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Abstract

in patients.

Background: Thrombin activates hepatic stellate cells via protease-activated receptor-1. The role of Factor Xa (FXa)
in hepatic fibrosis has not been elucidated. We aimed to evaluate the impact of FXa and thrombin in vitro on stellate
cells and their respective inhibition in vivo using a rodent model of hepatic fibrosis.

Methods: HSC-LX2 cells were incubated with FXa and/or thrombin in cell culture, stained for aSMA and relative gene
expression and gel contraction calculated. C57BL/6 J mice were administered thioacetamide (TAA) for 8 weeks with
Rivaroxaban (n = 15) or Dabigatran (n = 15). Control animals received TAA alone (n = 15). Fibrosis was scored and quantified
using digital image analysis and hepatic tissue hydroxyproline estimated.

Results: Stellate cells treated with FXa and thrombin demonstrated upregulation of procollagen, TGF-beta, aSMA and
significant cell contraction (4348%-+/—4.12) compared to culturing with FXa or thrombin alone (26.90%-+/— 890, p = 0.02;
13.1%+/—9.84, p < 0.001). Mean fibrosis score, percentage area of fibrosis and hepatic hydroxyproline content (246 vs 4.08,
p=0008; 202% vs 3.76%, p=0012; 2760 vs 651.3, p=0.0001) were significantly reduced in mice treated with the FXa
inhibitor compared to control mice. FXa inhibition was significantly more effective than thrombin inhibition in reducing
percentage area of fibrosis and hepatic hydroxyproline content (2.02% vs 3.70%,p = 0.031; 276.0 vs 413.1,p=0.001).

Conclusions: FXa promotes stellate cell contractility and activation. Early inhibition of coagulation using a FXa
inhibitor significantly reduces TAA induced murine liver fibrosis and may be a viable treatment for liver fibrosis
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Background
The interaction between the coagulation cascade and
liver injury is multifaceted [1]. Although prolongation of
the prothrombin time is a well-recognized consequence
of chronic liver disease, recent studies demonstrate that
patients with advanced fibrosis can also have reduced
levels of protein C and antithrombin, balancing any re-
duction in thrombin generation [2, 3]. This may in part
explain the paradoxical increased relative risk of venous
thromboembolic disease observed in patients with
chronic liver disease in a recent large case-control popu-
lation based study [4].

Evidence now suggests a role for coagulation proteins in
the pathogenesis of liver fibrosis [5]. Firstly, epidemio-
logical studies have demonstrated that prothrombotic
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conditions promote liver fibrosis [6—9]. Secondly, Tissue
Factor and fibrin have been shown to be upregulated
within fibrotic livers, which is in keeping with a role for
vascular dysfunction in fibrogenesis [10-13]. Thirdly, in
addition to its role in activating fibrinogen, thrombin has
been shown to mediate the cellular activation of macro-
phages, platelets and hepatic stellate cells (HSCs) via
cleavage of the protease-activated receptor, PAR-1 [14, 15]
and polymorphisms in the PAR-1 gene have been shown
to influence rates of hepatic fibrosis [16]. Finally, warfarin
and experimental thrombin antagonists have demon-
strated some anti-fibrotic properties in animal models of
liver fibrosis [17, 18]. Recently FXa, a protease activated
upstream of thrombin in the coagulation cascade, has
been shown to promote fibrogenesis via direct PAR recep-
tor cleavage in pulmonary fibrosis [19, 20]. Activation of
FXa may therefore drive hepatic fibrogenesis both through
direct PAR activation and by thrombin generation, making
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it an attractive therapeutic target. To date no study has ex-
amined the direct effects of FXa on HSC activity. In lung
fibrosis, which is biologically analogous to hepatic fibrosis,
treatment with a direct inhibitor of FXa reduces fibrosis
significantly in a murine bleomycin-inhalation model [20].
An understanding of the effect of FXa on HSCs and fibro-
genesis, above and beyond its role in generating thrombin
is therefore needed, and the effects of direct FXa inhib-
ition in the setting of hepatic fibrosis need to be evaluated
to assess whether it could offer additional efficacy over
direct thrombin inhibition as an anti-fibrotic agent.

Using the human LX2 hepatic stellate cell culture line
we sought to determine the relative efficacy of FXa and
thrombin on HSC activity in vitro. We then evaluated
the anti-fibrotic potential in vivo of both direct FXa
inhibition =~ with  Rivaroxaban (Bayer Healthcare,
Germany) and direct thrombin inhibition with
Dabigatran, (Boehringer Ingelheim Pharma, Germany)
using a murine model of liver fibrosis.

Methods

In vitro studies

HSC LX2 cell culture

LX-2 cells are a commonly used hepatic stellate cell
(HSC) line [21] and were kindly provided by S Friedman
(Mount Sinai, New York, New York). Cells were main-
tained in DMEM (ThermoFisher, UK) supplemented with
10% FBS and 2 mM L-Glutamine. For experimental pro-
cedures, cells were incubated for 24 h in a humidified en-
vironment of 5% CO, with serum free media alone
(control) or serum free media supplemented with 0.5 U/
ml FXa (Enzyme Research Lab, USA); 10 nM thrombin
(Sigma, UK); or 0.5 U/ml FXa and 10 nM thrombin. FXa
at 0.5 — 1 U/ml has been previously used in other studies
[22]. After incubation the media was gently removed and
cells were fixed by pipetting paraformaldehyde into each
well and incubating at room temperature. Cells were im-
munostained for aSMA, a marker of HSC activation,
using a mouse monoclonal antibody raised against alpha-
smooth muscle actin (Clone 1A4, Dako Inc., USA). For
gene expression studies, total RNA was isolated from cells
stimulated with FXa and/ or Thrombin (RNeasy Mini kit,
Qiagen Ltd., Crawley, UK), reverse transcribed (RETRO-
script kit; Thermofisher, UK) and quantitative polymerase
chain reaction (qPCR) analysis was performed using
TagMan Gene Expression Assays (ThermoFisher, UK).
Data were normalized to the endogenous housekeeping
gene GADPH and fold change differences in expression
relative to control (untreated LX2) cells were calculated
using the Comparative ddCT method [17, 23].

HSC gel contractility assay
HSC contractility assays were performed as previously
described with some minor modifications [24]. LX-2
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cells were layered on top of the collagen lattice in 24
well plates and serum starved for 24 h. Gel contraction
was induced by incubation of duplicate wells with 10%
FBS, which acted as the positive control, or the proposed
agonists, FXa or thrombin in the following combina-
tions: 0.5 U/ml FXa alone; 10 nM thrombin alone; or 0.
5 U/ml FXa with 10 nM thrombin. Additional wells con-
taining a cell free lattice and wells containing a lattice
with LX2 cells without any agonist, acted as controls for
spontaneous gel shrinkage. Gels were released from wall
using a micro-pipetting tip (representing time point
zero) and photographed at 6 h. Surface area of the colla-
gen gels was measured using digital image analysis soft-
ware, and images were processed using digital 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.

Animals studies

All research using live animals was approved by the local
ethics committee and carried out in accordance with the
Animal (Scientific Procedures) Act 1986. Institutional
guidelines were followed for the care and use of animals.
Forty five male C57BL/6 ] mice, aged 8 weeks old, were
purchased from Jackson Laboratories (USA). All mice
were housed under standard conditions and treated with
TAA to induce liver fibrosis for 8 weeks via drinking
water at a dose of 300 mg/l. Animals were randomly al-
located to treatment or control groups. Rivaroxaban and
Dabigatran were acquired from commercial source.
Tablets were crushed and dissolved in water to achieve
fine suspension. Two subgroups (n=15 each) were
treated, once daily, by oral gavage with either Rivaroxa-
ban, (FXa inhibitor group) at a dose of 40 mg/kg or
Dabigatran (thrombin antagonist group) at a dose of
100 mg/kg. Control group mice (n=15) received no
anticoagulation. Doses of anticoagulants were attained
to cause equivalent prolongation of coagulation times,
including the International Normalised Ratio (INR) to
between 1.5 to 2, as measured using a handheld coagula-
tion meter, following blood sampling from animals tail
veins and referencing previous dosing and rodent data
[25-27]. Gavage volumes were administered based on
each individual animal as per a pre-formulated weight/
dose chart. At 8 weeks, all surviving animals from each
experimental group were culled by intraperitoneal injec-
tion of 0.1 ml Pentoject (Pentobarbitone Sodium Ph.Eur.
200 mg/ml, Animal Care Ltd., UK) followed by cervical
dislocation and livers harvested.

Histopathology and digital image analysis
Liver tissue from each animal was fixed in 10% formalin,
processed into paraffin wax and sections stained with
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Haemotoxylin & Eosin (H&E) and Picro-Sirius red, a com-
monly used stain for collagen and fibrosis [28]. All sec-
tions were examined using a light microscope by a
histopathologist blinded to the therapy received. The ex-
tent of hepatic fibrosis was assessed using a semi-
quantitative score in a manner previously described in
mouse models of fibrosis [17] and digital image analysis to
calculate mean percentage area of fibrosis. Tissue was
stained for aSMA, as described above and examined with
a light microscope to calculate the mean number of acti-
vated stellate cells for each individual animal per field.

Tissue hydroxyproline measurement

Hydroxyproline content has been described as a surro-
gate for collagen content in fibrogenesis [29] and was
measured using a commercially available kit (BioVision
K555-100, USA). Briefly, pre-weighed frozen liver tissue
samples were homogenised in water and hydrolysed in
12 N HCI at 120 °C for 3 h, and 10yl of the hydrolysate
was evaporated to dryness under vacuum. Chloramine T
(100pul) was added and incubated for 5 min at room
temperature. Then 100pl of DMAB (4-(dimethylamino)
benzaldehyde) reagent was pipetted into each sample
and incubated for 90 min at 60 °C. Absorbance was read
at 560 nm and total hydroxyproline content in the sam-
ples was extrapolated from the standard curve.

Statistical analysis

Statistical analysis was performed using SPSS v16 (SPSS,
USA). Normally distributed continuous variables were
compared by Student’s t-test. Variables which were not
distributed normally were compared using the non-
parametric tests, Mann-Whitney or Kruskall-Wallis.
Quantitative data were expressed as mean +/— standard
error of mean (SEM), unless otherwise stated. Statistical
significance was accepted at p < 0.05.

Results

In vitro studies

LX2 hepatic stellate cell line

To determine the effect of individual coagulation pro-
teins on the activity of HSCs, the principal cell of hep-
atic fibrosis, LX2 cell lines were cultured. Expression of
aSMA and cell contraction was used as markers of stel-
late cell activation and is represented in Fig. 1. Incuba-
tion of LX2 cells with medium alone on a glass surface
resulting in minimal contraction and aSMA expression
(Fig. 1la&b). Incubation with thrombin demonstrated
weakly positive staining for aSMA in LX2 cells (see Fig.
1c&d). aSMA staining and cell contraction was more
prominent with when cells were incubated with FXa
(Fig. 1e&f). FXa and thrombin together resulted in heavy
staining for «SMA, with cell contraction more exagger-
ated than with thrombin alone (Fig. 1g&h). Relative gene
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expression using qPCR demonstrated a significant in-
crease in the procollagen, and TGF expression when
LX2 cells incubated with both FXa and Thrombin, com-
pared to thrombin (p =0.01; p=0.01) or FXa (p=0.01;
p =0.02) alone (Fig. 1i&k). FXa and thrombin resulting
in a significant increase in aSMA gene expression com-
pared to thrombin alone (p =0.04) (Fig. 1j). There was
no significant difference in procollagen, TGF-beta or
aSMA gene expression between cells incubated with
FXa or thrombin alone.

HSC contractility assay

The use of contractility gel assays allows for a quantitative
measurement of hepatic stellate cell contractility [24]. In-
cubation of LX2 cells with medium alone resulted in a
small degree of spontaneous gel shrinkage at 6 h (Fig. 2a),
and was used as a control. The mean surface area of ex-
perimental gels was expressed as a percentage of the sur-
face 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 is used as a positive
control in this type of assay, resulted in a significant con-
traction of gels, thus validating the technique. The
addition of FXa and thrombin individually resulted in con-
traction of gels. FXa treated gels demonstrated more con-
traction at 6 h, than those treated with thrombin (26.90%
+/-8.90 versus 13.10% +/-9.84), but the difference did
not reach significance (Fig. 2b, ¢ & e). The addition of FXa
and thrombin together however demonstrated a potenti-
ated effect on cell contraction (43.48% +/- 4.12), with sig-
nificantly more contraction compared to incubation with
FXa (p = 0.02) or thrombin alone (p < 0.001) (Fig. 2d & e).

Animal studies

Early mortality affected both treatment and control sub-
groups equally. Two to three mice were lost from each
group due to procedural complications following gavage
during the course of the study, and none were related to
spontaneous hemorrhage. All animals were weighed
every second week. No animal recorded a reduction in
overall weight at the end of the study, in comparison to
its starting weight.

Fibrosis scoring and percentage area of fibrosis in TAA
treated mice

After 8 weeks of exposure with TAA via drinking water
(300 mg/L), control mice demonstrated bridging fibrosis
with occasional nodule formation (Fig. 3a). Mice treated
with the direct thrombin antagonist, Dabigatran
(100 mg/kg), exhibited frequent bridging fibrosis, similar
to control mice, but only occasional nodule formation
(Fig. 3b). In contrast, mice treated with the direct FXa
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Fig. 1 Effect of FXa, thrombin on LX2 cells in vitro. a & b Incubation of cells with control medium alone resulting in minimal cell contraction and
staining for aSMA (x 100 magnification). ¢ & d Incubation of LX2 cells with thrombin at a dose of 10 nM resulted in some activation of LX2 cells
with positive staining for aSMA and some contraction (x 100 magnification) e & f Incubation of LX2 cells with FXa at a dose of 0.5 U/ml resulted
in activation of LX2 cells with positive staining for aSMA and a contracted phenotype (x 100 magnification). g & h Addition of FXa (0.5 U/ml) in
combination with thrombin (10 nM) resulted in activation of LX2 cells with heavy positive staining for aSMA and a contracted phenotype (x 100
magnification). i - k LX2 cells were incubated with FXa and/or thrombin. aSMA, procollagen and TGF-beta expression were analysed by gRT-PCR.
Data were normalized to the endogenous housekeeping gene GADPH and fold change differences in expression relative to control (untreated
[X2) cells were calculated using the Comparative ddCT method. Data are Mean + SEM from one of the representative experiments. Significance
was denoted as *p < 0.05, **p < 0.01. Abbreviations: aSMA, alpha smooth muscle actin; FXa, Factor Xa; TGF-beta, Transforming growth factor beta;

Thr, Thrombin

inhibitor Rivaroxaban (40 mg/kg) demonstrated milder
fibrosis, with fibrous expansion around the central veins,
less frequent bridging and the absence of nodules (Fig.
3c). In keeping with this finding, mean fibrosis scores in
mice treated with Rivaroxaban were significantly re-
duced (p =0.008) in comparison to control mice (2.46 +
0.33 versus 3.76 +0.36) and there was a significant re-
duction (p =0.012) in mean percentage area of fibrosis
(2.02% + 0.39 versus 4.08 £ 0.66) (Fig. 4). In contrast,
mice treated with Dabigatran, had a mean fibrosis score
of 3.25 + 0.63 (SEM) and mean percentage area of fibro-
sis of 3.70% + 0.63 (SEM). This represented only a 13
and 9% reduction respectively compared to control mice
and did not reach statistical significance (Fig. 4). When
comparing direct FXa inhibition to direct thrombin an-
tagonism, FXa inhibition demonstrated a significant re-
duction in mean percentage area of fibrosis (p =0.031)
(Fig. 4).

Alpha smooth muscle actin expression in TAA treated
mice

Following 8 weeks exposure to TAA, mice treated with
Rivaroxaban demonstrated a significant reduction in
the mean number of aSMA positive hepatic stellate
cells per field of view compared to control group mice
(5.23+1.06 versus 10.62 +1.92; p=0.02). Treatment
with Dabigatran however only resulted in a trend to-
wards decreased reduction in aSMA expression com-
pared to control mice (7.29 + 1.39 versus 10.62 + 1.92;
p >0.05) (Figs. 3 and 4).

Hepatic hydroxyproline content in TAA treated mice

Mice treated with Rivaroxaban demonstrated a signifi-
cant reduction in the mean hepatic hydroxyproline con-
tent compared to control group mice (276.0 +30.2
versus 651.3 +46.7; p <0.0001). Dabigatran (100 mg/kg)
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Fig. 2 Effect of FXa and thrombin on LX2 hepatic stellate cell contractility assays at 6 h Collagen lattices with LX2 agonists (a - d) and bar graph
showing percentage gel contraction for FXa and/or thrombin. (e). LX2 cell collagen gels incubated with medium alone (a) with thrombin (10 nM)

(b & €) with FXa (0.5 U/ml) (c & e) and with FXa & thrombin (d & e). 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. Significance was denoted as *p < 0.05,

***p < 0.001 Abbreviations: FXa, Factor Xa. Black arrows indicate shrinkage of gel margin from wall of gel.

resulted in a significant reduction in the mean hepatic ~ Discussion

hydroxyproline content compared to control group mice  Recent evidence suggests hepatic fibrogenesis is associ-
(413.1+1.39; p=0.001). FXa inhibition was associated ated with prothrombotic tendencies [3, 4, 6, 17] and co-
with significantly lower hydroxyproline levels than that agulation proteins are up-regulated in fibrotic livers [10—
observed with thrombin inhibition (p = 0.016) (Fig. 4). 12]. The presence of activated coagulation proteins in

s N

Fig. 3 Histological images using Picro-sirius red staining (a-c) of liver tissue for fibrosis and immunohistochemical staining for aSMA (d-f) in mice
treated with 8 weeks of thioacetamide (TAA) with or without FXa or thrombin inhibition. Control mice treated with TAA (n=13) alone (A; x
15magnification). Mice treated with TAA and the thrombin inhibitor (n = 12), Dabigatran (100 mg/kg) (B; X 15 magnification). Mice treated with
TAA and the FXa inhibitor (n=13), Rivaroxaban (40 mg/kg) (C; x 15 magnification)
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hydroxyproline content. Frozen liver samples (TAA; n=13, TAA+RIV; n=13; TAA+ DAB; n=11) were homogenized in water and hydrolysed in
HCI. Hydroxyproline was oxidized and reacted with DMAB to produce colour change which is directly proportional to Hydroxyproline concentration
and (d) mean number of aSMA cells following 8 weeks of TAA exposure. Histological sections were stained for aSMA as described under methods
and examined under a light microscope. Number of stellate cells stained positive for aSMA were counted per field of vision (n=6), and an average
calculated, which represented the mean number of activated stellate cells. Data are mean +/— SEM unless otherwise stated. Abbreviations: DAB,
Dabigatran; RIV, Rivaroxaban; TAA, Thioacetamide; DMAB, 4-(dimethylamino) benzaldehyde. All sections were examined with a light microscope and
the number of stellate cells stained positive for aSMA were counted per field of vision at x 20 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

this setting may also act as important mediators in hep-
atic fibrosis. We sought to examine the effects of FXa
and thrombin on HSCs in vitro, and to evaluate the
anti-fibrotic potential of both direct FXa and thrombin
inhibition using novel anticoagulants in a murine model
of fibrosis induced by TAA.

FXa and thrombin increase stellate cell contractility and
activation in vitro

The stellate cell is the principal cell type involved in
hepatic fibrogenesis and on stimulation contracts, a state
that is characterized by the increased expression of the
contractile filament protein, alpha smooth muscle actin

[30, 31]. We have demonstrated that culturing LX2 cells
with FXa or thrombin independently and in combination
results in stellate cell contraction. FXa concentration
used (0.5 U/ml or 174 nM) was within the plasma
physiological range (~ 150-200 nM). There is an upregu-
lation in procollagen, TGF-beta and «SMA gene expres-
sion only when FXa and Thrombin in combination were
given. These results are corroborated by our gel contrac-
tion assay, in which we were able to quantify a highly
significant increase in gel contraction when FXa and
thrombin were administered in combination compared
to alone. Both the upregulation of procollagen, TGF-
Beta, and aSMA and the contraction of LX2 cells in
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culture and gel contraction assays confirm FXa and
thrombin independently potentiate HSC activation and
in synergy this is significantly increased. A potential
mode of action for these proteins can be postulated.
Thrombin is known to be a mediator of stellate cell acti-
vation [18] and it is now established that the cellular ac-
tions of thrombin are in part mediated by PAR signaling
[14]. PAR receptors are a family of widely expressed
G-protein-coupled receptors, that transduce transmem-
brane signaling and four PARs have been identified [32].
PAR-1 and -3 are both preferentially activated by throm-
bin. PAR-4 has reduced affinity and PAR-2 is resistant to
thrombin activation. A substantial body of evidence
from in vivo and in vitro studies is now accumulating to
suggest PAR-1 activation leads to HSC activation [5, 33—
35]. Whilst thrombin PAR-1 mediated ligation results in
stellate cell activation, the mechanism by which fibro-
blasts are activated by FXa has been less well studied.
FXa, is a coagulation factor generated at the point of
convergence of the intrinsic and extrinsic coagulation
pathways and responsible for the conversion of pro-
thrombin to thrombin. Recent evidence suggests that
FXa activates PAR-1, in a similar fashion to thrombin,
but also has been demonstrated to activate PAR-2 [36,
37]. In pulmonary fibrosis which is a well-documented
paradigm for liver fibrosis, FXa mediated PAR1 activa-
tion has been demonstrated [20]. PAR-2 expression has
recently been demonstrated on both hepatic stellate cells
[1, 34, 35]: up-regulated in fibrotic livers [1]. PAR-2 defi-
ciency, using PAR-2 knockout mice, has been shown to
reduce CCL4 induced liver fibrosis [38]. FXa via the
added role of PAR-2 mediated activation could explain
the increased effect on stellate cell contraction and acti-
vation demonstrated with FXa or FXa with thrombin,
compared to thrombin alone. In vivo FXa is also central
in converting prothrombin to thrombin, with one mol-
ecule of FXa generating a ‘thrombin burst’ of over 1000
thrombin molecules [39]. Therefore FXa is pro-fibrotic
by two pathways. Firstly it drives thrombin production
and secondly, independent of its pro-coagulant activity,
we have demonstrated it potentiates activation of stellate
cells, but further experiments are required to confirm if
this is via PAR-1 and PAR-2 mediated mechanisms.

The efficacy of FXa and thrombin inhibition as antifibrotic
therapies in vivo

From the pathway described above, we can hypothesize
that targeting coagulation proteins earlier in the cascade
should enhance the anti-fibrotic effect rather than inhi-
biting thrombin alone. We sought to study this further
by using the oral anticoagulants, Rivaroxaban, a direct
FXa inhibitor, and Dabigatran, a direct thrombin antag-
onist in vivo using mice exposed to 8 weeks of TAA or-
ally to induce liver fibrosis. Preliminary experiments
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were conducted to adjust the doses in animals to attain
the required level of anticoagulation. Tail bleeding was
done to ascertain coagulation time to give equivocal pro-
longation of coagulation time for the doses used. Doses
were increased until the same prolongation for both riv-
aroxaban and dabigatran was achieved. Using this model
we have demonstrated a significant reduction in mean
percentage area of fibrosis determined by digital image
analysis, mean fibrosis scores, aSMA expression and
hepatic hydroxyproline content in mice treated with
Rivaroxaban, at a dose of 40 mg/kg versus control mice.
In contrast, Dabigatran at a dose of 100 mg/kg did not
result in a significant reduction in these parameters with
the exception of hepatic hydroxyproline, versus control
animals and a significantly higher mean percentage area
of fibrosis and hepatic hydroxyproline content compared
to Rivaroxaban treated mice, despite an equivalent level
of anticoagulation. The concordance between our in
vitro and in vivo data highlights the particular import-
ance of the coagulation protein FXa, as well as thrombin
in hepatic fibrosis. In vivo the administration of the FXa
inhibitor, Rivaroxaban, not only inhibits FXa, but will
prevent the downstream production of the thrombin
‘burst’ [25]. Accordingly, the significant reduction in fi-
brosis and aSMA expression seen in mice exposed to
TAA and treated with Rivaroxaban, could be explained
by both the direct reduction in FXa mediated PAR1 and
PAR2 activation, as well as the indirect reduction in
thrombin mediated stellate cell activation via PDGE,
TGF-beta and PARI ligation. This would also explain
why direct thrombin inhibition with Dabigatran was less
effective anti-fibrotic intervention compared to FXa in-
hibition with Rivaroxaban, since inhibition of thrombin
alone would fail to block FXa PAR mediated activation
of stellate cells and fibrogenesis. Parallels can be drawn
with previous unpublished data from our group, in
which Ximelagatran, a thrombin antagonist that has
now been withdrawn from clinical use, was found to be
less effective than warfarin in reducing fibrosis in wild-
type C57BL/6 ] mice, possibly suggesting that modula-
tion of factors II, VII, IX and X by warfarin provided
additional anti-fibrotic effects over direct thrombin (II)
blockade alone (Anstee and Thursz, un-published data).
Heparin will have a similar effect to FXa inhibitors due
to a similar mode of action. Therefore any potential ben-
efits demonstrated with Direct-acting Oral anticoagu-
lants could also be demonstrated with heparin, however
further studies are required.

Conclusions

In summary the results generated by this study further
support the role of coagulation proteins in the pathogen-
esis of hepatic fibrogenesis. We have demonstrated that
FXa and thrombin both independently and in synergy
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promote hepatic stellate cell activation and early inhib-
ition of coagulation using an FXa inhibitor significantly
reduced the rate of hepatic fibrosis and stellate cell ac-
tivity in a mouse model of liver fibrosis compared to dir-
ect thrombin inhibition. This effect is likely due to the
failure of direct thrombin inhibition to block PAR-me-
diated stellate cell activation by FXa, and highlights the
importance of inhibiting the coagulation cascade earlier
when planning anti-fibrotic therapies. A UK based phase
I study examining the effects of anticoagulation in liver
fibrosis in patients post liver transplant infected with
HCV is currently being undertaken to further evaluate
the anti-fibrotic potential of anticoagulation in liver dis-
ease (ISRCTN 12504151). In view of our findings and
recent trials demonstrating the safety of FXa inhibitors,
consideration should be given to trials using these new
agents as potential anti-fibrotics which, unlike warfarin,
do not require frequent monitoring.

Abbreviations

BSA: Bovine serum albumin; DMEM: Dulbecco’s minimal essential medium;
FBS: Foetal bovine serum; FXa: Factor Xa; HCV: Hepatitis C virus; HSC: Hepatic
stellate cells; PAI-1: Plasminogen activator inhibitor-1; PAR: Protease-activated
receptor; PBS: Phosphate buffered saline; PDGF: Platelet derived growth
factor; TAA: Thicacetamide; TF: Tissue factor; TGF-beta: Transforming growth
factor beta; aSMA: Alpha smooth muscle actin

Funding

This work was supported by grant G0701716 from the Medical Research Council
(to MRT). We are grateful to the NIHR Biomedical Research Centre funding to
Imperial College Healthcare for their infrastructure support.

Availability of data and materials
The data used and/or analysed during the current study available from the
corresponding author on reasonable request.

Authors’ contributions

AD, QA, FS, RDG, MRT designed the experiments and studies, which were
carried out by AD, FS, AL and RDG. AD, FS, QA, RDG and MRT wrote and
edited the manuscript. All authors have read and approved the manuscript.

Ethics approval

All research using live animals was approved by the Imperial College London
ethics committee and carried out in accordance with the Animal (Scientific
Procedures) Act 1986.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Author details

'Department of Surgery and Cancer, Imperial College London, St Mary's
Hospital Campus, London W2 1NY, UK. ?Institute of Cellular Medicine,
Newcastle University, The Medical School, Framlington Place,
Newcastle-upon-Tyne NE2 4HH, UK. *Department of Histopathology, Imperial
College London, St Mary's Hospital Campus, London W2 1NY, UK

Page 8 of 9

Received: 19 September 2017 Accepted: 26 April 2018
Published online: 08 May 2018

References

1. Borensztajn K, von der Thusen JH, Peppelenbosch MP, Spek CA. The
coagulation factor Xa/protease activated receptor-2 axis in the progression
of liver fibrosis: a multifaceted paradigm. J Cell Mol Med. 2010;14:143-53.

2. Tripodi A, Salerno F, Chantarangkul V, Clerici M, Cazzaniga M, Primignani M,
et al. Evidence of normal thrombin generation in cirrhosis despite abnormal
conventional coagulation tests. Hepatology. 2005;41:553-8.

3. Tripodi A, Primignani M, Lemma L, Chantarangkul V, Dell'Era A, lannuzzi F, et al.
Detection of the imbalance of procoagulant versus anticoagulant factors in
cirrhosis by a simple laboratory method. Hepatology. 2010;52:249-55.

4. Sogaard KK, Horvath-Puho E, Gronbaek H, Jepsen P, Vilstrup H, Sorensen HT.
Risk of venous thromboembolism in patients with liver disease: a
nationwide population-based case-control study. Am J Gastroenterol. 2009;
104:96-101.

5. Anstee QM, Dhar A, Thursz MR. The role of hypercoagulability in liver
fibrogenesis. Clin Res Hepatol Gastroenterol. 2011;35:526-33.

6. Wright M, Goldin R, Hellier S, Knapp S, Frodsham A, Hennig B, et al. Factor V
Leiden polymorphism and the rate of fibrosis development in chronic
hepatitis C virus infection. Gut. 2003;52:1206-10.

7. Papatheodoridis GV, Papakonstantinou E, Andrioti E, Cholongitas E, Petraki
K, Kontopoulou |, et al. Thrombotic risk factors and extent of liver fibrosis in
chronic viral hepatitis. Gut. 2003;52:404-9.

8. Poujol-Robert A, Boelle PY, Poupon R, Robert A. Factor V Leiden as a risk
factor for cirrhosis in chronic hepatitis C. Hepatology. 2004;39:1174-5.

9. Poujol-Robert A, Rosmorduc O, Serfaty L, Coulet F, Poupon R, Robert A.
Genetic and acquired thrombotic factors in chronic hepatitis C. Am J
Gastroenterol. 2004;99(3):527-31.

10.  Neubauer K, Knittel T, Armbrust T, Ramadori G. Accumulation and cellular
localization of fibrinogen/fibrin during short-term and long-term rat liver
injury. Gastroenterology. 1995;108:1124-35.

11. Rullier A, Senant N, Kisiel W, Bioulac-Sage P, Balabaud C, Le Bail B, et al.
Expression of protease-activated receptors and tissue factor in human liver.
Virchows Arch. 2006;448:46-51.

12. Dhar A, Kampschreur M, Sadig F, Levene A, Ladva S, Poskitt B, Goldin R,
Thursz MR. Coagulation proteins in liver fibrosis: a role for tissue factor and
fibrin. Gut. 2011;,60:A48.

13. Wanless IR, Wong F, Blendis LM, Greig P, Heathcote EJ, Levy G. Hepatic and
portal vein thrombosis in cirrhosis: possible role in development of
parenchymal extinction and portal hypertension. Hepatology. 1995,21:1238-47.

14.  Rullier A, Gillibert-Duplantier J, Costet P, Cubel G, Haurie V, Petibois C, et al.
Protease-activated receptor 1 knockout reduces experimentally induced
liver fibrosis. Am J Physiol Gastrointest Liver Physiol. 2008,294:G226-35.

15.  Friedman SL. Liver fibrosis — from bench to bedside. J Hepatol. 2003;38:538-53.

16. Martinelli A, Knapp S, Anstee Q, Worku M, Tommasi A, Zucoloto S, et al. Effect of
a thrombin receptor (protease-activated receptor 1, PAR-1) gene polymorphism
in chronic hepatitis C liver fibrosis. J Gastroenterol Hepatol. 2008;23:1403-9.

17. Anstee QM, Goldin RD, Wright M, Martinelli A, Cox R, Thursz MR.
Coagulation status modulates murine hepatic fibrogenesis: implications for
the development of novel therapies. J Thromb Haemost. 2008;6:1336-43.

18.  Duplantier JG, Dubuisson L, Senant N, Freyburger G, Laurendeau |, Herbert
JM, et al. A role for thrombin in liver fibrosis. Gut. 2004;53:1682-7.

19. Chambers RC, Leoni P, Blanc-Brude OP, Wembridge DE, Laurent GJ. Thrombin is
a potent inducer of connective tissue growth factor production via proteolytic
activation of protease-activated receptor-1. J Biol Chem. 2000,275:35584-91.

20.  Scotton CJ, Krupiczojc MA, Konigshoff M, Mercer PF, Lee YC, Kaminski N, et al.
Increased local expression of coagulation factor X contributes to the fibrotic
response in human and murine lung injury. J Clin Invest. 2009;119:2550-63.

21, Xu L, Hui AY, Albanis E, Arthur MJ, O'Byrne SM, Blaner WS, et al. Human
hepatic stellate cell lines, LX-1 and LX-2: new tools for analysis of hepatic
fibrosis. Gut. 2005;54:142-51.

22.  Borensztajn K, Stiekema J, Nijmeijer S, Reitsma PH, Peppelenbosch MP, Spek CA.
Factor Xa stimulates proinflammatory and profibrotic responses in fibroblasts via
protease-activated receptor-2 activation. Am J of Pathol. 2008;172:309-20.

23.  ABI-Biosystems. User bulletin #2 ABI PRISM 7700 sequence detection
system: ABI Biosystems Inc; 1997.

24, Sohail MA, Hashmi AZ, Hakim W, Watanabe A, Zipprich A, Groszmann RJ, et
al. Adenosine induces loss of actin stress fibers and inhibits contraction in
hepatic stellate cells via rho inhibition. Hepatology. 2009;49:185-94.



Dhar et al. BMIC Gastroenterology (2018) 18:60

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Perzborn E, Strassburger J, Wilmen A, Pohlmann J, Roehrig S, Schlemmer KH, et
al. In vitro and in vivo studies of the novel antithrombotic agent BAY 59-7939-
an oral, direct factor Xa inhibitor. J Thromb Haemost. 2005;3:514-21.

Wienen W, Stassen JM, Priepke H, Ries UJ, Hauel N. In-vitro profile and ex-
vivo anticoagulant activity of the direct thrombin inhibitor dabigatran and
its orally active prodrug, dabigatran etexilate. Thromb Haemost. 2007;98:
155-62. 2007

Weinz C, Schwarz T, Kubitza D, Mueck W, Lang D. Metabolism and excretion
of rivaroxaban, an oral, direct factor Xa inhibitor, in rats, dogs, and humans.
Drug Metab Dispos. 2009;37:1056-64.

Junqueira LC, Cossermelli W, Brentani R. Differential staining of collagens
type |, I and Il by Sirius red and polarization microscopy. Arch Histol Jpn.
1978:41:267-74.

Lee HS, Shun CT, Chiou LL, Chen CH, Huang GT, Sheu JC. Hydroxyproline
content of needle biopsies as an objective measure of liver fibrosis:
emphasis on sampling variability. J Gastroenterol Hepatol. 2005;20:1109-14.
Rockey DC, Boyles JK, Gabbiani G, Friedman SL. Rat hepatic lipocytes
express smooth muscle actin upon activation in vivo and in culture. J
Submicrosc Cytol Pathol. 1992;24:193-203.

Carpino G, Morini S, Ginanni Corradini S, Franchitto A, Merli M, Siciliano M,
et al. Alpha-SMA expression in hepatic stellate cells and quantitative analysis
of hepatic fibrosis in cirrhosis and in recurrent chronic hepatitis after liver
transplantation. Dig Liver Dis. 2005;37:349-56.

Coughlin SR. Thrombin signalling and protease-activated receptors. Nature.
2000;407:258-64.

Marra F, DeFranco R, Grappone C, Milani S, Pinzani M, Pellegrini G, et al.
Expression of the thrombin receptor in human liver: up-regulation during
acute and chronic injury. Hepatology. 1998,27:462-71.

Gaca MD, Zhou X, Benyon RC. Regulation of hepatic stellate cell
proliferation and collagen synthesis by proteinase-activated receptors. J
Hepatol. 2002,36:362-9.

Fiorucci S, Antonelli E, Distrutti E, Severino B, Fiorentina R, Baldoni M, et al.
PART antagonism protects against experimental liver fibrosis. Role of
proteinase receptors in stellate cell activation. Hepatology. 2004;39:365-75.
Ruf W, Dorfleutner A, Riewald M. Specificity of coagulation factor signaling.
J Thromb Haemost. 2003;1:1495-503.

Borensztajn KPM, Spek CA. Factor Xa: at the crossroads between
coagulation and signalling in physiology and disease. Trends Mol Med.
2008;14:429-40.

Knight V, Tchongue J, Lourensz D, Tipping P, Sievert W. Protease-activated
receptor 2 promotes experimental liver fibrosis in mice and activates
human hepatic stellate cells. Hepatology. 2012,55:879-87.

Mann KG, Brummel K, Butenas S. What is all that thrombin for? J Thromb
Haemost. 2003;1:1504-14.

Page 9 of 9

Ready to submit your research? Choose BMC and benefit from:

o fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	In vitro studies
	HSC LX2 cell culture
	HSC gel contractility assay

	Animals studies
	Histopathology and digital image analysis
	Tissue hydroxyproline measurement
	Statistical analysis

	Results
	In vitro studies
	LX2 hepatic stellate cell line

	HSC contractility assay
	Animal studies
	Fibrosis scoring and percentage area of fibrosis in TAA treated mice
	Alpha smooth muscle actin expression in TAA treated mice
	Hepatic hydroxyproline content in TAA treated mice

	Discussion
	FXa and thrombin increase stellate cell contractility and activation in vitro
	The efficacy of FXa and thrombin inhibition as antifibrotic therapies in vivo

	Conclusions
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Competing interests
	Publisher’s Note
	Author details
	References

