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Summary

Chronic liver damage is associated with unique changes in the hemostatic system. Patients with
liver disease often exhibit a precariously rebalanced hemostatic system, easily tipped towards
bleeding or thrombotic complications by otherwise benign stimuli. In addition, some clinical
studies have shown that hemostatic system components contribute to the progression of liver
disease. There is a strong basic science foundation for clinical studies with this particular focus.
Chronic and acute liver disease can be modeled in rodents and large animals utilizing a variety of
approaches that span chronic exposure to toxic xenobiotics, diet-induced obesity, and surgical
intervention. Utilizing these experimental approaches, there is now strong evidence that in addition
to perturbations in hemostasis caused by liver disease, elements of the hemostatic system have
powerful effects on the progression of experimental liver toxicity and disease. In this review we
cover the basis of animal models most often utilized to assess the impact of hemostatic system on
liver disease, and highlight the role that coagulation proteases and their targets play in
experimental liver toxicity and disease, emphasizing key similarities and differences between
models. The need to characterize hemostatic changes in existing animal models and to develop
novel animal models recapitulating the coagulopathy of chronic liver disease is highlighted.
Finally, we emphasize the continued need to translate knowledge derived from highly applicable
animal models to improve our understanding of the reciprocal interaction of liver disease and
hemostatic system in patients.
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Gaps in knowledge at the intersection of hemostasis and liver injury/

disease

Activation of the hemostatic system is a virtually inescapable outcome of inflammatory cell
activation and tissue injury in multiple diseases. Notably, this association is complex in the
context of acute liver injury and chronic liver disease. As the primary site of synthesis of
multiple coagulation factors, including anticoagulant proteins, the liver plays a central role
in maintaining physiological hemostasis and preventing thrombosis. Thus, when hepatic
dysfunction is present, as in acute liver injury (e.g., xenobiotic hepatotoxicity) or chronic
liver disease (e.g., viral hepatitis, biliary disease, fatty liver disease), there may be local
coagulation occurring in the liver, but also changes in hepatic expression of plasma proteins
that are central to normal hemostasis. Although the hemostatic system retains balance in
patients with severe liver disease, this balance is precarious, permitting otherwise innocuous
stimuli to tip the scales toward either excessive bleeding or dangerous thrombotic events,
such as portal vein thrombosis. This concept has been reviewed elsewhere in detail [1] and
there is continued investment in identifying strategies to detect patients at risk of either
bleeding or thrombotic complications caused by hepatic dysfunction.

Numerous rodent models are commonly utilized to define mechanisms of acute and chronic
liver injury (Table 1). There is the intrinsic, but not insurmountable challenge that rodent
models do not always recapitulate the totality or severity of human disease. Nonetheless,
animal models of acute and chronic liver injury retain high value as investigational tools to
identify and define novel crosstalk between hemostasis and liver disease. Of importance, we
find a relative dichotomy in experimental studies involving animals and clinical investigation
in human subjects (Fig. 1). Substantial effort has been invested in defining changes in the
hemostatic system that accompany acute and chronic liver damage in humans. However,
matching systematic investigation is lacking in the majority of experimental animal models
of these conditions (Fig. 1). Animal models offer an untapped opportunity to obtain
information on the mechanism whereby liver disease affects the hemostatic system. This
knowledge could lead to experimental platforms to assess interventions for the treatment of
thrombosis or bleeding in human liver disease.

Whereas few studies have addressed how experimental liver injury and disease affect
hemostasis, strong experimental evidence suggests that the blood coagulation cascade is also
a powerful modifier of liver disease pathogenesis. Although intrinsically related to the
question of how liver disease causes perturbed coagulation, it is the inverse question, of how
coagulation can drive hepatic disease that has been the focus of the vast majority of animal
models. As such, this is where we have focused this review. Here, we briefly review studies
addressing coagulation activation and function in widely-utilized animal models of hepatic
fibrosis and acute liver injury. For each our goal is to provide 1) working knowledge on the
etiology/basis of the experimental pathology, 2) a current understanding of how
procoagulant changes are elicited in each model, 3) and a review of evidence indicating how
coagulation proteases, their targets, and other hemostatic factors can accelerate (or prevent)
disease. Ultimately, we link these findings to observations in clinical studies assessing the
effect of interventions on the hemostatic system, including coagulation proteases, on the
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progression of liver fibrosis, a penultimate and common feature of multiple chronic liver
diseases.

Hemostatic system and acute liver failure in human patients

Acetaminophen (APAP) is widely considered as safe when taken at the recommended daily
dose. However, APAP overdose remains the leading cause of acute liver failure (ALF) in the
United States [2, 3]. Metabolism of APAP to the reactive metabolite N-acetyl-p-
benzoquinone imine (NAPQI) causes centrilobular necrosis, which is exacerbated by
engagement of multiple cellular and soluble mediators [4]. Strong evidence supports a
consumptive coagulopathy in patients after APAP overdose, marked by thrombin generation
and prolongation of the prothrombin time/international normalized ratio (PT/INR) [2, 5, 6],
likely reflecting both consumption and failed coagulation factor synthesis by the injured
liver [7, 8]. Notably, the prolonged INR and increased levels of tissue factor (TF)-positive
microparticles are associated with poor outcome in ALF patients, but not necessarily with an
increased bleeding risk [9]. Changes in the hemostatic system associated with ALF in
humans have been reviewed in detail elsewhere [10].

Mouse model of APAP overdose

The classic model of APAP-induced liver injury involves intraperitoneal administration of
APAP at a hepatotoxic dose (typically >250 mg/kg) and assessment of liver damage various
times later. For the vast majority of studies, the dose selected produces marked
hepatotoxicity that is followed by rapid liver repair and survival. Thus, interventions in this
setting are often not performed with concurrent critical care (see advantages of large animal
models below), although such studies may be of interest as failed liver repair and mortality
are strictly connected to dose in this model [11]. Administration of a hepatotoxic dose of
APAP to mice leads to rapid activation of coagulation cascade, marked by significant
elevation of thrombin-antithrombin (TAT) levels as early as 2 hours after APAP
administration, prolongation of the PT and increased fibrin deposition in areas of necrosis
[12-15]. Thrombin generation, estimated by plasma TAT levels, is driven primarily by TF
[12], and liver-specific TF deficiency largely prevents the early increase in TAT after APAP
overdose [16]. Hepatic TF expression does not increase prior to thrombin generation after
APAP overdose, implying that decryption of existing hepatocyte TF is central to coagulation
after APAP overdose [16]. Many published studies indicate that TF-driven coagulation and
thrombin activity are important for early APAP hepatotoxicity in mice. APAP hepatotoxicity
is reduced in low TF mice, which express approximately 1% of normal TF levels [12]. Early
APAP-induced liver injury (i.e., 6 hours after APAP administration) is significantly reduced
by administration of either heparin or lepirudin [12, 14]. Notably, lepirudin was able to
reduce liver damage when administered well after hepatic metabolism of APAP had
completed [14]. The mechanism whereby thrombin exacerbates early APAP-induced liver
injury appears to involve activation of protease activated receptors (PARs). Indeed, both
PAR-1- and PAR-4-null mice develop less severe liver damage than their wild-type
counterparts after administration of a hepatotoxic dose of APAP [12, 14]. The mechanism
whereby PAR signaling enhances APAP hepatotoxicity is not completely understood, but it
is interesting to note that involvement of PAR-4 appears independent of platelets.
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Interestingly fibrinogen deficiency did not impact early APAP hepatotoxicity when
compared to mice expressing 70% of normal fibrinogen levels [13]. Similar results were
found when ancrod, which enzymatically depletes fibrinogen, was administered to wild-type
mice [13]. This suggests that fibrin deposits are not a required element of the mechanism
whereby APAP causes hepatotoxicity. Despite this, components of the fibrinolytic pathway
appear pivotal for controlling early APAP hepatotoxicity. Plasminogen activator inhibitor-1
(PAI-1) expression in liver and plasma increases rapidly after APAP overdose in mice.
Administration of recombinant tissue plasminogen activator (tPA) recapitulated the
phenotype of PAI-1-deficient mice after APAP overdose leading to increased liver injury
[13], and plasminogen deficiency significantly reduced APAP hepatotoxicity [13].
Collectively, these studies suggest a potentially fibrin-independent role of the plasminogen
activator pathway in APAP hepatotoxicity. The precise mechanism whereby the plasminogen
activators and plasmin drive APAP hepatotoxicity is not understood.

APAP overdose in mice and humans is associated with thrombocytopenia [14, 17]. In mice,
the decrease in blood platelets is paralleled by platelet accumulation in the injured liver [14].
Importantly, prior depletion of platelets significantly reduced APAP hepatotoxicity in mice,
suggesting their involvement in the pathogenesis. However, the exact mechanism whereby
platelets accumulate and contribute to APAP hepatotoxicity is not understood.

Large animal models of coagulopathy of acute liver failure

Although the mouse model remains a robust and versatile experimental setting to investigate
basic mechanisms of APAP hepatotoxicity and liver repair, there is a need to validate and
expand upon large animal models more closely aligning to the human condition. At this
juncture there remains a substantial opportunity to explore the coagulopathy of acute liver
failure, and potentially intervention with anticoagulants, in models involving large animals,
such as pigs. Indeed, the PT/INR is rapidly prolonged after APAP overdose in pigs, and this
occurs alongside the predicted systemic consequences of ALF [18]. Here, clinical
intervention very closely resembling the human condition can be applied alongside
systematic sampling and assessment of changes in the hemostatic system. Routine use of
models of this type is obviously costly and requires specialized facilities and engagement of
veterinary expertise. However, such collaborations between human medicine, veterinary
medicine, and toxicology may very well pave the way for studies examining the effect of
anticoagulant intervention, identified using the mouse model, or other novel therapies after
APAP overdose.

Hemostatic system and chronic liver injury/hepatic fibrosis

The majority of chronic liver injury and fibrosis models require administration of
hepatotoxic chemicals. For example, hepatic fibrosis develops in rodents after chronic
exposure to xenobiotics including carbon tetrachloride (CCly), thioacetamide, alpha-
naphthylisothiocyanate (ANIT), 3,5-diethoxycarbonyl-1,4-dihydrocollidine, or dimethyl- or
diethyl-nitrosamine. The basis for each of these models has been reviewed elsewhere [19].
Hepatic fibrosis (i.e., excess deposition of collagen) is the typical pathology being explored,
and often different models are pursued in tandem to identify pathways common to each
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experimental setting. However, like liver diseases of different etiologies (e.qg., viral,
metabolic, genetic, autoimmune), there are fundamental differences in the cellular
mechanism whereby various toxicants damage the liver, and thus, large distinctions in the
histological pattern of injury and fibrosis. Thus, it is perhaps not surprising that while there
is a contribution of the hemostatic system in many models, the precise role of specific
factors, including coagulation proteases, varies greatly between experimental settings. It is
highly likely that liver damage will be associated with activation of the hemostatic system in
nearly every experimental setting. Owing to space limitations, we have focused our review
on models in which the greatest depth of investigation exists with respect to downstream
mechanisms.

Carbon tetrachloride hepatotoxicity and fibrosis

CCly is a hepatotoxic carcinogen that previously had wide-ranging applications including as
a component of shampoo, a degreaser and solvent, and even as a treatment for helminth
infections [20]. CCl, is now more widely appreciated as a model hepatotoxicant capable of
producing a range of pathologies in liver. Acute administration of CCly to rodents induces
acute liver necrosis. Mechanisms of CCl, hepatotoxicity have been described in detail
elsewhere [20]. In brief, CCly is metabolized to a free radical form by cytochrome P450
enzymes in hepatic parenchymal cells (i.e., hepatocytes). This leads to hepatic parenchymal
cell damage by multiple mechanisms, including disruption of intracellular calcium
homeostasis and lipid peroxidation [21, 22]. The lesion produced by acute CCly
administration is typified by necrosis of centrilobular hepatocytes, which undergo wound
healing to restore normal hepatic architecture [19, 23]. Persistent hepatocellular injury
elicited by chronic CCl, administration to rodents, typically every 3—4 days, for several
weeks, results in bridging hepatic fibrosis. Very prolonged exposure, particularly in rats,
produces cirrhosis and even hepatocellular carcinoma [19, 24]. This model has been
extensively utilized to decipher fundamental mechanisms of hepatic stellate cell activation
and hepatic fibrosis.

The concept and role of the hemostatic system in CCl, hepatotoxicity have been
reinvigorated multiple times over the last half century, with even early reports noting
thrombin-driven fibrin deposition in the injured liver [25, 26]. These studies and others were
among the first to investigate the beneficial impact of heparin and antithrombin on
hepatotoxicity [27, 28]. Additional studies more elegantly demonstrated deposition of fibrin
within areas of centrilobular necrosis after both acute and chronic injury [29]. Collectively,
these studies revealed a robust procoagulant response occurring after CCl4 administration
and set the stage for later studies interested in hemostasis in the context of CCl,-induced
fibrosis.

More in-depth experimentation has suggested that inhibition of coagulation with low
molecular weight heparin or exogenous antithrombin affords little protection against acute
CCly4 hepatotoxicity [30-32]. However, the protection afforded by anticoagulants is certainly
toxin-specific, as thrombin inhibitors reduce acute liver damage elicited by dimethyl-
nitrosamine [32] and APAP [12, 14], as mentioned previously. Although there is a lack of
consistent evidence supporting a pathologic role for coagulation after acute CCl,
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administration, strong experimental evidence indicates that thrombin activity enhances
hepatic stellate cell activation and liver fibrosis driven by repeated administration of CCly
[31]. It is very interesting that chronic CCl-induced liver fibrosis is increased in
procoagulant factor V-Leiden mice, presumably due to increased thrombin generating
capacity, although an increase in thrombin activity was not directly demonstrated [33].
Collectively, these studies provide strong evidence in support of a profibrogenic effect of
coagulation in experimental chronic CCls-induced liver fibrosis.

One clear advantage of the mouse (and rat) models of fibrosis is the ability to delineate
mechanisms whereby coagulation contributes to liver pathology. For CCls-induced fibrosis,
the majority of studies have considered pathways whereby coagulation factor Xa and
thrombin could increase hepatic fibrosis. One obvious thrombin target that could exacerbate
the fibrotic response is fibrin(ogen), as fibrin deposits are present in liver after both acute
and chronic CCl, administration [29, 34]. Similar to the role of fibrin(ogen) in thrombotic
occlusion of large vessels, fibrin deposition is often assumed to contribute to liver pathology
through hypoxic occlusion of liver blood vessels or by promoting inflammatory cell
activation. However, the exact function of fibrin(ogen) in this model remains virtually
unexplored. The only published study directly addressing the role of fibrin(ogen) in the CCl,
model is from Bezerra and colleagues, who reported no effect of complete fibrinogen
deficiency on gross liver pathology after chronic CCl, administration [35]. Several studies
have examined the role of fibrinolysis after CCl, administration. Plasmin(ogen) is essential
for liver repair after chronic CCl4 administration, although elegant studies suggest the
critical plasmin substrate is a non-fibrin matrix [35]. Thrombin-activatable fibrinolysis
inhibitor (TAFI) deficiency increased CCly-induced fibrosis, but TAFI deficiency had no
effect on hepatic fibrin deposition [34]. PAI-1 deficiency, which would be anticipated to
decrease hepatic fibrin deposition, increased CCls-induced hepatic fibrosis [36], although
the impact of PAI-1 deficiency on fibrin in this model is not clear. Altogether, the available
literature is insufficient to support either beneficial or damaging effects of fibrin(ogen) after
chronic CCl, administration.

There is strong experimental evidence to suggest that thrombin exacerbates CCly-induced
liver fibrosis via activation of the PARs. PAR-1 or PAR-2 deficiency significantly reduced
CCly-induced liver fibrosis [37, 38], implying that signaling downstream of thrombin or
factor Xa, respectively, could enhance fibrosis. This is consistent with cell culture studies
demonstrating that thrombin signaling enhances the myofibroblast differentiation of hepatic
stellate cells [39]. However, no published work has demonstrated that a direct thrombin
activation of PAR-1 on stellate cells increases fibrosis /n vivo. Such studies will likely be
possible with the emergence of mice expressing a conditional PAR-1 allele and stellate cell-
selective Cre mice [40]. Recent studies suggest that PAR-1 expressed by hematopoietic cells,
particularly monocytes/macrophages, may also indirectly exacerbate CCly-induced liver
fibrosis [41]. Worth noting, the application of PAR-1-null mice for investigation of
experimental fibrosis is complicated by the lack of PAR-1 expression on mouse platelets
[42]. Thus, PAR-1-deficient mice provide a “clean” system to study how thrombin promotes
hepatic fibrosis in the absence of an effect on thrombin-driven platelet activation. However,
the impact of thrombin-mediated platelet activation is not addressed in these mice, which is
certainly knowledge required to translate these results to humans, where PAR-1 is critical for
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platelet activation as well as having potentially independent profibrogenic function in liver.
With many studies suggesting that platelets can drive liver pathology caused by common
indications, such as viral infection [43] and steatohepatitis [44], it seems plausible that
PAR-1 antagonists such as vorapaxar could have therapeutic utility.

It is worth noting that deficits in thrombin-mediated platelet activation are associated with
increased liver injury/fibrosis in some settings, and platelet-derived mediators also have a
well-appreciated role in liver repair. However, there are very few studies examining the
effect of thrombocytopenia or highly selective platelet inhibitors on CCly-induced liver
fibrosis. Administration of aspirin or ibuprofen attenuated CCly-induced liver fibrosis in rats,
but neither drug is entirely platelet-specific, and each significantly attenuated hepatic lipid
peroxidation and injury, the earliest steps in CClg-induced liver fibrosis [45]. Clopidogrel
administration had no effect on hepatic a-smooth muscle actin expression or collagen
deposition in mice exposed chronically to CCly, [46]. Unlike cholestatic liver injury (below),
the impact of specific thrombocytopenia has not been evaluated in the CCl4 model.
Interestingly experimental thrombocytosis and human platelet transfusion were found to
reduce chronic CClg-induced liver fibrosis in exposed mice [47, 48]. Overall, the precise role
of platelets in CCls-induced liver fibrosis has not been defined. This is in notable contrast to
the setting of viral liver damage, where in both humans and experimental animals the
inhibition of platelets appears to be associated with a reduction in liver fibrosis [43, 49, 50].

Models of bile duct injury and cholestasis

Although liver fibrosis models converge at exaggerated deposition of collagen, the stimuli
for hepatic injury/disease that define the path to this outcome are varied. Whereas CCly is
best recognized as a hepatocellular toxicant, other liver pathologies trigger disease and
fibrosis through distinct cell types/pathways. Commonality is often sought, and found, in
mechanisms of liver fibrosis across models. However, variation in mechanisms should be
anticipated given differences in each experimental insult. This is the case for the role of
hemostatic system in cholestatic liver injury. Cholestatic liver injury can be broadly defined
as a condition in which bile flow through the liver is disrupted, often resulting in the release
of components of the bile into the blood [51]. Bile acids produced by hepatocytes are
ultimately transported into intrahepatic bile ducts lined by epithelial cells [52]. Components
of bile, particularly bile acids, are particularly proinflammatory and can elicit inflammatory
liver damage secondary to activation of multiple receptors [52, 53]. Insults to the liver that
disrupt the intrahepatic bile flow trigger hepatic injury that can lead to fibrosis, often with a
pattern distinct from CCl,. There are several models of this unique condition, not all of
which readily produce hepatic fibrosis, including common bile duct ligation (BDL), ANIT
exposure, Mdr2 deficiency, and autoimmunity in CD4-Tg dnTGFBRII mice [54-57]. We
will focus our review on ANIT and BDL, as the vast majority of work on the hemostatic
system has been done in these models.

Common bile duct ligation

Ligation of the common bile duct in the mouse or rat represents a model of acute obstructive
cholestatic liver damage, best approximating obstruction of the common bile duct in humans
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by a gall-stone, tumor, etc. Increased biliary pressure results in rupture of intrahepatic bile
ducts and spillage of bile into the hepatic parenchyma. The bile levels and composition of
bile acids released into the serum have been carefully quantified in both humans and mice.
Direct cytotoxic and proinflammatory effects of bile acids generate focal necrosis, formed in
large part by the recruitment and activation of neutrophils [53, 58, 59]. Complete biliary
obstruction in humans necessitates rapid surgical correction (i.e., removal of the stone or
tumor). In rodents, however, BDL is frequently explored in long-term settings (~28 days) as
a stimulus for liver fibrosis [54]. Hepatic necrosis and transaminase elevation persists with
the fibrosis, often yielding two distinct areas of fibrosis, mainly around proliferating bile
ducts and also within areas of hepatic necrosis [54, 60]. Several distinct mechanisms of
fibrosis, including profibrogenic integrin expression by bile duct epithelial cells (BDECS),
makes the pathway to fibrosis after BDL different from CCl, [61].

Alpha-naphthylisothiocyanate exposure

ANIT is a xenobiotic with a unique toxicological profile [62]. Hepatocytes in vivo detoxify
ANIT through conjugation to glutathione, and this conjugate is transported into the bile by
the canalicular transporter MRP2 [63]. However, for reasons that are not clear, this conjugate
is unstable in bile [64]. Enterohepatic recirculation allows multiple rounds of ANIT
metabolism, conjugation and biliary transport, resulting in a high concentration of ANIT in
the bile, which can selectively injure BDECs [63, 65]. Biliary transport of ANIT by MRP2 is
essential for hepatic parenchymal cell injury from ANIT [63]. Single, large doses of ANIT
produce acute cholestatic liver injury in mice and rats, sharing pathological features and
mechanistic similarity to BDL [66, 67]. As with CCly, chronic exposure to ANIT also causes
liver fibrosis, albeit with a different histological picture. Prolonged exposure (>2 weeks) of
mice and rats to ANIT (via chow) recapitulates the pathological features of primary
sclerosing cholangitis (PSC) characterized by portal lymphocytic inflammation, biliary
hyperplasia and fibrosis of the bile ducts [56, 68, 69]. As in PSC, chronic ANIT-exposure is
associated with elevations in serum bile acids and markers of biliary injury (e.g. alkaline
phosphatase) with minimal to no change in markers of hepatocellular injury (i.e. alanine
aminotransferase) [56, 69, 70]. Chronic ANIT exposure therefore serves as a unique model
to define mechanisms of liver fibrosis caused directly by chronic BDEC cytotoxicity.

Cholestatic liver injury in mice is associated with activation of the coagulation cascade.
BDECs, which line intrahepatic bile ducts, and hepatocytes, have each been shown to
express TF [71]. BDL and ANIT models are associated with increased thrombin generation
and deposition of fibrin in liver [56, 72]. In BDL, fibrin deposits are primarily within “bile
infarcts,” a colloquial term for areas of bile-filled necrotic lesions present after BDL [73].
Deposition of fibrin in these lesions is also evident in ANIT-exposed mice [56], although
these necrotic lesions are observed less frequently. Chronic ANIT exposure also causes
sinusoidal and peribiliary fibrin deposition [56, 72]. The mechanism of coagulation cascade
activation in these models is increasingly understood. Although monocytes express TF in
patients with cholestasis, coagulation after BDL is driven by liver-associated TF, most likely
expressed by hepatocytes or BDECs [74].
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Deciphering the role of coagulation in the cholestatic liver injury models has revealed
exciting dichotomy, and raises interesting questions on how the etiology of liver damage
could impact downstream consequences of coagulation. For example, whereas coagulation
was dramatically reduced in low TF mice and mice with liver-specific TF deficiency after
BDL, hepatic injury and fibrosis were not affected [74]. The lack of effect of TF is intriguing
in the context of other studies demonstrating that heterozygous antithrombin deficiency
increases injury after BDL [30] and low molecular weight heparin reduces BDL-associated
liver necrosis [75]. Interestingly, heterozygous TF deficiency attenuated thrombin generation
and reduced peribiliary fibrosis in ANIT-exposed mice, without affecting serum liver
enzyme levels [72]. Like CClg-induced liver fibrosis, the mechanism whereby coagulation
drives fibrosis most likely relates to PAR signaling. Indeed, PAR-1 deficiency significantly
reduced liver fibrosis in ANIT-exposed mice [72]. Although there is no published evidence
of BDL in PAR-17~ mice, in unpublished preliminary studies we found that profibrogenic
gene induction (e.g., COL1A1 and ACTA2) tended to decrease in PAR-1-deficient mice
after 5 days of BDL (Luyendyk JP, Copple BL, unpublished results). Moreover, a PAR-1
antagonist attenuated BDL-associated liver damage in rats [76]. Collectively, and like CCly-
induced liver fibrosis, there is sufficient experimental evidence in support of a pathologic
role of thrombin, through PAR-1 signaling, in liver fibrosis induced by cholestasis.

Despite the ANIT and BDL models causing chronic bile duct injury and similar peribiliary
fibrosis, there is a dichotomy in the involvement of fibrinolytic pathways in the injury and
fibrosis. Like chronic CCl, administration, PAI-1 deficiency exacerbates ANIT-induced
fibrosis in mice [77]. In striking contrast, PAI-1-deficient mice display a dramatic reduction
in liver injury after BDL [73, 78]. Although PAI-1-deficient mice have a reduction in hepatic
fibrin deposition after BDL, the role of fibrinogen in this model has not been examined. In
light of work from Rautou et a/. indicating that hepatocyte TF generates thrombin after BDL
[74], itis likely that fibrin deposition is reduced in PAI-1-deficient mice simply as a function
of reduced injury. Indeed, this is consistent with follow-up studies indicating that BDL-
induced liver damage is tPA-driven, but neither PAI-1 nor tPA deficiency affects hepatic
plasmin activity [79, 80]. Like the CCl4 model, the exact role of fibrin(ogen) and hepatic
fibrin deposition after BDL remains unclear.

The only model of chronic liver injury and fibrosis where the precise role of fibrin(ogen) has
been addressed is chronic ANIT exposure. Here, complete fibrinogen deficiency increased
liver injury [70] and administration of the antifibrinolytic drug tranexamic acid significantly
reduced established biliary fibrosis [77]. This suggests that PAI-1 deficiency could in fact
increase fibrosis in this model by enabling a hyperfibrinolytic state [77]. The mechanism
whereby fibrin(ogen) reduces hepatocellular injury elicited by chronic ANIT exposure
involves the capacity of the molecule to engage platelets through the platelet integrin a;gPs3.
Mice expressing a mutant fibrinogen lacking this specific functional domain developed liver
damage resembling mice completely lacking fibrinogen when exposed to chronic ANIT
[56]. Collectively, the results suggest that under certain circumstances, fibrinogen may
function to inhibit liver fibrosis or perhaps promote repair.

Studies with chronic ANIT exposure illustrated how one protective function of fibrin(ogen)
in chronic cholestatic liver injury could be through activation of platelets. The exact role of
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platelets in chronic ANIT-mediated biliary fibrosis is not known. However, genetic
thrombocytopenia significantly increased liver fibrosis in mice after BDL [81]. Interestingly,
this finding was not linked to an increase in parenchymal cell necrosis. Rather,
thrombocytopenia significantly reduced liver necrosis [81]. This is consistent with previous
studies suggesting that platelets promote acute cholestatic liver injury. Collectively, these
studies demonstrate a disconnect between biliary fibrosis and necrosis after BDL, and
suggest diverse functions for platelets in acute and chronic cholestatic liver injury.

Non-alcoholic fatty liver disease and steatohepatitis

Non-alcoholic fatty liver disease (NAFLD) and its severe form non-alcoholic steatohepatitis
(NASH) represent one of the most prevalent liver diseases in both adults and children in
developed countries [82, 83]. This is a spectrum disorder, where simple steatosis (liver
triglyceride accumulation) can transition to a hepatic inflammatory state and ultimately to
liver fibrosis and cirrhosis. The primary risk factors for NAFLD, obesity and metabolic
syndrome, are associated with a procoagulant state, and many studies have linked this
procoagulant state to disturbances in coagulation factor expression by the liver [84-87].
Interestingly, biomarkers of coagulation often mark the progression of the disease to a more
severe state, and prothrombotic risk factors are linked to more advanced disease in humans
[85, 86]. Such studies suggest that changes in coagulation may not simply be a reflection of
disease, but rather increased coagulation could play a central role in NAFLD pathogenesis.
Indeed, this hypothesis is supported by direct mechanistic evidence derived experimentally
in rodent models of diet-induced NAFLD and NASH.

Experimental settings of NAFLD/NASH include, but are not limited to, dietary interventions
such as the high fat (HFD) and/or high carbohydrate diets in which liver pathology can be
evaluated in the context of obesity and insulin resistance, and the methionine-choline
deficient (MCD) diet, which rapidly produces liver histopathology resembling NASH and
hepatic fibrosis [88, 89]. Like obese patients, monocyte TF expression increases in mice fed
a HFD and this is associated with increased thrombin generation [90]. Interestingly,
hematopoietic cell TF deficiency dramatically reduced thrombin generation and NAFLD
pathology in hypercholesterolemic mice [90, 91], implying a key role for coagulation in the
pathogenesis of fatty liver. Indeed, administration of the direct thrombin inhibitor dabigatran
etexilate protected mice from HFD-induced fatty liver disease [92]. Moreover, therapeutic
administration of argatroban to hypercholesterolemic mice with established fatty liver
significantly reduced inflammation and stellate cell activation [93]. Like other models, the
role of thrombin is likely mediated through PAR-1, as PAR-1-deficient mice exhibit near
complete protection from HFD-induced fatty liver, despite gaining a similar amount of body
weight [91]. Similarly, TF deficiency and PAR-1 deficiency reduced hepatic inflammation
and injury in mice fed an MCD diet [94]. However, both TF deficiency and thrombin
inhibition, along with TF-PAR-2 signaling, are each able to impact diet-induced obesity at
large, implying that this pathway also plays a more global role in obesity [90, 95]. In
summary, there is experimental evidence in multiple mouse models of NAFLD/NASH to
suggest that coagulation can participate as an inducible modifier of fatty liver pathogenesis
and perhaps ensuing fibrosis. Although exciting, it is important to note that translation of
this concept to the clinic has not yet been realized.
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Summary, challenges and perspectives

Hemostatic factors modifying liver disease

Our knowledge of how the hemostatic system can modify the pathogenesis of liver toxicity
and disease is heavily weighted on studies using experimental animal models (Fig. 1), which
while very informative, are not likely to achieve severity of disease observed clinically (Fig.
2). The emphasis has primarily been on mechanisms whereby thrombin and its targets
modify the extent and progression of diverse liver pathologies. Clinical translation of these
concepts is now emerging (Fig. 1), with several studies in patients identifying elements of
the hemostatic system as a potential determinant of disease progression [96]. For example,
the prothrombatic factor V-Leiden polymorphism increases the risk of fibrosis in patients
with hepatitis C virus (HCV) [97], an observation consistent with the increased fibrosis
observed in mice harboring the factor V-Leiden mutation after chronic CCl4 exposure [33].
One retrospective analysis suggested that antiplatelets, such as aspirin, can reduce the
severity of hepatic fibrosis in patients with HCV [98], a result consistent with the reduction
in fibrosis by low dose aspirin in mice [99]. One distinction here is that many interventions
or analyses are done in patients with established liver disease (Fig. 2), although some
ongoing studies, such as the WAFT-C trial, are examining the impact of warfarin in patients
with mild liver disease. Building on strong evidence that anticoagulants reduce liver fibrosis
in mouse models, it is conceivable that clinical use of anticoagulants such as warfarin and
heparin, or new direct thrombin and Xa inhibitors, could reduce hepatic fibrosis. Although
conceivable, the rationale is a balance of benefits and risks and this has been reviewed
recently [100]. In summary, there is convincing evidence from animal models that
components of the hemostatic system, particularly coagulation proteases, contribute to the
pathogenesis of acute and chronic liver disease (Table 1). Moreover, despite some
differences (Fig. 2), there is clinical evidence to support the basic research in this area.
Additional studies exploring interventions targeting the hemostatic system in patients with
various stages of disease, and refinement of animal models to test the impact of
anticoagulants on established liver disease would each greatly benefit the field.

Liver disease modifying the hemostatic system

While there is considerable investment in clinical studies seeking to understand how
hemostatic components modify liver disease, a larger volume of clinical research has been
focused on the reciprocal relationship; that is, understanding how liver disease leads to
complications like bleeding or thrombosis (Fig. 1). Very few studies have systematically
assessed the hemostatic changes that accompany experimental acute liver injury and chronic
liver disease in animal models (Fig. 1). The emergence of tools such as mice with liver-
specific TF deficiency offers opportunity to define how the coagulation cascade is activated
in experimental acute and chronic liver injury, which could potentially explain if and how
pathologic intrahepatic coagulation occurs in humans with liver disease. Combined
application of small and large animal models of APAP overdose, for example, is likely to
yield valid insight into the nature of the consumptive coagulopathy occurring in patients
with ALF. Defining the precise mechanism of coagulation cascade activation after liver
injury does not fully address the entire scope of hemostatic changes occurring alongside
liver pathology. Indeed, there is a need to fully characterize the hemostatic system in models
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of acute and chronic liver injury and based on this, refine existing or develop innovative
experimental settings that recapitulate the precariously rebalanced hemostatic system
observed in patients with severe liver disease. This will most likely be achieved through
close collaboration between clinical investigators and basic scientists spanning the fields of
hematology and hepatology.
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Clinical Investigation Basic Research
(Human patients) (Experimental models)

Discover basis for Define mechanistic impact
altered hemostasis in of hemostatic system on
liver disease liver toxicity and disease

Figure 1. Common themesin clinical and experimental studies of hemostasis and liver disease
A large number of clinical studies have sought to discover the basis for altered hemostasis in

liver disease (left). In contrast, very few studies have addressed changes in the hemostatic
system that coincide with the development of experimental liver injury and disease in animal
models (dashed arrow). Rather, studies in animal models have emphasized the mechanistic
impact of the hemostatic system on liver toxicity and disease (right). Of importance,
translation of these concepts is emerging in the form of clinical studies examining the impact
of anticoagulants or antiplatelets on aspects of liver disease, particularly fibrosis (thin
arrow). There is a need for additional studies examining hemostatic changes in experimental
liver disease models and for continued clinical study defining the role of the hemostatic
system in human liver injury and disease.
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Typical timing
of intervention

Figure 2. Distinct differencesin clinical and basic resear ch studies assessing anticoagulant

intervention in liver fibrosig/cirrhosis

Whereas the majority of anticoagulant trials in patients have been performed in patients with
established liver disease/cirrhosis, few if any animal studies have addressed the impact of
anticoagulants or genetic interventions on established liver fibrosis or severe cirrhosis.
Rather, these studies address the role of hemostasis during the earliest phase of disease

development. From a translational standpoint, it is important that this distinction be
considered.
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