 Acute Liver Injury

2.4.2.1. H&E Staining

2.4.2.1.1. H&E staining in murine sections

16 sections in total were stained: 12 sections from mice treated with paracetamol and 4
sections from control mice. H&E staininigmonstrated varying degrees of necrosis, ranging
from no evidence of necrosis in control sections to mild perivenular necrosis in Grade 1
injury sections; mild bridging necrosis in Grade 2 injury sections; extensive bridging necrosis
in Grade 3 injury sd@ns; and panlobular necrosis in Grade 4 injury sections Sgere 2

2).
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Figure 2-2: H&E staining demonstrating a selection of various degrees of necrosis in acute
murine liver injury

Necrotic areas seen as a pink diszalation

A: Grade 1 injury demonstrating periwelar necrosis with no bridging (x1.5 objective)

B: Grade 2 injury demonstrating mild bridging necrdgis.5 objective)

C: Grade 3: demonstrating extensive bridging necr@sls5 objective)
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2.4.2.2 Fibrin Staining

2.4.2.2.1. Fibrin in normal murine livers

Mice treated with saline only, represented what we would expect to demonstrate in normal
livers. A small amount of intravascular fibrin, in the form of thrombus in the central veins
with cut edge staining was noted. Neither hepatocellular nor centrilobular staining was
noted (SeeFigure 24A). These findingsonfirmed the success of the staining technique as

intravascular clot was correctly localised and no specific staining withirthe liver

parenchyma was present.

2.4.2.2.2. Fibrin expression in murine paracetamol induced acute liver injury

Fibrin was expressed in all the sections from mice with ICSS graded acute liver injury. In
grade 3 and 4 injuries there was heavy conflueainshg within necrotic areas originating in

the centrilobular areas. Fibrin staining was less prominent in sections from mice with milder
injuries (Sed-igure2-3 & 2-4). Regression analysis of the relationship between the extent of
fibrin staining measad by using a visual analogue scale and the grade of liver injury revealed
a very strong correlation (Spearman correlation 0.956, p<000.1). A comparable correlation
was found when performing regression analysis between the digital quantification of fibrin
staining and grade of liver injury (Spearman correlation 0.961 p<0.0001) &xe 24 and
Figure 23). Colocalization of fibrin staining using image mapping confirmed that fibrin

staining was confined to areas of necrosis (Biggire 25).
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Table 2-4: Fibrin staining measured by a 4 point visual analogue scale and digital quantification

murine acute liver injury

Values expressed as mean % of section stained for fibrin ($EML6).

Grade of injury

Visual analogue score

% Fibrin stain per section

in

GO 0 (0) 2.4 (0.5)
Gl 1.25 (0) 8.4 (2.0)
G2 2(0) 20.8(1.6)
G3 2.5(0.3) 30.0 (4.6)
G4 3(0) 40.5 (0.3)
Figure 2-3: Scatterplot graph s0.00
showing digital quantification of
fibrin staining in murine 40,004 8
o
paracetamol acute liver injury c
Digital quantification of fibrin staining (¢ §30 oo
0. o
staining per section) versus Imperi E
) o
College  Scoring System  (ICSS¢ = 00 . °
Regression analysis demonstrating i
strong  correlation between  fibrin . o
deposition and grade of injury (r= 0.9¢ o
o
p<0.0001) 8
T 100 200 300 400

88

Grade of Liver Injury



Figure 2 -4: Fibrin staining with varying patterns with degree of inju ry.

Fibrin staining seen as red stain

A Control tissue demonstrating only intravascular thromhwithin large vesselstained red(x 1.5 objective)
B: Grade 1 injury demonstrating a perivenular deposition of fibrin, with ndging between

veins(x 1.5 objective).

C: Grade 2 injury showing centrilobular fibrin deposition with mild bridging between the central eih$
objective).

D: Grade 4 injury demonstrating extensive panlobular stainindpafifx 1.5 objective)

Black arrows indicate areas of positive staining
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Figure 2-5: Digital image co-localization of fibrin with necrosis , using acute murine liver injury

serial sections.

A: Grade 3 injury section stained showiextensive fibrin stainin@4 objective)
B: Grade 3 injury section H&E stain, demonstrating bridging necfedisbjective)
C: Composite image produced using NIS image analysis isolating fibrin expressiofxébhlggctive)

D: Digitally mergedmage of the fibrin stain (blue) superimposed over the H&E stain, hentgcabizing fibrin

staining to the area of necrosfg4 objective).

2.4.2.2.3. Fibrin expression in human acute liver failure

Tissue from explanted transplant recipients livers@®lary to paracetamol overdose (n=3),
acute HBV infection(n=1), seronegative acute liver failure (n=1) and autoimmune hepatitis
(n=1) were stained for fibrin. Fibrin was expressed in all the sections but to varying degrees
depending on the cause of aculiger failure (See Figures@ & 2-8). Intravascular clot

stained positive. All negative control tissue failed to stain as would be expected.
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2.4.2.2.3.1. Fibrin expression in human acute liver failure secondary to
paracetamol overdose

Fibrin was healyi expressed within the necrotic areas of all liver sections from patients, who
had developed acute liver failure as a result of paracetamol toxicity. At higher objectives,
staining for fibrin was demonstrated within macrophages and hepatic sinusoidsgS8ese2

6)

Figure 2-6: Fibrin staining in tissue sections from human acute liver failure secondary to

paracetamol toxicity
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A ,B: Paracetamol toxicity demonstrating conftiidibrin deposition at low power (x1.25 objective).

C,D: Paracetamol toxicity demonstrating fibrin deposition confiteaecrotic areas (x4 objective).

E,F : Paracetamol toxicity demonstrating fibrin accumulation in macrophages (x10 objective).

G,H: Paraetamol toxicity demonstrating fibrin accumulation in macrophages at higher power (x 40 objective).
I, J Paracetamol toxicity demonstrating sinusoidal staining (x40 objective).

Black arrows indicate areas of positive staining
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CD 68, a marker for macrphages, displayed a similar pattefndistribution to fibrin, and
digital image mapping demonstrated a degree dbcalization between staining of fibrin and
CD68 on serial sections, confirming the localization of fibrin within macrophage$-igee
2-7).

Figure 2-7: Fibrin and CD68 staining in tissue sections from human acute liver failure se  condary

to paracetamol toxicity.

Co-localization of CD68 and fibrin staining

A : Paracetamol toxicity demonstrating ctugnt CD68 expression at low power (x4 objective).
B : Paracetamol toxicity demonstrating confluent fibrin deposition (x4 objective).

C : Digital image mapping showing colocalization of CD68 (yellow) and fibrin (red) expression (x10 objective).
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2.4.2.2.3.2. Fibrin expression in human acute liver failure secondary to other

causes of acute liver failure

In contrast fibrin staining was far less prominent in acute liver failure caused by autoimmune
hepatitis and acutédHBV infection and seronegative acutévér failure. In autoimmune
hepatitis sections there was very sparse fibrin staining localised to macrophages only (See
Figure 28). AcuteHBV and seronegative acute liver failure demonstrated moderate levels of
fibrin staining, in which fibrin was predamantly localised to macrophages with some sparse

sinusoidal staining.

Figure 2-8: Fibrin staining in tissue sections from human acute liver failure secondary to
seronegative, acute hepatitis B, and autoimmune hepatitis.

Varyng intensity and distribution of fibrin deposition was demonstrated relating to aetiology of injury.
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A: Seronegative acute liver failure: moderate fibrin deposition at low power (x 20 objective).

B: Seronegative acute liver liie sections showing fibrin accumulation in macrophages (x 40 objective).
C: Acute hepatitis B: moderate amount of fibrin deposition at low power (x20 objective).

D: Acute hepatitis B: some fibrin deposition within macrophages (x 40 objective).

E: Autoimmune hepatitis: minimal fibrin deposition seen at low power (x20 objective).

F: Autoimmune hepatitis: very sparse fibrin deposition at high power (x40 objective).

Black arrows indicate positive staining
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2.4.2.3. Tissue Factor

2.4.2.3.1. Tissue factor exp ression in normal murine livers
Positive staining fof F was demonstrated in all the sections from control mice. There was
weakly positive staining in the hepatic sinusoids in all control sections. No staining around

the central veins and perivenular are@as observed (Seleigure 29).

2.4.2.3.2. Tissue factor expression in murine paracetamol induced acute liver

injury

TF expression was characterised by two distinct patterns in mice treated with paracetamol.
Both sinusoidal expression in viable areasl aentrilobular expression in necrotic areas
were demonstratedThis was in contrast to the control mice (normal livers) in which only
weak sinusoidal screening was seen (Sgere 29). The intensity and distribution of these

two distinct patterns of staing varied with the grade of injya(See Table-B, Figure 2, 2-

10). Regression analysis of the relationship between grade of injury and centrilobular staining
(measured by a visual analogue scale) revealed a strong correlation (Spearman correlation
0.77, p<000.1). Centrilobular TF expression also had a strong correlation with fibrin
expression (r = 0.731, p<0.001). In contrast the amount of sinusoidal staining in viable areas
did not correlate with grade of injury (0.4, p>0.05). Furthermore TF sinudal expression

in viable areas showed no correlation with TF centrilobular expression {t.47, p> 0.05)

nor fibrin deposition (r =-0.35, p >0.05) (Sekigure 210).
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Figure 2-9: TF staining with varying patterns with deg ree of injury .

A Control tissue (x40objective)demonstrating only wdasinusoidal staining (stained red).
B: Grade 1 injury (x2®bjectivg demonstrating TF sinusoidal staining but no perivenular staining
C: Grade 4 injury (x1.®bjective showing widespread centrilobular staining

D: Grade 4 injury (x4®bjectivg demonstrating heavy cenilobular staining

Table 2-5: Tissue factor staining measured by a 4 point visual analogue scale in murine acute
livery injury.

Qualified as either sinusoidat oentrilobular in distributionValues expressed as mean (SENH16)

Grade of Injury TF sinusoidal staining TF centilobular staining
GO 0.5 (0.5) 0 (0)

G1 1.4 (0.3) 1.1 (0.66)
G2 0.833 (0.17) 1.2(016)

G3 1.0 (1.0) 2.3(0.8)
G4 1.75 (0) 2.3(0.3)
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Figure 2-10: Scatterplots demonstrating

TF staini ng in murine acute livery injury.

A: Scatterplot graph showing the visual analoc
measurement of TF centrilobular staining (4 poi
scale) versus ICSS grade of injury (r= 0.
p<0.001).

B: Scatterplot graph showing visual analoc
measurement of TF susoidal stainig versus
ICSS grade of injury & -0.4 p>0.05).

C: Scatterplot showing visual analog!
measurement of TF centrilobular staining vers

fibrin staining (r= 0.71 , p<0.001)
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2.4.2.4. Thrombospondin -1

2.4.2.4.1. TSP-1 expression in murine paracetamol induced acute liver injury
TSR1 was detected in all acute liver injury mice sectionsdgré to 4) incubated with the

primary antibody at a dilution of 1:200. In grade O and control mice tissue;1T\B&s
detected only on the cut edge of sections, with only endothelial or intravascular staining
seen. In higher grades of injury there was hesteyning in a similar distribution to fibrin. At
higher power TSA was confined to sinusoids and areas of centrilobular necrosis (See
Figure 211). Regression analysis demonstrated a strong correlation between the percentage
of TSP1 stained per sectiorand grade of acute murine liver injury (Spearman correlation

0.931 p<0.01) (Seg€able 26, Figure 212).

Figure 2-11: TSP-1 staining with varying degrees of murine acute liver injury

A Grade 0 injury (x1®bjective) demonstrating endothelistainingfor TSP1.
B: Grade 0 injury (x40 objective) demonstrating sinusoidal staining forITSP
C: Grade 4 injury (x1.®bjective showing widespread centrilobular staining

D: Grade 4 injury (xR objective demonsrating heavy cemtlobular staining
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Table 2-6: TSP-1 staining measured by a 4 point visual analogue scale and digital quantification in
murine acute liver injury.

(n=13)Values expressed as mean % of section stained fan {BEM).

Grade of Injury Visual analogue score % TSP-1 stain per section

GO 0 (0) 4.8 (0.4

G1 1.0(0) 12.0 (3.4

G2 2(0) 32.8(1.0

G3 2.5(0.3) 33.0(9.1)

G4 3(0) 44.5 (0.9

Figure 2-12: Scatterplot graph showing 50001

digital quantification of TSP -1 staining. . °

40.00+

Digital quantification of TSP staining (% staining

per section) versus Imperial College Scoril

30.00

System (ICSS) . Regression asialdemonstrating

20.00

a drong correlation between TSR depositon

% TSP1 stain per section
o

and gradeof injury (r= 0.931, p<0.D).

10.00

(= 1]

0.007

T
000 1.00 2.00 300 4.00

grade of injujry

2.4.2.4.2. TSP-1 expression in human paracetamol induced a cute liver injury

Tissue from explanted transplant recipients livers secondary to paracetamol overdose were
stained for TSHL. TSP1 was expressed in all the sections ($&gure 213). No non specific
staining was seen with omission of the primary ardjpolr SPLwas heavily expressed within
necrotic areas of liver sections. At both higher and lower objectives staining was

demonstrated in a similar pattern of distribution to fibrin stainifgg(re 213).
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Figure 2-13: TSP-1 staining in human paracetamol acute liver injury .

TSPR1 staining confined to areas of necrosis, in a similar distribution to fibrin staining

A, B: Confluent TSPL deposition (A) in a similar distribution to fibrin staining (8)..5 objectivg
C, D: TSR1 staining (C) confined to in necrotic areas in keeping with fibrin expression (D). (x4 objective)

E, F: TSR1 expression (E) confined to necrotic areas in keeping with pattern of staining for fibrin (F) (x10
objective)

Black arrows indicatesjhive staining
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2.4.2.5. HIF-1U expression in murine paracetamol induced acute liver injur .

A subset of acute liver injury mice sections were for stained for-EiFa marker of tissue
hypoxia. In keeping with staining for fibrin and TSPIF1a expression demonstrated a
similar cetrilobular pattern, with colocalization to areas of necrosis in mice with
paracetamol induced acute liver injuriFigure 214). No staining was demonstrated in
sections from control mice (se€igure 214 A). Furthermore when sections were stained
from a sipset mice culled (n=4) at earlier time points of 2 and 4 hours, staining
demonstrated ceocalisation of bothHIF1a and fibrin in centrilobular areas (séegure 2

14). This demonstrates that expression of bdtti1a and fibrin is observed early in the

generation of this type of injury.

Figure 2-14: HIF1 - U staining in murine acute liver injury

Colocalsed to areas of necrosis and fibrin deposition.
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A: No staining forHIF-1ain liver sectiondrom control miceat x10 objective.

B, C: HIF1a demonstrating a centrilobular pattern of epgssion colocalied to areas of necrosiat (x10
objective).

D: HIF1ademonstrating a centrilobular pattern of esgssion colocalizd to areas of necrosié40 objective.

E: HIF-1a demonstrating an early wealentrilobular pattern of expession celocalizd to areas of necrosim
mice culled at 2 hours post administration of paracetamabD(»bjective).

F: Fibrin deposition in aentrilobular pattern of egression celocalizd to areas of necrosiand HIF-1a in
mice culled at 2 hours post administration of paracetamab(»bjective).

G: Composite image using digital mapping further demonstrating colocalization of fibrin (red)IBic

(brown) in a cettrilobular distribution (x10 objective).

Black arrows indicate positive staining
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2.4.3. CHRONIC LIVER INJURY

2.4.3.1. H&E staining

2.4.3.1.1. H&E staining in murine liver tissue

Liver tissue sections taken from CCL4 treated mice all demonstratedaraid amounts of
fibrosis, with fibrous expansion around most central veins with bridging fibrosis between
central veins. Liver tissue sections taken from control mice, treated only with saline, were

architecturally normal with no evidence of hepatic fibi

2.4.3.1.2 H&E staining in human HCV liver tissue
Human HCV liver tissue sections demonstrated a range of grades of fibrosis in keeping with
their respective Ishak fibrosis score (s@able 22). All biopsies selected were graded as

having minimal omild inflammatory scores (s€able 23).

2.4.3.2. Fibrin

2.4.3.2.1. Fibrin expression in murine chronic liver injury

Fibrin was expressed in all tissue sections from mice with CCL4 induced fibrosis. In fibrotic
areas, fibrin expression was demonstratedboth the fibrous septae and blood vessels
including large vessels with intravascular clot and endothelial staining of sinusoids. In
perifibrotic areas there was not only a zonal staining patterm, in which there was mild
cytoplasmic staining of perifibio hepatocytes, but also heavy sinusoidal staining. No
cytoplasmic staining was seen in non fibrotic areas, where only sinusoidal staining was noted.

(SeeFigure 216). Only intravascular clot and cut edge staining was noted in tissue from
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control mice,treated with saline injection alone.
On performing digital image analysis there was significaneégudation of fibrin expression
within murine liver tissue treated with CCL4 when compared to normal control murine

liver tissue (222%+/2.13 versus 0.04+F 0.03 p=0.0009) (Se&able 27; Figure 215).

Table 2-7: Fibrin staining measured by digital quantification in mice treated with CCL4 and
normal mice .
Normal tissue (n=3) versus fibrotic murine liver tissue following @syre to 4 weeks of CCL4 (n=3). Values

expressed as mean % afction stained for fibrin.

Group Mean % Fibrin stain per section SEM
Control mice

0.04 0.03
(normal)
CCL4 mice

22.22 2.13
(fibrotic)

Figure 2-15: Grap h showing digital quantification of fibrin staining in murine liver tissue sections
following CCL4 exposure .

Values expressed as mean % of section stained for fibrin (SEM).

o o 5 30 P= 0.009
Bar graph showing digital quantificatior o M 1
Q
fibrin staining (mean % of sections stai £ 259
for fibrin/fibrinogen) in normalcontrol 2 20
5 ]
mice and fibrotic murine liver tisstL ‘g c
sedions induced by CCL4 A significar ; :_E 15 -
o
increase in fibrin expression ifibrotic o
—_ 10 N
versus normal contromurine liver tissu @
S
(p =0.009) S 5
[}
=
0 .
Control mice CCL4 mice
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Figure 2 -16: Fibrin staining in murine liver sect ions following CCL4 exposure.

Fibrin expression in sinusoids, perifibrotic hepatocytes and fibrotic septae.

A Fibrin immunostaining in normal murine liver tissue, demonstrating intravascular clot (x4 objective).
B: Fibrin expressed in a fibrotic and perifibrotissue pattern at low power (x4 objective)

C: Fibrotic tissue: Positive staining in fibrotic septae, hepatic sinusoids and in cytoplasm of perifibrotic

hepatocytes (x 20 objective)
D: Non fibrotic parenchymigtissue from CCL4 mice. Fibrin upregulated in hepatic sinusoids (x 20 objective)..
E: Fibrotic tissue: Heavy perifibrotic sinusoidal staining for fibrin (x20 objective).

Black arrows indicate positive staining
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2.4.3.2.2. Fibrin expression in human HCV ¢ hronic liver injury

In keeping with the findings in murine fibrotic tissue, in human HCV infected liver tissue we
demonstrated fibrin expression within hepatic sinusoids in both parenchymal non fibrotic
areas and fibrotic areas (Seeyure 217). There was borderline significant correlation with
grade of fibrosis (r=0.66, p=0.056) (s@@&ble 28 and Figure 218). All negative control
tissue failed to stain for fibrin as would be expected, which indicated there was no non

specific staining

Table 2-8: Fibrin staining in chronic human liver injury samples related to the degree of fibrosis.

Measured by digital quantificatiohalues expressed as mean % of section stained for fibrin (SEM).

Group Number Mean % Fibrin stain per sect ion (SEM)
Mild (Score 12) 2 4,08 (001)
Moderate
5 6.58 (1.96
(Score 34)
Severe (Score-b) 2 12.42 (2.21)
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Figure 2-17: Fibrin staining in human HCV infected liver sections.

Fibrin expression in sinusoid®d fibrotic septae with digitally enhanced images to highlight staining.

A, B: Fibrotic Area Non enhanced image (And digitally enhanced imag isolating fibrin stainingzvidence
of fibrin deposition within fibroticseptae(x 20 objective)

C, D: Non fibrotic area(fibrosisscore 3). Non enhanced image (&)d digitally enhanced image isolating fibrin
staining(D). Upregulation okinusoidal fibrin expression imon fibrotic areas. (0 objective)

E, F: Non fibrotic area(fibrosisscore 5). Non enhanced image) @d digitally enhanced image isolating fibrin
staining(F). Increasd sinusoidal fibrin expressidn non fibrotic areagx 20 objective)
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Figure 2-18: Scatterplot graph showing di gital quantification of fibrin staining  in human HCV

liver sections .

(Mean % fibrin staining per section) versus: the grade of fibrosis using the Ishak Modified Histological Activity
Index (1=Mild, 2=Moderate, 3=Severe).
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2.4.3.3. Tissue Factor

2.4.3.3.1. TF expression in murine chronic liver injury

TF was expressed in normal murine liver tissue sections. Positive staining was demonstrated
in the hepatic sinusoids. No perivenular staining was seen [sgere 219). TF was
expressed in althe sections from mice with CCL4 induced fibrosis. Heavy TF staining was
observed in both fibrotic and perifibrotic areas (segure 219). TF was staining was also
observed in both hepatic sinusoids and fibrotic septae within fibrotic areas. Addgional
sinusoidal areas stained for TF in non fibrotic areas. On performing digital image analysis
there was a significant increase in TF expression within fibrotic murine liver tissue treated
with CCL4 when compared to tissue from normal control mice (15.14842.04 versus

2.04%+/0.25, p=0.002) (se€able 29; see Figure-29 & Figure 20 ).

Table 2-9: TF staining measured by digital quantification  in mice treated with CCL4 and normal
mice .
Normal tissue (n=3) versus fibrotimurine liver tissue following exposure to 4 weeks of CCL4 (n=3). Values

expressed as mean % of section stained for fibrin (SEM).

Group Mean % TF stain per section SEM
Control mice

204 025
(normal)
CCL4 mice

15.14 2.04
(fibrotic)
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Figure 2-19: TF staining in fibrotic murine liver sections following CCL4 exposure.

TF expressedh sinusoids, perifibrotic hepatocytes and fibrotic septae.

A,B: TF immunostaining in normal murine livesgue sections demonstratingeaksinusoidal stainin@®, x 40

objective)but no perivenular staining (A, x2ibjective).

C,D: Patternsof TF immunostaining iliver tissue sectionfrom mice treated with CCL4 Non-fibrotic areas
(C) demonstrating ugreguhtion of sinusoidal TF in contrast (@) normalliver tissue Fibrotic areagD) with

heavy prifibrotic cytoplasmic and sinusoidal expressiofmBf{x40 objective)

Black arrows indicative positive staining
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Figure 2-20: Graph showing digital quantification of TF staining in normal and fibrotic murine
liver tissue sections .
Mean %per section stained for Tk normal and fibrotic murine liver tissue sectiori&ror bars represent

standard error of mean

A significant increase in TF expressic
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2.4.3.3.2. TF expression in human HCV chronic liver injury

In human HCYV infected liver tissue a sinusoidal pattern of TF expression, with sinusoidal
endothelial staining and weak staining of inflammatory cells was observdddaes 221).

TF expression correlated ih the degree of hepatic fibrosis (sdeigure 222A) with
regression analysis demonstrating a significant between correlation between TF expression
and the grade of liver fibrosis (r=0.71; p=0.015) (s€able 210 and Figure 222A).
Furthermore, there was significant correlation between TF expression and the expression
of fibrin in human fibrotic liver tissu¢=0.82, p=0.024) 4ee Figure 222B). All negative
control tissue failed to stain, as would be expected, which demonstrated that staining was

speciic.
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Figure 2-21: TF staining in human HCV infected liver sections.

Patterns of TF immunostaining varying with the degree of fibrosis in chronic human liver tissue sections.

A,B: Non enhanced image (Aand digitally enhanceichage (B) isolating TF stainirf@jnusoidal expression of
TF in section with mild degree of fibrosis (fibrosis score 1; inflammation score 3).

C,D: Non enhanced image (C) and digitally enhanced image isolating ifithgtéD). Upregulation of
sinusoidal TF expression in section with moderate fibrosis (fibrosis score 3, inflammation score 3). (x 20
objective).

E, F: Non enhanced image (E) and digitally enhanced image isolating fibrin staining (F). Increased SiRusoida

expression in section with severe fibrosis (fibrosis score 5). (x 20 objective).
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Mean 9% TF staining per section

Table 2-10: TF staining in fibrotic human liver samples related to the degree of fibrosis.

Measured by digital quantificatioivValues expresed as mean % of section stained for fibrin (SEM).

Group Number Mean % TF stain per section (SEM)
Mild (Score 12) 5 3.50(0.97)
Moderate
4 6.03 (1.1}
(Score 34)
Severe (Score-b) 2 8.68 (1.99)

Figure 2-22: Scatterplot graphs showing digital quantification of TF staining in human HCV liver
sections.

(Mean % TF staining per sectioh) versus the grade of fibrosissing the Ishak Modified Histologidsdtivity

Index. Regression analy demonstrates a strong calation between TF staining and the fibrosis grade
(r=0.71, p=0.015);B. versus fibrin staining (Mean % fibrin staining per section). Regression analysis

demonstrates a significant correlation between TF and fibrin staining (r=0.82, p=0.024).
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2.4.3.4. Thrombomodulin

Thrombomodulin was expressed within hepatic sinusoids in liver tissue from mice treated
with CCL4. Furthermore, we showed minimal TM expression in perifibrotic and perivenular

areas, in contrast to heavy staining seen with fié fbrin (seeFigure 223).

Figure 2-23: Pattern of TM immunostaining in chronic murine liver tissue section.

A. Sinusoidal staining pattern (x20 objective)
B. Sinusoidal staining pattern, minimal centrabeéstaining (x20 objective).

Black arrows indicative positive staining
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2.5. DISCUSSION

2.5.1. Acute Liver Injury

Paracetamol toxicity is aommoncause, in humans, of acute hepatic fail@stapowiczet

al., 2002) Numerous factors contribute to paretamol induced injury including
microchrondrial alterations, reactive oxygen and nitrogen species, and cytoKiapme gt
al.,2003; Coveret al.,2005; Chiuet al.,2003; Gardneret al.,2002; Hinsonet al.,2004;
Jaeschkeet al.,2004) resulting inhepatocellular centrilobular necrosis. Despite extensive
research, the mechanisms involved in the process are not fully understood including the role
of coagulation proteins. Coagulopathy may become evident in humans 24 to 72 hours after
ingestion of paracetaol, including elevatioof the PT Haematological abnormalities occur
partly since the liver is responsible for the synthesfixoagulation factors, and a reduction

in both procoagulant factors, witthe exception of factor Vilhnd vWF, and anticoagulem
including protein C and protein S occurs (Lismeinal.,2010). Evidence is now emerging
which suggestsicreased consumption caused by activation of the coagulation cascade, may
contribute to this coagulopathy. A recent study has demonstrated tonsmption of
coagulation proteins peripherallyith plasma TF and AT complexes being elevated in
patients with acute liver injury (Kerr, 2003Yhe extent of consumption or activation of
coagulation factors centrally within the liver in relation to ALF iscim less defined. | sought

to examine this by using immunohistochemical staining techniques to quantify and qualify the
expression of coagulation proteins in both mouse and human liver tissue following

paracetamol induced acute injury.
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2.5.1.1 The role of Fibrin and TF in acute liver injury

Using a murine model of paracetamol liver injury we have demonstrated a significant
correlation between fibrin deposition and severity of acute liver injury, graded using a novel
scoring system based on extent pécrosis (see Figure-2 and 24). Moreover we have
demonstrated that the fibrin deposition is heavily-looalized to necrotic areas within the
liver in these mice (se€igure 25), and confirmed this finding in human liver sections from
livers extracted atlhe time of transplantation following acute failure induced by paracetamol
(seeFigure 26). A recent study has demonstrated fibrin and or fibrinogen staining within
necrotic areas of livers from mice with an acute liver injury (Gaaewl.,2007). Our daa

not only also supports these findings, but more specifically confirms the substantial
expression of fibrin within these necrotic areas. Expression of TF was demonstrated within
hepatic sinusoids in both normal tissue and viable areas of acutely itigsad, with heavy
centrilobular staining in necrotic areas of injured tissue ($égure 29). A significant
correlation was demonstrated between centrilobular expression of TF, grade of injury and
fibrin deposition, in mice (se€igure 210). Upregulaton of TFwith fibrin in a centrilobular
pattern of expressiorsuggest that centrilobular necrosis, the primary injury in acute liver
failure induced by paracetamol, is associated with activation of the coagulation cascade and
this activation is initiatedybTF. This is supported by data obtained from studies in patients
with acute liver failure induced by paracetamol, showing a significant reduction in serum
levels of factors VII, IX, V, X and Il, which are factors that are consumed as a result of TF
driven activation of the coagulation cascade (Kerr, 2003). Furthermore intrahepatic
activation of the coagulation cascade results in hepatic consumption of these coagulation
factors, which combined with peripheral consumption, will contribute to the coagulopathy

we observe in acute liver injury secondary to paracetamol.
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The significant correlation between both TF expression and fibrin deposition with the grade
of severity of acute liver injury, in conjunction with the-egpression of HIFLa, a marker of
tissue hypoxia, could suggest a role for these proteins in the pathogenesis of acute liver
injury via microcirculatory dysfunction and ischaemia. Evidence that damage occurs to
sinusoidal endothelial cells in paracetamol toxicity in both mice and humans cocéshtval

to the mechanism by which TF is released and activated in this settinget(Hg 2003;
McCuskey.,et al 2005; DelLeve et al, 1997; Wiliamset al, 2003). Production of
proinflammatory cytokines in the liver including TNF have been demonstratedoth
animalmodels (Dambach, 2006) and human patients with paracetamol poisoning (Kerr,
2003). TNFinduces the expression of TF and PAIn cultured endothelial cells, both of
which would promote thrombosis within the liver (Ganewet al., 2007). A poential
mechanistic pathway explaining the-nggulation of TF irparacetamol induced liver injury
can be postulated. Proinflammatory cytokines caupeegulation of TF from sinusoidal
endothelial cells, which results in activation of the coagulation dastepatic consumption

of coagulation factors and deposition of fibrin in the microvasculature with tissue hypoxia
and upregulation of HIFla, driving ischaemia and necrosis. Therefore considerable
intrahepatic activation of the coagulation cascade, ccowbt only contribute to the
coagulopathy of acute liver failure, it could have an important role in the initiation and

propagation of liver injury in this setting (Lismatral.,2010).

The demonstration of fibrin and TF expression does not obviouslyv@rcausality. The
results from our small time course study suggest that both fibrin deposition anelladIF
expression are early events in the development of acute injury in mice since they are
expressed within 2 hours following induction with paracetanfsée Figure 214). This is

before confluent necrosis occurs. It is however feasible that following TF release and
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activation of the cascade, the resulting substantial deposition of fibrin partly results from a
failure of clearance. Recent studies of mat¢rage function during acute liver injury
demonstrate that macrophage function is not impaired (Antoniaetes., in pressWe have
demonstrated colocalization of fibrin with CD68, in human acute liver injury tissue (see
Figure 27), which would indicatelrin is being cleared in part by macrophages. Few studies
have investigated fibrinolysis in the context of acute liver injury, and it is not clear if it is
truly impaired. Evidence suggests most fibrinolytic proteins are reduced in this setting, with
the exception of plasminogen activator inhibitor 1 (FA(Pernambucet al.,1993). If this is
proven to be the case, fibrin deposition, even in the context of a failure of fibrinolysis, would
still be of importance, since the resultimgicrocirulatory dysfaction, tissue hypoxia, and
ischaemia would remain a consequence. These questions are of significance and require
further study, since it is likely these mechanisms are involved in the pathogenesis and
propagation of this type of injury. Importantly clgnifg exactly at which stage coagulation
may contribute to injury is of relevance when considering the optimal timing of any targeted
inhibition as a therapeutic interventiofrurther studies, including studies looking at very

early timepoints of acute livenjury in mice are therefore still required.

2.5.1.2 Role of Thrombospondin and platelet aggregation in acute liver injury

Our data demonstrated TSP was upregulated in a murine model of acute paracetamol
injury, and localized to areas of necrosise€¢ Figure 211). Furthermore we have
demonstrated a correlation between grade of injury, classified by extent of tissue necrosis
with colocalization of TSR, fibrin aml necrosis (see Figure-Pl & 212). These findings
have been confirmed in human acluiteer injury with heavy staining of T8Rn explanted

liver from patients with acute liver failure secondary to paracetamol overdose, again in a

similar distribution to fibrin deposition (Sdégure 213).
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TSR1 is an extracellular glycoprotein released/ hhrombin activated platelets and
inflammatory cells and is an important mediator of platelet aggregation (Bornsteah,
2001; Isenberget al.,2008). Upegulation of TSR in both murine and human acute liver
injury tissue within necrotic areas, isdicative of thrombin mediated platelet activation and
will result in platelet aggregation. Its expression in necrotic tissue not only confirms the
presence of coagulants, such as thrombin, on which its expression is dependent, but is in
keeping with otherstudies, which have suggested increased platelet activation in this setting
(Hugheset al.1985). Since fibrin is heavily expressed in necrotic areas, it is not surprising
that thrombin mediated platelet activation and aggregation, vialTigHregulationwould be
present. Furthermore since platelet aggregation is known to contribute to both tissue
ischaemia via occlusion of vasculature, and to thrombus formation with fibrin deposition
(Chunget al.,1997; Isenberget al.,2008), thrombin mediated plateletggregation in this
setting in synergy with fibrin deposition could an important mediator for propagating tissue

injury via microvascular occlusion and dysfunction.

2.5.1.3 Applicability of this data to clinical practice

It is well established that ate liver injury leads to changes in haemostasis including
prolongation of the prothrombin time and thrombocytopenia, which has lead to a perceived
risk of bleeding (Lismaet al.,2010). Clinically clotting times, in particular the international
normalizel ratio (INR) and prothrombin time have been used as markers of hepatic function
and prognosis in acute liver failure. The data presented above suggests that centrilobular
expression of TF, fibrin deposition and -tggulation of TSR, a marker of thromin
mediated platelet aggregation correlate with extent of injury. Prolongation of clotting times,

historically have been seen as an indicator of hepatic dysfunction and reduced intrahepatic
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synthesis of coagulation factors. In acute liver injury we haveodstrated, in keeping with

other studies (Ganeyet al.,2007), that there is substantial intrahepatic activation of the
coagulation cascade, with heavy fibrin deposition in areas of necrotic injury. Our data
suggests there is therefore substantial consuarpbf factors within in the liver, which as
described above could also have a direct role in contributing to injury. We can postulate
that coagulopathy is secondary to both consumption and reduced synthesis of factors, and
to some extent a prothromboticstate, all be it most likely at a intrahepatic microvascular
level, arises during acute liver injury. These findings have implications towards understanding
the nature of coagulopathy in acute liver failure, and its management in defining bleeding risk
in these patients. Recent studies clearly demonstrated in chronic liver disease that contrary
to previous views and prolongation of clotting times, which can be poor markers for
bleeding risk, the haemostatic balance is preserved and can even favour a priotiio

state (Tripodiet al.,2005). Few studies have explored the true haemostatic balance in acute
liver failure. A single case report has suggested that acute liver injury induced paracetamol
was associated with ar@hrombotic state (Moulakahigt al, 2007). Further studies are
needed not only to define the true thrombotic risk and bleeding risk, but to determine
whether targeting the coagulation cascade as a potential therapeutic intervention to prevent
or treat acute liver injury, would be feasibld.0 date two animal studies have explored this,
showing a prophylactic benefit by reducing hepatocellular damage in acute liver injury
induced in mice with heparin (Ganeyal.,2007), and in rats with antithrombin 11l (Fujiwara

et al.,1988). These findgs have not been adequately taken forward and studied in human
based studies as yet, and this needs to be carefully considered once we have a better

understanding of the true haemostatic balances in acute liver injury.
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A further potential clinicepathdogical correlation for our data is suggested by recent
evidence which demonstrates admission platelet counts may be an independent predictor of
poor prognosis in patients with acute liver failure secondary to paracetamol overdose. A
platelet count of lessthan 79 x1&mm on admission was found to be related to a
significantly worse prognosis (Macpteilal.,2009). Thrombocytopenia in acute liver injury
secondary to paracetamol is common, and is often nfatttorial including a direct toxic
effect of paacetamol on the bone marrow, and disseminated intravascular coagulation
(Schigdt et al, 2003) Platelet aggregation or consutign can contribute to this.
Upregulation of TSR, which we have demonstrated, will contribute to ongoing platelet
aggregation,and as described above theoretically to ischaemia, necrosis, and hepatic
dysfunction. One study using prostacyclin has examined the effects of inhibiting platelet
aggregation in a murine model of acute liver injury induced by paracetamol, showing
benefical effects on liver necrosis and mortality (Guarredral, 1988). No similar studies
have been replicated in human subjects to date, and the inhibition of platelet aggregation as a

potential therapy to improve survival needs to be considered.
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2.5.2. Chronic Liver Injury

The majority of liver disease results from chronic inflammation which drives liver fibrosis.
Liver fibrosis represents the uniform response of the liver to toxic, infectious, and metabolic
agents and is characterized by an increasedhesis and altered deposition of extracellular
matrix components (Friedman, 2008) and is a complex dynamic process, involving the
recruitment and activation of platelets, inflammatory cells, hepatic stellate cells and other
extracellular matrix producingells, (Calvaruset al, 2008;Beaussieet al, 2007; Forbegt

al, 2004). Recent evidence suggests hepatic fibrogenesis is associated with prothrombotic
tendencies (Tripodiet al.,2005), and activation of the coagulation system either through
microthrombi deposition and the theory of parenchymal extinction (Wanktsal.,1995) or

the pro-fibrotic properties of thrombin, contributes to liver fibrosis. To examine these
concepts further, we sought to demonstrate the intrahepatic expression of coagulat
proteins using an immunohistochemically based study, in the setting of both murine CCL4
induced liver fibrosis, and human hepatic fibrosis secondary to chronic hepatitis C virus

infection

2.5.2.1. Coagulation proteins in chronic liver injury: evide nce of a local
procoagulant state

In murine and human chronic injury liver tissue, we have demonstrated expression of TF in
the both hepatic sinusoids and filtilo septae (see Figures-1® & 221). We have
demonstrated a significant upgulation of TF idivers of mice treated with CCL4 to induce
fibrosis versus normal control mice (sdagure 220), and using digital analysis shown a

significant correlation between the TF expression and severity of fibrosis in human HCV
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fibrosis (see Figures-21 & 2-22). Similarly &ining for fibrin demonstrated significant-up
regulationwithin hepatic sinusoids, perifibrotic and fibrotic areas in mice treatgld CCL4

(see Figures -25 & 216). Digital image analysis demonstrated a significant correlation
between fibm deposition and TF expression (s€&gure 222), and a borderline significant
relationship between fibrin expression and severity of fibrosis in human liver tissue infected
with HCV (see Figures-27 & 218). TM was only weakly expressed in hepatic smids,

and perifibrotic areas in mice, which was in contrast to the heavier expression seen with TF

and fibrin in these areas (s&&gure 223).

Only one previous study, by Rullier et al., has investigated the expression of TF in the
fibrotic livers. They found a predominantly hepatocytic expression of TF in both normal and
cirrhotic human liver (Rullieret al., 2006). Our findings in contrast demonstrate a
predominantly endothelial expression of TF, with positive staining in sinusoids and blood
vesselsThis would be more in keeping with the basic principles of the function of TF and
consistent with TF expression seen in nliver tissue (Nakasakiet al.,2002; Shojet al,

1998; Rullieret al.,2006). Moreover, the samples classed as normal liverugsby Rullier

were taken at a distance from benign liver tumours and cancer metastasis. This may have
confounded what they assumed to be normal staining patterns since malignancy has been
shown to upregulate TF expressio(Shigemoret al.,1998; Ohtaet al.,2002; Wojtukiewicz

et al.,2001) Our data demonstrates for the first time a correlation between TF expression
and severity of fibrotic injury in the liver, with a both a significant difference between normal
versus fibrotic murine tissue and betweelifferent grades of fibrosis human tissue. There
was no significant difference in inflammatory scores in the sections stained, with all sections

graded as having minimal to mild inflammation, irrespective of fibrosis score. Since all

124



sections had a degreef inflammation this would account for why TF expression was
demonstrated in all sections.

The significant correlation between fibrin and TF in human tissue, améelguyation of fibrin,

in a similar fashion to TF in mice supports TF driven activatiaim@icoagulation cascade in

a similar fashion. These findings would be would be in keeping with our current
understanding of fibrosis and TF expression. Fibrosis is driven by inflammation (Friedman
2008), and inflammation is known to causerepgulation d intravascular TF (Esmaet al.,
2004). TF upgegulation in fibrotic tissue is therefore likely to be driven initially by
inflammation, and would result in activation of the coagulation cascade, and thrombin and

fibrin production.

Demonstrating fibrin n fibrotic tissue is not unique to this study. Neubauer et al.
demonstrated fibrin deposition within the fibrous septa in ldagn liver damage in a rat
model of CC] (Neubaueret al.,1995) and our findings in a mouse model of C&ncur.
However no previous studies have attempted to demonstrate fibrin deposition
immunohistochemically in human fibrotic liver tissue, and our findings confirm intrahepatic
activation of the coagulation cascade in this setting. The fact that fibrin staining only had a
borderline correlation with severity of fibrosis most likely relates to our small sample size;
increasing sample numbers would maximise the effect and potentially demonstrate a

significant correlation.

In contrast to TF and fibrin stainingM was only weaklgxpressed in the hepatic sinusoids
and in the central blood vessels in mice (see Figure2.23). Its sinusoidal expression conforms
to TM being an endothelial receptor for protein Moore et al.,1987; Fukudomeet al.,

1994) and is consistent with one othestudy that has demonstratedM expression in
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sinusoidal endothelial cells following chronic liver inji#gniyaet al., 1995) TM, in complex

with protein C, degrades factor Va and Vllla, resulting in decreased generation of thrombin
(Esmonet al.,2004; Dittman et al.,1990). Even thouglour findings indicate some up
regulation of TM locally within the liver following chronic liver injury, it is likely that the
presence ofTM in this settingfails to inhibitthrombosis, since fibrin is also @xpressedn

these areas and with more intensity. This is probably due to the fact that thrombin and
other procoagulants are activated to a higher degree thdf) which is known to be down

regulated even by mild inflammation.

Importantly these findings not only adigrther support to the recent concept that advanced
hepatic fibrosis is a procoagulant state (Tripetal.,2005;Sggaareet al.,2009), but indicate

that even in early or milder fibrotic states some activation of the coagulation cascade occurs.
This lo@l activation of coagulants within the liver may also be an important mechanism in
driving fibrogenesis, which would explain the correlations between severity of fibrosis and

expression of coagulants that we demonstrated

2.5.2.2. Arole for coagulation pr oteins in hepatic fibrosis

It is evident from the above data that activation of the coagulation system occurs not only in
fibrosis induced by CCL4 in mice, but in fibrosis secondary to HCV in human. In
conjunction with previous studies it adds further igbt to the growing body of evidence

that suggests a role for coagulation proteins in the pathogenesis of liver fibrosis.

Two mechanisms have been postulated as possible mechanisms by which activation of the

coagulation system results in generation ofp&c fibrosis. The first was described by
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Wanlesset al,(1995), is termed parenchymal extinction, and is based drypothesis for

liver tissue remodelling and fibrosis, in which microthrombi deposition is central. They
demonstrated microthrombi within tanches of the hepatic vein and portal vein in cirrhotic
livers from a range of pathologies including HCV. Based on these observations they
proposed that hepatic necroinflammation causes local intimal injury and occlusive thrombi
generation within branche®f the hepatic and portal vein, which leads to sinusoidal
congestion and tissue ischaemia. This in turn leads to hepatocyte death, collapsing the region
between the central veins and their adjacent portal tracts. The collapsed tissue would be
replaced byfibrous tissue. They postulated that cirrhosis results from multiple areas of
parenchymal extinction becoming confluent (Wanlessl., 1995). Similarly in Buedhiari
syndrome, the underlying occlusion of the hepatic vein by thrombus is well recogmised t
result in hepatic congestion and subsequent hepatic fibrosis (Tagiaké, 1998).Our
findings lend some support to the hypothesis formulated by Wanless and colleagues. We
have demonstrated fibrin deposition at a microvascular level, involving hegatisoids,
which would support their observation of microthrombi generation. What cannot be
inferred is the pathological significance of fibrin generation with regards to fibrosis, and
whether it contributes to injury or is just a bgroduct of activationof the coagulation
cascade following production of thrombin. More recently an alternative pathway, promoting
the pro-fibrotic effects of coagulation proteins independent of their qoagulant action, in

part via PAR receptor ligation, has been suggesiddombin is best known for the
proteolytic cleavage of fibrinogen to form fibrin (Cough#000), but it has recently been
demonstrated to activate hepatic stellate cell, the principal cell involved in hepatic fibrosis.
The cellular actions of thrombin arin part mediated by PAR signalling (Rukéieal, 2007).
Hepatic stellate cells have been shown to express PAR1, and a substantial body of evidence

from in vivo and in vitro studies is now accumulating to suggest-PARtivation leads to
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stellate cellactivation and hepatic fibrogenesis (Fiorugical, 2004; Marraet al, 1998; Gaca

et d 2002). The advent of studies demonstrating the role of thrombin via-RARtivation,

has questioned the significance of microemboli and the role they play imagiemeof liver
fibrosis. In reality both mechanisms aret likely mutually exclusive (Anste al..2009 and
ultimately, whether the presence of fibrin contributes to fibrosis or not, our findings do
indicate activation of the coagulation cascadewer Ifibrosis, which supports evidence for
fibrosis being a prothrombotic condition atnaintrahepatic level, with generation of
thrombin, which is a known mediator of stellate cells. A number of epidemiological studies
have shown that prothrombotic conddans promote liver fibrosigWright et al., 2003;
Papatheodoridigt al.,2003) and anticoagulants may slow fibrosis in animal models (Anstee
et al.,2008; Asseet al.,2007). Therefore, if we take our findings in conjunction with these
previous studies,tiis highly probable that the activation of coagulation that we have

demonstrated also contributes to the pathogenesis of the injury.

2.5.3. Limitations of the study

The main limitation of the study relates to the quantification of the coagulatioteprs in

the liver samples. The quantification of TF, fibrin and-T&Psemiautomated and therefore

not fully objective. Since the observer determines for the programme what to classify as
positive staining, there is still a degree of subjectivity. Elav, since observers were
analyzing all sections in a blinded manner, any perceived error would occur in all sections
and be minimized. Quantification is reliant on intensity of staining. Intensity of staining can be
related not only to its protein expresion, but also variations in incubation times, technique
used, counterstaining and tissue section thickness. These effects were minimized by strict

adherence to staining protocols for all runs.
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As with any immunohistochemical study contribution of repecific binding can confound

the true intensity of staining. Initially, staining produced a degree ofspeaific binding in

the human liver sections. This was rectified by omitting the blocking reagents in these
sections. Additionally, negative contradgue did not stain and positive control tissue stained
for coagulation proteins in the patterns expected. This confirmed that the staining patterns

seen were of a true nature and not due to n@pecific binding.

Another limitation in our study is the smlasample size. Despite small sample sizes the
results were significant, with the exception of fibrin expression and grade of fibrosis in
human HCV tissue. Future studies with larger sample sizes are required to validate our

results.

A further limitation of these findings relates to proving causalitiie demonstration of the
expression of different coagulation proteins in acute and chronic liver injury tissue provides
support for the hypothesis that coagulation proteins are upregulated in both acute and
chronic liver injury. However, this does not definitively prove a causal relationship. As
described above if we take our findings in conjunction with the growing body of evidence
suggesting a role for coagulation proteins in liver injury, it is highly giriebthat both
paracetamol acute liver injury and HCV related chronic liver injuries not only involve
activation of the coagulation cascade, but this activation contributes to injury. Further
studies evaluating the expression of these proteins in chrawer ldisease secondary to
other aetiologies would be required to see if these findings are not unique to HCV chronic

liver injury.
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2.5.4. Conclusions

The results generated by this study provide strong support for intrahepatic activation of the
coagulabn cascade in both acute liver injury secondary to paracetamol in mice and humans,
and chronic liver injury induced by CCL4 in mice, or related to HCV infection in humans.

This activation is not only likely to contribute to the respective haemostatic iamuzzs in

each type of injury, but in conjunction with existing evidence suggests activation of the
coagulation cascade contributes to the pathophysiological mechanisms involved in generating
these injuries. A strong case can be made for needing to expph@se mechanisms further,
including novel therapeutic strategies modulating the coagulation system using animal models,
and considering the therapeutic benefit of anticoagulation in clinical trials of human liver

injury.
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3. MODELS OF FIBROGENES IS AND THERAPEUTICS: TH E ROLE OF THE

COAGULATION SYSTEM

3.1. INTRODUCTION

Hepatic fibrosis is a complex dynamic process, in which there is an interaction between
genetic and environmental factors (Ansteial.,2008). In vitro and vivo models of hepatic
fibrogenesis permit researchers to explore and manipulate these pathophysiological
mechanisms and to test potential afibrotic therapies. Hepatic stellate cell culture lines
allow us to investigate mechanisms of action and the direct effects of potémralpies on

the principal cell type in hepatic fibrogenesis. In contrast, murine models in environmentally
or genetically controlled conditions, allow us to investigate the pathogenesis of liver fibrosis
in intact organisms whose physiological and paiffichl responses mimic those of humans.

In conjunction, both techniques are vital in proving the potential viability of novel antifibrotic

therapies prior to testing in the setting of a human clinical trial.

3.1.1. The role of coagulation in the pathogen esis of liver fibrosis

The role of the coagulation system in liver fibrosis is nhow becoming wtdbkshed. We
have demonstratedysing immunohistochemical techniquesragulation of TF and fibrin
intra-hepatically in liver fibrosis in both mice and rama (See Chapter 2). The theories of
parenchymal extinction and microemboli deposition rely on the activation of the coagulation
system (Wanles®t al.,1995). There has been a recent interest in the role of individual
coagulation proteins, especially tilnbin, in fibrogenesis. Activation of the coagulation
cascade generates thrombin from its prescursor prothrombin. In addition to its role in

activating fibrinogen, thrombin mediates cellular activation of macrophages, platelets and
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hepatic stellate cells &ithe proteaseactivated receptor, PAR (Rullier et al., 2007;
Friedman 2003). Conversely, experimental thrombin antagonists have previously
demonstrated some anfibrotic properties in animal models of liver fibrosis (Duplantstr

al.,2004).

Facta Xa (FXa), a protease which is activated upstream of thrombin in the coagulation
cascade, has recently been shown to promote connective tissue growth factor, and activate
lung fibroblasts via PAR receptors (Chambetsal.,2000; Scrottonet al.,2009. To date,
however, no study has examined the effects of FXa on hepatic stellate cells. In lung fibrosis,
a paradigm for hepatic fibrosis, direct inhibition with an experimental FXa inhibitor has
recently been shown to reduce fibrosis significantly in afolgon mouse model (Scrotton

et al.,2009. An understanding of the effect of FXa on hepatic stellate cells and fibrogenesis,
above and beyond its role in generating thrombin is therefore needed, and the effects of
direct FXa inhibition in the setting of patic fibrosis needs to be evaluated to assess
whether it would offer additional efficacy as an antifibrotic over direct thrombin inhibition

alone.

3.1.3. Novel anticoagulants

Until very recently, anticoagulants available for clinical use have inchiteuin K
antagonists including warfarin; heparins including low molecular weight heparins; and more
recently parenterally administered direct thrombin inhibitors. Although these drugs have
been proven to be very effective anticoagulants, they have somebdicks that limit their
usage (Turpie, 2007). Warfarin is administered orally but has to be monitored regularly due

to a narrow therapeutic window, inter and intiadividual variability, a slow onset of action,
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and food and drug interactions. Monitorirggn be inconvenient to patients and has added
cost implications (Turpie 2007). Heparins have a more rapid onset of action, but
unfortunately have to be given parenterally, which is often performed by a healthcare
professional if the patient is unwillingong term use of heparins can be associated with
osteopenia, thrombocytopenia and idiopathic hepatissell et al.,2011) The need to
develop novel anticoagulants with better ease of use and safer side effect profiles has led to
the recent developmentof several newer anticoagulants which are now commercially
available. Unlike previous anticoagulants, they inhibit single coagulation proteins such as

activated factor X orthrombin (Perzborret al.,2005).

3.1.3.1. Direct FXa inhibitors

Coagulation FXs a vitamin K dependent plasma protein that occupies a crucial position at
the convergence point between the intrinsic and extrinsic pathways of the coagulation
cascade. Activated FX (FXa) is vital in converting prothrombin to thrombin. Indeed one
moleculeo f FXa can generate more than 1000 thro
(Mann et al., 2003 Clinically, severe and often life threatening bleeding can occur in patients
with inherited FX deficiencies, which highlights the importance of its rolecinfafmation.

FXa is therefore seen as a logical therapeutic target to prevent thromboembolic disease
(Perzbornet al.,2005. Recent evidence also suggests that FXa is involved in a variety of non
haemostatic disease mechanisms. These include fibrogeassdetailed above as well as
tissue remodelling, angiogenesis and tumour metastasizijornet al.,2005. Accordingly,

there has been a significant drive to developing viable oral FXa inhibitors, in view of their

potential benefits.
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3.1.3.1.1. Rivaroxaban

Rivaroxaban (Bayer Heathcare, Germanya ifovel oral direct Ka inhibitor that has been
recently developed. It selectively inhibits both free FXa and FXa prothrombinase activity,
resulting in vivo and vitro inhibition of thrombin generation, mmofation of clotting times

and potent antithrombotic effects (Biemorad al.,2007). It is now licensed in the European
Union for the prevention of thromboembolic disorders, following hip or knee surgery,
having been demonstrated to be superior to low malar weight heparins (LMWH) in
reducing thromboembolic events with no increase in the frequency of bleeding events
(Turpie et al.,2009). It is currently administered at a dose of 10mg per day orally in adults
for a period of 35 days post surgery. Commsite effects include bleeding and hence it is
theoretically contraindicated in patients who have a significantly increased risk of bleeding.
It requires no dose monitoring nor loading regimen. Studies have demonstrated a high
degree of similarity in bioayabilty and metabolism of this drug in human, dogs and rodents
with good correlations between plasma concentration, inhibition of FXa activity and
prolongation of PT(Weinz et al.,2009). In addition to prevention of thromboembolic
disease, Rivaroxabamasbeen successfully evaluated in a phase Il study for the treatment of
acute thromboembolic disease, using daily doses up to 60mg per day for a maximum 3
month period (Agnelliet al.,2006; Bulleret al.,2006) Longer periods of use are currently
being ealuated and results are awaited, to ensure it is safe to use as a lifelong anticoagulant

in humans.
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3.1.3.2. Direct thrombin antagonists

Thrombinis produced by the proteolytic cleavage of prothrombin, and is a multifunctional
serine proteaseas deailed previously (see section 1.2). Synthetic small molecule direct
thrombin inhibitors have been recently developed as a new therapeutic class of drugs that
offer an alternative to traditional anticoagulants, inactivating both fibrin bound and free

thrombin (Wienenet al.,2007).

3.1.3.2.1. Dabigatran

Dabigatran (Boehringer Ingelheim Pharma, Germany) is a synthetic antagonist with a high
affinityand specifically for thrombi(Hauelet al.,2002; Riet al.,2003;Wienenet al.,2007).

It is currently Icensed in the European Union as Dabigatran etexilate, its orally active
prodrug, for the prevention of venous thromb@mbolism after total knee or total hip
arthroplasty and treatment of acute venous thromboembolism, with a similar efficacy and
bleedingprofile to low molecular weight heparins (Hankest al.,2011). It is currently
administered at oral doses of 220mg once daily for prophylaxis or 150mg twice daily for
treatment of acute thromboembolism. It has been recently evaluated for the prevention of
embolization in nosvalvular atrial fibrillation, and found to be of similar efficacy when
compared to warfarin, but is currently awaiting approval for long term use for this indication
in the UK (Connollyet al.,2009). Primates and rodents have demon&dasimilar dose and

time dependent prolongation of clotting tim€@¢/ienenet al.,2007)
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3.1.4. Aims and Objectives

In keeping with the body of work thus far, this study aimed to further our understanding of
the contribution of the individual coagulon proteins in pathogenesis of liver fibrosis and to
evaluate the antiibrotic potential of novel oral anticoagulants using cell line and murine

models of liver fibrosis.

The specific aims were:

1. To evaluate the effect of FXa and thrombin and theiiredt inhibition on hepatic

stellate cell activity in vitro.

2. To evaluate the impact of direct FXa inhibition on hepatic fibrosis induced by

thioacetamide or CCL4 in male C57BL/6 mice.

3. To evaluate the impact of direct thrombin inhibition on hepatiadgis induced by

thioacetamide or CCL4 in male C57BL/6 mice.
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3.2. METHODS

3.2.1. Cell Culture Experiments

The activated human HSC line LX2 is a useful tool to examine hepatic stellate cell biology
(Hermannet al.,2007). LX2 cells (kindly provideby J. Humpries, Manchester University,
UK) were cultured in Dulbecco's minimal essential medium (DMEM) (Invitrogen, UK)
supplemented with 10% (v/v) foetal bovine seruBSFand 2 mM dglutamine. Cells were

maintained at 37°C in a humidified 5% (v/v) Ca&gosphere.

3.2.1.1. HSC LX2 cell culture and U-SMA expression

HSC LX2 U-SMA expression was analyzed by using an immunohistochemsitry technique.
LX2 cells were harvested and centrifuged at 700rpm for 5 min to remove trypsin. Cells
were then resuspendedn serum fee growth media at a density 60,000 cells/well in a 4
well chamber glass slide, atiten allowed to quiesce overnight. The multi chamber slides
were then incubated for 24 hours at 37°C in a humidified environment of 5% @
control mediaalone (control) or with control media as follow€.5 U/ml FXa Enzyme
Research Lab, USAVith or without 0.237M Rivaroxaban; 10 nM thrombin (Sigma, UK) with
or without 1M Dabigatran; 0.8J/ml FXa and 10nM thrombin with or withou®.23rM
Rivaroxban and riM Dabigatran; 0.28V Rivaroxaban or @M Dabigatran aloneDosags

for anticoagulants were calculated after referencing publishedtro drug profilingdata
using doses equivalent to those used in vitro to inhibit the respective factors (Peratorn
al, 2005; Weinz et al.,2009; Weinen et al.,2007) Rivaroxaban and Dabigatrarere pre-
incubated with FXa andhtombin respectively for 10 minutes before adding to the wells.

After incubationthe media was gently removed and 200f paraformaldehyde pipettl into
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each well and incubated at room temperature for 10 minutéach well was thegently

rinsed twice with PBS for 3 min, and then the wells were lifted off the slide.fiked cells

were immunohistochemically stained fdlSMA by technicians in St My & s Hospit
histopathology department as described below. All wells were examined with a light

microscope and digital images taken.

3.2.1.2. HSC LX2 Gel Contractility Assay

Hepatic stellate cell contractility assays were performed as previously dedontth some

minor modifications $ohailet al.,2009) Individual wells of a 2#ell culture dish were
incubated with PBS containing 1% BSA (500 pl per well) for 1 hour at 37°C and then washed
twice with PBS and allowed to air dry. Collagen gels were areg by mixing 7 parts of
collagen type 1 (c3867 Sigma, UK) diluted in 20mM of Acetic acid, with 1 part 10XMEM
(Gibco, UK), 1 part DMEM (Gibco, UK) and 1 part 0.22M NaOH, to achieve a final collagen
concentration of 2.4mg/ml. 500ul of the gel mix was addedeach culture well and
incubated for 1 hour at 37°A.X-2 cells were then layered on top of the collagen lattice at a

concentration of 200,000 cells/ml and serum starved for 24 hours.

Gel contraction was induced by incubation of duplicate wells witto IFBS, which acted as
the positive control, orthe proposed agonists, FXa ohrombin with or without their
respective antagonists, Rivaroxaban or Dabigatran, in the following combindtibnd/mi
FXa Enzyme Research Lab, USsith or without 0.23rM Rivaroxaban; 10 nM thrombin
(Sigma, UK) with or withouttmM Dabigatran 0.5 U/ml FXa and 10nM thrombin with or
without 0.23rM Rivaroxban andriM Dabigatran; 0.28V Rivaroxaban or @M Dabigatran
alone. Rivaroxaban and Dabigatraare pre-incubated with FXand thirombin respectively

for 10 minutes before adding to the wells. Additional wells containing a cell free lattice and
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wells containing a lattice with LX2 cells without any agonist or antagonist, acted as a

controls for spontaneous gel shrinkage.

Gels were released from wall and bottom using a migipetting tip (representing time

point zero). The gels were photographed at 6 hours. Surface area of the collagen gels was
measured using digital image analysis software, and images were processed waing digi
image analysis. Relative contraction of the gels was expressed as a percentage of the surface
area contraction of each experimental gel in comparison to gels incubated with media and

LX2 cells alone. All experiments were performgdtriplicate.

3.2.2. Murine models of liver fibrosis

3.2.2.1. Animals and Animal Husbandry

All research using live animals was approved by the local ethics committee and was carried

out in accordance with the Animal (Scientific Procedures) Act 1986. Procedures were
performed under the authority of animal licend@PL 70/6943 O Mouse model s o0

fibrosis and therapeuticso.

90 male C57BL/6J mice, aged 8 weeks old, were purchased from Jackson Laboratories, USA.
C57BL/6J mice were used in keeping with previous workealm this field (Ansteeet al.,

2008). Animals were housed 5 per cage. Throughout the experiment, care was taken to
minimise any distress caused to the animals. Animals were housed under standard

conditions (12 hour light/dark cycle, temperature 24127C, humidity 55+/10%) in a specific
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pathogen free facility and provided with a standard diet and access to drinking acter
libitum Ear notching was performed to identify individual animals in each cage, and a unique

study identification number was assgnAll mice were weighted on a two weekly basis.

3.2.2.2. Chemical induction of liver fibrosis

3.2.2.2.1. Thioacteamide (TAA) Exposure

45 mice were teated with TAA to induce liver fibrosis. TAAvas administered in drinking
water at a dose of 300mg/bff a period of 8 weeks. The animals were divided into three
subgroups (n=15) and treated by oral gavage with either Rivaroxaban (FXa inhibitor group),
Dabigatran (thrombin antagonist group) or standard drinking water (corgrolup). At 8
weeks, all survimg animals from each experimental group were culled by intraperitoneal
injection of 0.1ml Pentoject (Pentobarbitone Sodium Ph.Eur. 200mg/ml, Animal Care Ltd.,
UK) followed by cervical dislocation. Liver tissue was collected and preserved in 10%
formalinfor histological examination or snap frozen in liquid nitrogen and store8@fC as

a resource for subsequent RNA and protein analySieefigure 31).

Figure 3-1. Design of
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3.2.2.2.2. Carbon Tetrachloride (CCL4 ) Exposure

The remainingd5 mice were treated with carbon tetrachloride (CCI4) diluted in a corn oil
vehicle and administered by intraperitoneal injection on alternate week days for a period of
6 weeks. The dose of CCl4 administered was increased weekly stepwise fashion as
previously described (Ansteet al.,2008). A maximum dose of 1 ml CCl4 per kg body
weight was reaokd after 3 weeks (See Appendi®y.AThe animals were divided into three
subgroups (n=15) and teged by oral gavage with eith&ivaoxaban (FXa inhibitor group),
Dabigatran (thrombin antagonist group) or standard drinking water (control gro&p 6
weeks, all survivinganimals from each experimental group were culled by intraperitoneal
injection of 0.1ml Pentoject (Pentobarbitone ddam Ph.Eur. 200mg/ml, Animal Care Ltd.,
UK) followed by cervical dislocation. Liver tissue was collected and preserved in 10%
formalin for histological examination or snap frozen in liquid nitrogen and store804C as

a resource for subsequent RNA ampdotein analysisseeFigure 32).

Figure 3-2: Design of murine 0 wks 2 wks 4 wks 6 wks
tetrachloride experiment . . * * *
| |
Schematic representation of murin Wild . I*C””
. _| > CCL4 + Dabigatran (n=15 Cull
study showing control group (CCL« m:’g .() 9 (1% ):-’ !
| : _ J
alone), Dabigatran treated mice, ar —’:<> CELE = MEmEIEn (=) )I"Cu"
T T
. . . ] | 1 |
Rivaroxaban treated mice. d& from v v v v
each group were culled at 6 weelk wat wat wat wat

after study was commenced.
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3.2.2.3. Anticoagulation administration

3.2.2.3.1. Direct FXa inhibition

Rivaroxaban (Bayer Heathcare, Germany), the direct FXa inhibitor was admediste oral
gavage daily to both subgroups of CCL4 and TAA treated mice, to evaluate the effects of
FXa inhibition on chemically induced liver fibrosis. Each 10mg tablet of Rivaroxaban was
crushed with a pestle and mortar to a fine powder. Distilled waias then added to form

a fine suspension. A dose of 40mg/kg was attaioeduse prolongation of the prothrombin

time to between 1.5 to 2 times (See Appendix By measured using a handheld coagulation
meter, following blood sampling from animals t&insand referencing previous rodent data
(Weinz et al.,2009) The dose was administered based on the weight of each mouse, as per
a preformulated weight/dose charPrior to administration of the drug, the vial containing

the active suspension was skakvigorously to ensure each dose had the appropriate
amount of suspension per calculated dose. The gavaged suspension was not to exceed 1ml in

total to prevent risk of aspiration.

3.2.2.3.2. Direct Thrombin inhibition

Dabigatran (Boehringer Ingelheim, el@any), the direct thromim antagonist was
administeredoy oral gavage daily to determine if specific inhibition of thrombin alone would
affect the development of chemically induced hepatic fibrosis. Each 75mg tablet was crushed
to a fine powder to whichdistilled water was added to form a suspension. A dose of
100mg/kg was then administered to cause prolongatibthe prothrombin time to between

1.5 to 2 (See Appendix Bas measured using a handheld coagulation meter, following blood

sampling from anink&tail veinsand referencing previous rodent data (Weinenhal.,2007)
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The dose administered was based on each individual animal as per-farmrgated
weight/dose chart. The gavaged suspension was not to exceed 1ml per mouse, as with the

administratiom of the Rivaroxaban suspension, to prevent risk of aspiration.

3.2.2.4. Histology

3.2.2.4.1. Fibrosis scoring

Tissue collected at each time point was fixed in 10% formal saline, processed into paraffin
wax and sections werestained with both H&Eand Picro-Sirius red by experienced
technicians at St Mar yads Hos pi-Siraug redcie bl ul ar
commonly used stain for collagen and fibrosis (Junquetrial.1979. All sections were
examined using a light microscope by a histbphdgist(Dr Adam Levene)linded to the

nature of the specimen. The extent of hepatic fibrosis observed in each sample was assessed
and a semgquantitative score was used to record key features in a manner previously
described in mouse models of fibroginsteeet al, 2008). This scoring system is similar to

the scoring of diagnostic specimens in patients with chrdh@V and adapted from the
(Ishak) Modified Histological Activity Index fibrosis score (Isegkl.,1995) to take into

account histologidachanges secondary to chemically induced fibrosis.

3.2.2.4.2. Digital Image Analysis and Collagen Proportionate Area (CPA)

Digital image analysis allows semtomated quantification of fibrous tissue deposition
within histological sections without th@eed to determine morphological distribution.

Tissue collected was fixed in 10% formal saline, sections cut and stained usin§iRisro

red. Using an Olympus BX50 microscope at x1.5 objective under fixed lighting conditions,
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multiple digital images ofaeh section stained per animal was taken. Using the Nikon NIS
Elements Software Viewing System (Nikon, Japan) the digital images acquired from each
section were O6stitchedd to produce a single
image was anagd, using Nikon NIS digital image analysis software to calculate the
percentage area of staining for Piesrius red in each sectioithe mean percentage area of

fibrosis for each section or collagen proportionate area was calculated to generate a

measue of fibrotic tissue deposition in each animal.

3.2.2.4.3. Alpha smooth muscle actin expression

Tissue collected was fixed in 10% formal saline, sections cut and staine8Nuk(Carpino

et al.,2005). Expgession ofUSMAIs a sensitive marker of hepatic stellate cell activation to a
fibroblastlike phenotype thereforeUSMA levels were measured as an indicator of HSC
activation. Formalin fixed tissue was immunohistochemistdiped forUSMA by technicians

in St Maryds Hospital hi stopathol ogy departr
isotype monoclonal antibody raised against a synthetic decapeptide that has the same
sequene as the NH2terminal of alphamooth nmusck actin (Clone 1A4, Dako Inc, USA).

This was then detected using a horse radish peroxidise conjugated goam@unie

secondary antibody, stained with diaminobenzidine (DAB) and counterstained with

haemtoxylin.

All sections were examined with a light mascope and the number of stellate cells stained
positive for USMA were counted per field of vision at x20 objective. Six fields per section
were randomly chosen, and an average calculated, which represented the mean number of

activated stellate cells for each individual mouse per field.
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3.2.3. Statistical Analysis

Data was collated using Microsoft Excel (Microsoft Inc, USA), and statistical analysis was
performed using SPSS v16 (SPSS, USA). Normally distributed continuous variables were
compar ed b ytestSas tepresented as mean (FEM), Variables whicheve not
distributed normally were compared using the non parametric tests, M&hitney or
KruskaltWallis. Quantitative data were expressed as mean standard error of mean,

unless otherwise stated. Statistical significance was accepted at p<0.05.
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3.3. RESULTS

3.3.1. LX2 hepatic stellate cell line

To determine the effect of individual coagulation proteins on the activity of hepatic stellate
cells, the principal cell of hepatic fibrosis, a LX2 cell line was used. ExpressioSMfA and
a chage in cell morphology, to a contracted myofibroblast, were used as markers of stellate

cell contractility and activation

Incubation of LX2 cells with medium alone arglassurface resultedn minimalstaining for
U-SMA (Sedigure 33A-B). Incubationof LX2 cells with FXa at doses of 0.5iU resulting in
activation of LX2 cells as demonstrated by positive stainingd#&VA and change in cell
morphology to the contracted myofibroblast phenotype (S&gure 33 C-D). Incubation
with thrombin, similarlydemonstratedsome positive staining fotJ -SMA in LX2 cells (see
Figure 33EF). FXa and thrombin together resulting in heavy staining Be8MA with a
contracted myofibroblastic phenotypesde Figure 3 I-) In contrast, FXa and thrombin
alone and in embination together, when givenwith their respective direct inhibitors,
Rivaroxabanand Dabigatrarresulted in a reduction inJ -SMA staining and stellate cell

activation(see Figure 3 G-H & K-L).
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Figure 3-3: Effect of FX a, thrombin and their direct inhibition on LX2 cells in vitro.
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A & B: Incubation of cells witttontrol medium alone resulting in minimstiaining ford-SMA (X0 and 20
objective)

C & D: Incubation of LX2 cells with FXa at a dose@bU/mlresulted in activation of LX2 cells with positive
staining forJ -SMA and a contracteghenotype(x10 andx20 objective).

E & F: Incubation of LX2 cells with Thrombiat a dose ofLlOnMresultedin someactivation of LX2 cells with
positive staining fold -SMA and a contractephenotype(x10 andx20 objective).

G & H: Incubation of LX2 cks with FXa (0.5U/ml) andthe direct inhibitor FXa,Rivaroxaban (0.28J),
resulted ina quiescent phenotypend minimalstaining forU 8SMA (G). Addition of thrombin (10nM)in
combination with the directthrombin inhibitor, Dabigatran (M) (H) resulted with aquiescent phenotype
with minimalstaining forJ 8SMA (both x10 objective).

| & J: Addition of FXa (0.5U/ml) in combinationthrombin (10nM)resultedin activation of LX2 cells with
heavypositive staining fot) -SMA and a contracteghenotype(x10 andx20 objective).

K & L : Incubation withAddition of FXa (0.5 U/mlin combinationthrombin (10nM) andRivaoxaban (0.28M)

with Dabigatran (&M) resulted with aquiescent phenotypavith minimalstaining forU 8SMA (x10 and x20

objective).
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3.3.2. HSC Contractility assay

The use of contractility gel assays allowed for a quantitative measurement of hephdaite st

cell contractility. Incubation of LX2 cells with medium alone resulted in a small degree of
spontaneous gel shrinkage at 6 hours ($egure 34A), and was used as a control. The
mean surface area of experimental gels were expressed as a percentdgesurface area

of mean control gels and subtracted from 100 to calculate the percentage gel contraction.

This allowed for any correction of spontaneous gel shrinkage that may have occurred.

Incubation with FBS, which acted as a positive control, tegduh a significant contraction of
the gel (66.71% +/3.19) (SeeFigures 3-4B & 3-5). The addition of FXa and thrombin
individually resulted in contraction of gels (SEgures 3-4 & 3-5). FXa treated gels
demonstrated more contraction than thrombin tresd gels (26.90% +8.90 versus 13.10%
+/- 9.84) at 6 hours, but the difference did not reach significance (p>0.05f{gees 3-4D,

3-4C & 3-5). The addition of FXa and thrombin together however demonstrated a
potentiated effect on cell contraction (48% + 4.12), with significantly more contraction
compared to incubation with FXa (p=0.02) and thrombin alone (p<0.001) Fsperes 3-4E

& 3-5). The addition of Rivaroxaban, a direct FXa inhibitor in combination with FXa resulted
in a significant reduicin in gel contraction (15.95%-+5.92) compared to FXa alone (p =
0.03) (sed-igure 35). The addition of both Rivaroxaban and the direct thrombin antagonist,
Dabigatran, in combination with FXa and thrombin resulted in a significant reduction in gel
contraction (8.94% +/3.04) compared to gels incubated with both FXa and thrombin

(46.48% +/4.12), (p <0.001) (seBigure 3-4F & 3-5).
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Figure 3-4: Effect of FXa, thrombin and their direct inhibition on LX2 hepatic stellate ce I

contractility assays.

A: Incubation of LX2 cells with medium alone (negative contadlp hours.

B: Incubation of LX2 cells with mediuand 10%-BS (positive controlt 6 hours.

C: Incubation of LX2 cells with medium and Thrombin (10nM) abéris.

D: Incubation of LX2 cells with medium afka(0.5U/m) at 6 hours

E: Incubation of LX2 ells with medium, FXé.5U/m) andThrombin (10nM) at 6 hours

F: Incubation of LX2 cells with medium, FXa (0.5U/ml), Thrombin (10nM), Rivaroxabadrl) and
Dabigatran IniM)

Black arrows indicate shrink of gel margin from wall of gel plate

Collagen latticesvith LX2 cells photographed 6 hours after addition obagulation proteins with or without
their direct antagonists. Control cells demonstrated a mmal amount of shrinkagéA) in contrast to FBS
which resulting in a significant contraction of the ¢B). The addition of FXa and thrombin individually
resulted in a small amounts of gel contracti@@® & D) but given together had a potentiated effect oall
contraction (E). The combined addition of direct thrombin and FXa inhibitors, with FXa and thrombin

resulting in inhibition of stellate cell contracti¢R) .
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Figure 3-5: Bar graph showing percentage gel contraction for FXa and/or thrombin w ith or

without direct inhibitors.
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Incubation with FXa and thrombin together resulted in a significant increase in gel contractiopared to

FXa and thrombin alone (p=0.02 and p<0.001 respectively). The addition of Rivaroxaban, the direct FXa

inhibitor with FXa significantly reduced gel contraction compared to FXa alone (p=0.03).The addition of both

Rivaroxaban with Dabigatran, direct thrombin inhibitor, with FXa and thrombin significantly reduced gel

contraction compared to gels incubated with FXa and Thrombin (p<0.001).
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3.3.1. Murine models of liver fibrosis

3.3.1.1. Animal Husbandry

Early mortality was confined to théhioacteamide group and affected both treatment
subgroups and the control subgroup equally. Two mice were lost in both the thioactemide
alone group and thioacetamide with Rivaroxaban group. Three animals were lost in the
Thioacteamide with Dagibatran groug\ll mortality occurred within the first week of
induction of fibrosis, and was not ascribed to haemorrhage in the anticoagulant group
animals. All surviving animals were weighted every second week. No animal recorded a
reduction in overall weight at thend of the study, in comparison to its starting weight. No

bleeding events were demonstrated in any of the anticoagulated mice.

3.3.2. Histology

3.3.2.1. Thioacteamide

After 8 weels of exposure with TAAvia drinking water (300mg/L), control mice
demongrated bridging fibrosis with occasional nodule formation ($&gure 36). Mice
treated with the direct thrombin antagonist, Dabigatran (100mg/kg), exhibited frequent
extensive bridging fibrosis, similar to control mice, but only very occasional nodule
formation (seeFigure 36). In comparison, the micgeated with the direct Ka inhibitor
Rivaroxaban (40mg/kg) demonstrated milder fibrosis, predominantly confined to fibrous
expansion around the central veins, with less frequent bridging and the absEnoelde

formation (seeFigure 36).
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Figure 3-6: Histological images using Pic ro-sirius red staining of liver tissue for fibrosis in mice

treated with 8 weeks of t hioacteamide w ith or without FXa or Thrombin inhibition .

A & B: Control micetreated with Thioacetamide alongemonstrated bridging fibrosisith occasional nodule
formation (x 1.5 and x4 objective).
C: Mice treated with thioactemide and the thrombin inhibitor, Dagibatran (100mg/kg) exhibited frequent

bridging fibrosisimilar to control mice, but only vergccasional nodule formation (x 1.5 objective).

D: Mice treated with thioactemide and the FXa inhibitor, Rivaroxaban (40mdyad)milder fibrosis, with
fibrous expansion round the central veins, lesgensive bridging and the absence of nodule formagiot.5

objective).
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3.3.3.2. CCL4 group

After 6 weeks of exposure with intraperitoneal CCL4, control mice exhibited marked
bridging fibrosis with occasional nodule formation. Similar histologattdrns were seen in

both the Dabigatran and Rivaroxaban treated groups of mice.

3.3.4. Fibrosis Scoring and Digital Image Analysis

3.3.4.1. Thioacteamide group

Mean fibrosis scores in mice treated with the FXa inhibitor Rivaroxaban (40mg/kg) were
significantly reduced (p=0.008) in comparison to the mice in the control group (2.46 + 0.33

versus 3.76 + 0.36). In accordance with this finding, there was a significant reduction
(p=0.012) in mean percentage area of fibrosis, measured by digital imagésanadyaeen

the Rivaroxaban (2.02% + 0.39 ) andttol groups (4.08+ 0.66),Tiable 31 andFigure 37).

In contrast, mice treated with the direct thrombin antagonist, Dabigatran, had a mean
fibrosis score of 3.25 + 0.63 (SEM). This represented only arg8Uction in fibrosis scores

in comparison to the control group, and did not reach statistical significance (p=0.68).
Consistent with this finding, the mean percentage area of fibrosis in the Dabigatran group
was 3.70% £ 0.63 (SEM), representing only aé&®action compared to the control mice,

which again was not statisslly significant (p=0.68) ¢ble 31 andFigure 37).

When compaing direct IXa inhibition to direct thrombin antagonism, direct FXa inhibition
demonstrated a significant reduction ineam percentage area of fibrosis (p=0.031), and a

non significant reduction in mean fibrosis scores (p=0.07) [&&ée 31 andFigure 37).
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Table 3-1: Mean percentage area of fibrosis and mean h istology scores following 8 weeks of TAA

exposure.
Group Number Mean % SEM Mean Visual SEM
area of Fibrosis Score
fibrosis
TAA (300mg/l) 13 4.08 0.66 3.76 0.36
TAA  (300mg/l)  + 13 2.02 0.39 2.46 0.33
Rivaroxaban (40mg/kg)
TAA(300mg/l) + 12 3.7 0.63 3.25 0.33

Dabigatran (100mg/kg)

Figure 3-7: Mean percentage area of fibrosis and mean fibrosis scores following 8 weeks of

exposure with TAA
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Bargraphs showingmean percentage area of fibrogs) andmean visual fibrosis sco(8), following 8 weeks

of TAA exposure. Mean fibrosis scores and percentage area of fibrosis in mice treated with the FXa inhibitor
Rivaroxaban were significantly reduced in comparison to control mice (p=0.008; p=0l@Xntrast mice
treated with Dabigatran, the direct thrmbin antagonist failed to show a significant differecmmpared to
controls, and demonstrated a significantly greater mean area of fibrosis compared to FXa treated mice
(p=0.031)
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3.3.4.2. CCL4 group

No significant differences were demonstrated betwede treatment subgoups or the
control groups inmean fibrosis scores nor mean percentage area of fibrosisTabie 32
andFigure 38). Mice treated with the FXa inhibitor, Rivaroxaban, demonstrated a reduction
in mean area of fibrosis (4.32% + 0.3®)comparison to both control group mice (5.07% +
0.55) and Dabigatran treated mice (5.01% = 0.50), but neither comparisons reached

statistical significance (s&able 32 andFigure 38).

Table 3-2: Mean area of fibrosis and m ean histology scores following 6 weeks of CCl4 exposure.

Group No. Mean % area of SEM Mean Visual Fibrosis Score SEM
fibrosis

CCLA4 (variable dose) 15 5.07 0.35 4.00 0.09

CCl4 (variable dose) + 14 4.32 0.21 3.93 0.07

Rivaroxaban

CCL4 (variable dose) + 15 5.01 0.50 3.93 0.16

Dabigatran
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Figure 3-8: Mean percentage area of fibrosis and mean fibrosis scores following 6

weeks of exposure with CCL4 .

p>0.05 p>0.05

p>0.05 p>0.05 p>0.05 p>0.05

Mean % Area of Fibrosis
w
1

Mean Fibrosis Score

0 T T 1 0
CCLd CCL4+RIVA  CCL4 +DABIG cCcL4 CCL4+RIVA  CCL4+DABIG

Bargraphs showingmean grcentage area of fibros{#\) and mean visual fibrosis sco®), following 6 weeks
CCL4 exposure.No significant reduction was demonstrated in mean fibrosis scores between the control mice
and the mice treated with neitheRivaroxabamor Dabigatran Mice treated with Rivaroxaban demonstrated

a reduction in mearpercentage area of fibrosis comparison to both control mice and mice treated with

Dabigatran, but this did not reach statistical significance (p¥0.05

3.3.5. Alpha smooth muscle actin expr ession

Alpha smoothmuscle actinexpression was performed only on tissue from subgroups
exposed to TAA, since no significant difference in the fibrosis scoring was noted between

the CCLA4 treated control and treatment groups.

Following 8 weeks exposure tbAA, mice treated with the FXa inhibitoRivaroxaban at a
dose of 40mg/kglemonstrated a significant reduction in the mean numbdd®¥IA positive
hepatic stellate cells per field of vision compared to control group mic23 + 1.06 versus

10.62+1.92; p= 0.02). Direct thrombin antagonism with Dabigatran (100mg/kg) resulted in a
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non significant reduction iISMA positive hepatic stelitcell expression compared to the
control group (7.29£1.39 versus10.62+1.92; p>0.05). FXa inhibition RiNaroxabar(5.23
+ 1.06)in comparison to direct thrombin antagonism withabigatran (7.29+£1.39), resulted
in a reduction ofUSMA expression but thiwas not significant. (Sd@ble 33 and Figure3-

9& 3-10).

Figure 3-9: Immunohistochemical staining of liver tissue for USMA following exposure to

thioacetamide .

Relative to control micdreated with TAA alor (A,B), reduced numbers dflSMA positive stellate
cells were demonstrated in mice treated witRivaroxabanthe FXa inhibitor(C) but not with

Dabigaran, the diredhrombin antagonismY).
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