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Abstract

The liver is the primary source of a number of circulating coagulation factors, and acute liver
injury and chronic liver disease are each associated with alterations in blood coagulation. Current
views of the connection between liver injury and coagulation extend beyond the impact of liver
disease on synthesis of coagulation factors to include a role for coagulation factor activity in the
initiation and progression of liver disease. Mechanisms of coagulation initiation in liver disease
are not completely understood. Compared to other tissues, liver expresses very low levels of tissue
factor (TF). Recent studies indicate that expression of TF by hepatocytes comprises the majority
of liver procoagulant activity, and that hepatocyte TF activates coagulation induced by liver
injury. This review will briefly cover the expression and regulation of TF by hepatocytes, the role
of TF in coagulation triggered by liver toxicity, and the contribution of coagulation activity to the
progression of liver disease.

Perturbations in the coagulation cascade are frequently associated with acute liver toxicity
and chronic liver disease [1]. In few cases is the etiology of these disturbances understood in
great detail. The liver is the primary site of synthesis of nearly all coagulation factors, along
with several proteins involved in fibrinolysis and anticoagulation. Chronic liver disease or
acute hepatotoxicity can significantly alter the hepatic synthesis of these factors, and thus
the systemic balance and overall levels of pro-and anticoagulant factors [1]. This is
increasingly recognized as a component of liver disease pathogenesis [2]. The consequence
of acute toxic liver injury can include consumptive coagulopathy, whereas in patients with
chronic liver disease and/or cirrhosis, a rebalanced, but unstable hemostatic state can easily
shift to either hypo-or hypercoagulability [1].
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Strong evidence supports a reciprocal relationship between liver disease and coagulation,
whereby altered liver function results in coagulation anomalies, and also where coagulation
protease activity contributes to the pathogenesis of liver disease. The coagulation protease
thrombin and protease activated receptors (PARs) have been implicated in various facets of
liver pathology in rodents [3]. Moreover, recent studies suggest that coagulation is
associated with morbidity and mortality in patients with chronic liver disease [4, 5].
Therefore, understanding coagulation cascade perturbations in the context of acute and
chronic liver disease is important. Emerging evidence suggests that tissue factor (TF), the
primary activator of the blood coagulation cascade, is a critical mediator of coagulation in
liver disease. Our goals here are to briefly review 1) the role of TF in coagulation cascade
activation in models of liver disease, 2) evidence from mouse models implicating
coagulation in liver pathology, and 3) highlight recent findings and unanswered questions
related to the expression of TF by liver parenchymal cells (hepatocytes).

TF is the transmembrane receptor for coagulation factor VI1/V1la and the primary activator
of the blood coagulation cascade. TF plays a central role in the hemostatic response to vessel
injury [6] and is expressed at high levels to limit bleeding in critical organs/tissues including
brain, heart, lungs, kidney, and placenta [7, 8]. At the cellular level, restricting expression of
TF to extravascular cells prevents inappropriate clotting, but also keeps TF in a position
juxtaposed to blood in order to rapidly activate coagulation secondary to loss of vascular
integrity.

The liver expresses very low levels of TF mRNA and the livers of low TF mice appear
normal [9]. The physiological reason for low expression of TF in the liver is not completely
understood, but may relate to the architecture and function of the unique capillaries, termed
liver sinusoids. Arterial and portal venous blood mix and percolate through the liver
sinusoids, which are home to at least 15 different cell types, including hepatic stellate cells
[10], immune cells including resident liver macrophages (i.e., Kupffer cells) [11], and
sinusoidal endothelial cells [12]. In contrast to vascular endothelium, sinusoidal endothelial
cells (SECs) are fenestrated, allowing for near free exchange of plasma components with
hepatocytes lying just opposite the SECs across the space of Disse [12]. Hepatocytes occupy
approximately 60% of the total liver cell population and carry out a number of critical liver
functions, including coagulation factor synthesis. The “leaky” environment in the liver
sinusoids poses a substantial regulatory challenge for the hemostatic system. Several studies
suggest that disruption of anticoagulant factors results in hepatic fibrin deposition [13, 14],
implying a microenvironment sensitive to subtle changes in the balance between pro-and
anticoagulant factors.

Albeit at much lower levels, procoagulant TF is expressed in the liver. The procoagulant
activity of mouse liver homogenate is reduced by >95% in livers from low TF mice [15],
which express human TF at approximately 1% of normal TF levels [9]. An increasing
number of studies indicate that TF-dependent coagulation accompanies hepatotoxic
responses. For example, acetaminophen (APAP) overdose, the number one cause of drug-
induced liver injury in the United States [16], is associated with coagulation cascade
activation in humans [17] and increased TF-positive microparticles are associated with
mortality in APAP overdose patients [4]. APAP hepatotoxicity in mice is associated with a
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large increase in plasma TAT levels, which is entirely TF-dependent [18]. APAP-induced
hepatotoxicity is reduced in low TF mice and also in PAR-1-deficient mice [18]. In contrast,
fibrinogen deficiency does not affect early APAP hepatotoxicity [19]. These studies suggest
that coagulation amplifies APAP hepatotoxicity, in part through PAR-1 signaling.

Nearly 25 years ago the capacity of hepatocyte membranes to convert coagulation factor X
to Xa was reported, and this activity was speculated to be that of TF [20]. Since that time,
additional studies demonstrated that isolated human hepatocytes have TF activity [21, 22].
To determine the contribution of hepatocyte TF to liver procoagulant activity, we crossed
TEflox/flox mice with Albumin-Cre mice (TFfoX/flox AlbCre mice), in order to reduce TF
expression in hepatocytes. This approach proved highly efficient at deleting TF expression
in mouse hepatocytes, and isolated hepatocyte procoagulant activity was entirely dependent
on TF [23]. Total liver procoagulant activity was reduced by approximately 80% in livers of
TFflox/flox) AlhCre mice [23] and coagulation activation in mice after APAP overdose was
nearly prevented in TFTIoX/flox;AlhCre mice [23]. This suggests hepatocyte TF contributes to
a procoagulant response triggered by hepatotoxicant exposure, although it is worth noting
that emerging evidence suggests that albumin may also be expressed by hepatic stellate cells
[24]. This has important implications for interpretation of results from TFloX/flox/AlbCre
mice.

The expression of TF by hepatocytes presents a serious regulatory challenge for the liver
sinusoids because 1) owing to a leaky endothelium, hepatocytes are persistently bathed in
plasma, and 2) hepatocytes are the primary cellular source of FVII/FVIla. Our laboratory
has adopted the analogy of hepatocyte TF as a “match in a dynamite factory.” The existence
of TF in this premiere environment for coagulation without evidence of pathologic
coagulation is striking, and likely forms a basis in the concept of TF encryption. Encrypted
TF lacks procoagulant activity, but can be complexed with FVII/FVI1la [25]. Indeed, we
found that >90% (often 100%) of TF procoagulant activity on isolated mouse and human
hepatocytes was encrypted ([23] and unpublished results). TF-dependent generation of FXa
by isolated hepatocytes did not require exogenous FVIla, implying the TF molecule on these
cells is “preloaded” with FVII/FV1la [23]. Such a scenario is not unique to the liver, with
encrypted TF:FVIla complex also present in other vascular beds [26]. Hepatocytes may
offer a novel opportunity to study mechanisms of TF encryption, although it is conceivable
that the isolation process itself alters TF activity. Thus, for these studies, pairing primary
isolated cells with other hepatocyte-like cells, such as HepaRG cells, could be of value.

Defining the mechanisms whereby hepatocyte TF procoagulant activity is encrypted will
substantially increase our knowledge on the regulation of hemostasis in liver, and the basis
for pathologic coagulation accompanying acute and chronic liver disease. Established
mechanisms of TF decryption have been reviewed recently [25]. Disruption of phospholipid
asymmetry, favoring increased phosphatidylserine on the cell surface, an important
molecular gatekeeper for TF procoagulant activity, or rearrangement of extracellular
disulfides [25], are each possible mechanisms controlling hepatocyte TF activity. Worth
noting, hepatocytes are known to express protein disulfide isomerase on the extracellular
membrane, which is postulated to participate in isomerization of a disulfide bond (Cys186-
Cys208) on the TF molecule that controls procoagulant and signaling activity of TF [25]. TF
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may also be expressed on the hepatocyte cannalicular membrane, a region rich in
transporters that contribute to bile formation, but not exposed to blood [27]. Our laboratory
is currently exploring these and other possibilities with the intent of defining the mechanism
of TF encryption on hepatocytes.

Liver injury and dysfunction have emerged as features of chronic diseases associated with
altered hemostatic activity (e.g., obesity), making it possible that hepatocyte TF contributes
to other diseases in addition to acute toxicity. Coagulation activity is now viewed as a
contributor to the pathogenesis of liver toxicity and disease, with TF identified in model
systems as critical (Table 1). The reader is encouraged to seek recent reviews on the topic.
Indeed, players in the hemostatic system including thrombin, and PAR-1 have each been
shown to play a role in pathologies ranging from acute hepatotoxicity to steatosis and liver
fibrosis [15, 18, 28, 29]. It is noteworthy that a recent clinical trial demonstrated an
unanticipated reduction in hepatic decompensation in patients treated with low molecular
weight heparin [5]. Hepatocyte TF also likely participates in the procoagulant response
associated with transplantation of these cells for the treatment of liver disease [23, 30].
Additional translational studies are required to broaden the connection between these basic
and clinical observations.

In summary, compared to other tissues, the liver expresses lower levels of TF and the
majority of liver TF is expressed by hepatocytes. Nonetheless, recent studies have
demonstrated that this source of TF serves an essential role in blood coagulation,
particularly under pathologic conditions. Additional studies of the regulation and activation
of hepatocyte TF are likely to identify novel mechanisms of coagulation activation in
various liver diseases.
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Table 1
Role of TF in models of liver injury and disease.
Reference Authors Liver injury/disease TF deficiency  Outcome of TF deficiency
model model
[18] Ganey et al. Acetaminophen Low TF mice I Coagulation
2007 hepatotoxicity LLiver injury
[23] Sullivan et al. Acetaminophen TFflox/flox/ \Coagulation
2013 hepatotoxicity Alb-Cre mice
[15] Luyendyk etal.  a-naphthylisothiocyanate Low TF mice \Coagulation
2009 hepatotoxicity LLiver injury
[31] Luyendyk etal.  a-naphthylisothiocyanate TFflox/flox/ VNeutrophil activation
2011 hepatotoxicity LysM-Cre
mice
[29] Sullivanetal.  a-naphthylisothiocyanate- TF+/- mice {Coagulation
2010 induced liver fibrosis LLiver fibrosis
[32] Kato et al. Concanavalin A Neutralizing I Coagulation
2013 hepatotoxicity antibody Liver apoptosis/injury
(1H1)
[33] Hammad et al. Monocrotaline/LPS TF ASO {Coagulation
2013 hepatotoxicity Liver injury
[34] Luyendyk etal.  Steatohepatitis (MCD diet) = Low TF mice {Coagulation
2010 LLiver injury
LLiver inflammation
[28] Kassel et al. Steatosis (Western diet) Hematopoietic I Coagulation
2011 cell TF | Steatosis/triglycerides
deficiency LLiver inflammation
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