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ABSTRACT

Background and Aims: Angiogenesis is critically involved in the development
of liver fibrosis, portal hypertension (PHT) and hepatocellular carcinoma (HCC).
Regorafenib is a novel second-line therapy for HCC, but might also be beneficial
in fibrosis and PHT even in absence of HCC. This study investigated the effects of
regorafenib in experimental models without HCC.

Methods: Fibrosis (in vivo and in vitro), inflammation, liver damage
(aminotransferases), angiogenesis (matrigel implantation) and in vivo systemic and
portal hemodynamics were assessed in different mouse and rat models (bile duct
ligation, CCl,, partial portal vein ligation) after acute and chronic treatment with
regorafenib.

Results: Long-term treatment with regorafenib improved portal hypertension
most likely due to blunted angiogenesis, without affecting fibrosis progression or
regression. Interestingly, acute administration of regorafenib also ameliorated portal
hemodynamics. Although regorafenib treatment led to hepatotoxic side effects in
long-term treated fibrotic animals, in partial portal vein ligated rats, no liver toxicity
due to regorafenib was observed.

Discussion: Regorafenib might be especially suitable as therapy in patients with
PHT and preserved liver function.

www.oncotarget.com 36220 Oncotarget


http://www.oncotarget.com

INTRODUCTION

In chronic liver disease, activation of contractile
myofibroblasts with excessive extracellular matrix
production leads to liver fibrosis and thereby increased
hepatic vascular resistance [1, 2]. Structural changes
in the liver architecture induce intra- and extrahepatic
angiogenesis, which further promotes fibrosis progression
and vascular dysfunction [3, 4]. Consequently, a vicious
cycle is established that deteriorates portal hypertension,
the prerequisite for potentially life threatening events, such
as variceal bleeding, ascites and hepatorenal syndrome [5].
Also, in vascular liver diseases, portal hypertension can
develop with similar complications [6]. Meanwhile, in
portal hypertension due to advanced fibrosis or vascular
liver diseases, hepatocellular carcinoma (HCC) can
develop as it shares several common mechanisms, such
as inflammation and/or angiogenesis [6—8]. Sorafenib is
already well established as therapy for advanced HCC,
while regorafenib is recommended as second-line therapy
after sorafenib failure [9, 10]. However, even in the
absence of HCC, experimental models suggested an effect
of sorafenib on portal hypertension explained by reduced
angiogenesis and vasoconstriction of splanchnic vessels
[11-13]. Nevertheless, only a limited effect of sorafenib
has been observed in human cirrhosis [14].

From the pathophysiological point of view,
multikinase inhibitors target an abundance of signaling
pathways. Apart from vascular endothelial growth
factor and platelet derived growth factor, sorafenib also
modulates Transforming protein RhoA (RHOA) / Rho-
associated protein kinase (ROCK) signaling [15, 16].
Regorafenib is a more potent multikinase inhibitor [17],
which could be particularly beneficial in patients with
portal hypertension and HCC.

This study comprehensively investigated the effects
of regorafenib and partly compared them to sorafenib in
animals with liver fibrosis and portal hypertension.

RESULTS

Role of regorafenib treatment in progression and
regression of fibrosis in vivo

Liver fibrosis was induced by intraperitoneal (i.p.)
injections of carbon tetrachloride (CCl)) (twice per week;
17 injections in total) in mice and regorafenib (30mg/kg
BW per day), sorafenib (30mg/kg BW per day) or vehicle
was administered daily by gavage feeding. Treatment
started at the 14™ CCl, injection for a further 14 days to
determine the effects on fibrosis progression, while for
fibrosis regression, treatment started on the last day of
CCl, application for six additional days (Figure 1A).

While regorafenib reduced the spleen-bodyweight
ratio, sorafenib reduced the liver- bodyweight ratio in
the CCl, progression model. By contrast, regorafenib and

sorafenib reduced the liver- but not the spleen-bodyweight
ratio in the regression mouse model compared to vehicle-
treated animals (Figure 1A). Importantly, regorafenib
and sorafenib treatment had no direct effect on fibrosis,
shown by unchanged liver appearance (Supplementary
Figure 1A), Sirius red staining (Figure 1B), hepatic
hydroxyproline content (Figure 1C) and expression of
profibrotic markers (Figure 1D; Supplementary Figure
1B-1C) in both animal models. Although hepatic mRNA
levels of actin, alpha 2, smooth muscle, aorta (Acta2)
were slightly reduced after sorafenib and regorafenib
administration, protein levels remained unaltered in both
therapeutic approaches (Figure 1C-1D). Furthermore,
regorafenib treatment (30mg/kg BW per day; 14 days)
had no effect on Actin, aortic smooth muscle (a-SMA)
deposition, hydroxyproline content or hepatic profibrotic
marker expression in an additional fibrosis progression
model (bile duct ligation/BDL in rats) (Figure 1B-1C;
Supplementary Figure 1C-1D). Nevertheless, regorafenib
treatment significantly reduced hepatic interleukin 1beta,
interleukin 6 and C-X-C motif chemokine ligand 10 mRNA
expression in fibrosis regression, while in the progression
model, none of these expressions were influenced by
regorafenib or sorafenib (Supplementary Figure 1E).

Effect of regorafenib on HSC activation in vitro

Immortalized human (LX-2 cells) and murine (GRX
cells) hepatic stellate cells (HSC) were used to analyze the
effects of regorafenib and sorafenib (10nmol/ml) in vitro.
Cell viability was not altered after regorafenib or sorafenib
incubation in LX2 cells with and without parallel TGF-f1
(4 ng/ml) stimulation (Figure 2A), while GRX cells
displayed a reduced cell viability after 48 h of sorafenib
administration with and without parallel TGF-1 (20ng/
ml) activation (Figure 2B).

The mRNA expression of Acta2, collagen, type I,
alpha 1 (Collal) and tissue inhibitor of metalloproteinase
1 (Timpl) was measured in GRX cells 24 h after
regorafenib or sorafenib treatment. However, HSC
marker expression was only slightly and inconsistently
altered after either regorafenib or sorafenib incubation
(Figure 2C-2E) and after parallel TGF-B1 stimulation
(Supplementary Figure 2A-2C).

Next, the effect of regorafenib and sorafenib on
isolated primary murine HSCs was analyzed. HSCs were
treated in vitro with regorafenib or sorafenib for 12 h
before being harvested on day 2 or day 5 and expression
of Acta2, Collal and Timpl was monitored (Figure 2F).
Since (i) regorafenib led to an elevated Acta2 expression
on day 2 but not on day 5, (ii) Col/lal remained unaltered
by regorafenib and sorafenib compared to the respective
controls and (iii) only Timpl expression was mildly
reduced after regorafenib treatment on day 5, no consistent
effect of regorafenib or sorafenib on HSC activation could
be observed in this experimental setup (Figure 2F).
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Figure 1: Role of regorafenib treatment in progression and regression of fibrosis in vivo. (A) Liver and spleen bodyweight
ratio in the CCI, progression and regression model. (30mg/kg BW sorafenib or regorafenib) "p<0.05 vs. vehicle, “p<0.01 vs. vehicle
(Kruskal-Wallis test or Bonferroni post-test). (B) Sirius red staining of liver sections as well as (C) hepatic hydroxyproline content in BDL
rats, in the mouse progression and in the regression model after regorafenib or sorafenib administration (Kruskal-Wallis test or Bonferroni
post-test). (BDL: scale bar = 100um; CCl,: scale bar = 400um) (D) 4cta2 mRNA expression and aSMA protein expression after sorafenib
and regorafenib treatment in the fibrosis progression and in the regression mouse model “p<0.01 vs. vehicle (Bonferroni post-test). Data
are represented as mean +/- SEM.
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Figure 2: Effect of regorafenib on HSC activation in vitro. (A) Cell viability of human-derived LX-2 cells after 24 h and 48 h
incubation with sorafenib or regorafenib (10nmol/ml) alone and after additional incubation with TGF-B1 (4ng/ml). (B) Cell viability in
murine GRX cells after sorafenib or regorafenib incubation with and without TGF-f1 (20ng/ml) p=0.05 vs. control (Kruskal-Wallis test).
TGF-B1 concentration for murine and human cells was chosen according to previous published literature [44, 45]. mRNA expression of
(C) Acta2, (D) Collal and (E) Timpl1 after regorafenib or sorafenib treatment (both 10nmol/ml) in GRX cells and (F) primary isolated
murine HSC. "p<0.05 vs. control, ""p<0.01 vs. control (Kruskal-Wallis test). Data are represented as mean +/- SEM.
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In summary, regorafenib had no direct observable
effect on HSC activation, fibrosis progression or
regression. However, since recent studies showed
antiangiogenic properties of multikinase inhibitors, which
might be beneficial in chronic liver disease with portal
hypertension [12—14], we further analyzed the angiogenic
and hemodynamic changes in response to regorafenib.

Changes in hemodynamics and splanchnic
angiogenesis after chronic regorafenib treatment

After two weeks of BDL, rats were treated with
regorafenib (30mg/kg BW per day) for an additional two
weeks by gavage feeding. Then, angiogenesis was assessed
in vivo using matrigel implantation (subcutaneous: s.c.
and intraperitoneal: i.p). At the end of the experiments,
matrigel was stained for cluster of differentiation 31+
(CD31+) and a-SMA as marker for endothelial cells (EC)
and pericytes. Interestingly, the amount of CD31+ cells
(EC) and the amount of a-SMA-positive cells (pericytes)
in the s.c. and i.p. implanted matrigel were significantly
lower after treatment with regorafenib (Figure 3A-3B).

Since angiogenesis due to new vessel formation
reduces vascular resistance, further worsens splanchnic
hyperperfusion and aggravates portal hypertension, we
measured invasive hemodynamics after completion of the
experiments.

In the BDL model, regorafenib treatment
significantly increased splanchnic vascular resistance
(SpVR) and reduced portosystemic collateral blood flow
(SF) compared to vehicle-treated animals (Figure 3C-
3D). Furthermore, daily administration of regorafenib
significantly reduced portal pressure (PP) compared to
vehicle-treated animals without influencing mean arterial
pressure (MAP) (Figure 3E, Table 1).

Interestingly, regorafenib treatment had also
intrahepatic effects. Hepatic portal vascular resistance
(HPVR) was significantly reduced after treatment with
regorafenib compared to vehicle. Thus, systemic vascular
resistance (SVR) and cardiac output (CO) were not
influenced by regorafenib treatment (Table 1).

Taken together, regorafenib reduced splanchnic
angiogenesis in liver fibrosis and thereby improved portal
hypertension in long-term treated fibrotic animals. This
might be the rationale to prevent portal hypertension-
related complications in humans. Since the question
remained whether a single dose of regorafenib might
be beneficial, acute hemodynamic changes were further
analyzed in BDL rats.

Hemodynamic changes after acute regorafenib
treatment in BDL rats

After induction of liver cirrhosis by BDL for four
weeks, a single dose of regorafenib (10mg/kg or 30mg/kg
BW) was administered intravenously and hemodynamic

changes were assessed. PP was significantly reduced
after regorafenib treatment with 10mg/kg and 30mg/kg
regorafenib, while MAP was increased (Figure 4A). Both
doses of regorafenib slighlty increased SpVR compared to
vehicle treatment and 10mg/kg regorafenib significantly
reduced SF (Figure 4B-4C). Interestingly, 10mg/kg BW
regorafenib treatment significantly reduced HPVR and
CO, while SVR was significantly increased compared to
vehicle treatment (Table 1). The dose of 30mg/kg BW also
reduced HPVR, while CO and SVR were not altered by
regorafenib.

These changes were due to reduced ROCK
activation assessed by phosphorylated moesin
protein and nitric oxide (NO) availability, shown
by increased vasodilator-stimulated phosphoprotein
(VASP) protein phosphorylation in cirrhotic liver
tissue (Figure 4D). Moreover, regorafenib treatment
induced ROCK activation, shown by increased moesin
protein phosphorylation in aortas of BDL rats, while
phosphorylation of VASP remained unchanged (Figure
4D).

In conclusion, acute regorafenib administration also
had beneficial effects on portal hemodynamics, which
could provide a useful short-term approach in humans
with liver fibrosis and portal hypertension.

Hepatotoxicity of regorafenib and sorafenib

As several reports have highlighted the
hepatotoxicity of multikinase inhibitors [18-21] serum
liver function markers were determined to further evaluate
liver toxicity due to regorafenib treatment.

After two weeks of treatment, serum levels of
alanine transaminase (ALT), aspartate transaminase
(AST), vy-glutamyltransferase (y-GT) and alkaline
phosphatase (AP) were considerably increased in
regorafenib-treated BDL rats (30mg/kg BW) compared to
vehicle (Figure 5A). Comparable results were observed
in the mouse fibrosis progression model (30mg/kg BW
regorafenib) and less pronounced in the fibrosis regression
model (30mg/kg BW regorafenib). Thus, AST, ALT and
AP were significantly increased in the fibrosis progression
model after regorafenib treatment compared to vehicle
controls, while AST, ALT and glutamate dehydrogenase
(GLDH) serum levels were increased in the fibrosis
regression model (Figure 5B-5C). Furthermore, sorafenib
slightly increased serum AP levels compared to vehicle in
the fibrosis progression model and AST, ALT and GLDH
in the fibrosis regression model (Figure 5B-5C).

Repeated regorafenib administration resulted in
hepatotoxic effects, shown by increased levels of serum
function markers. However, as it is unclear whether this
is an acute phenomenon or whether it depends on the
cumulative dose, we measured serum function markers
after acute regorafenib administration in BDL rats (4
weeks).
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Figure 3: Changes in hemodynamics and splanchnic angiogenesis after two weeks of regorafenib treatment. (A) cSMA
and CD31+ staining of s.c. and i.p. implanted matrigel in BDL rats after vehicle or regorafenib treatment (30mg/kg BW). (B) Quantification
of angiogenesis in BDL rats treated with regorafenib or vehicle. “"p<0.01 vs. vehicle, “*p<0.001 vs. vehicle (Mann-Whitney U-test). (C)
Splanchnic vascular resistance, (D) portosystemic collateral blood flow and (E) portal pressure after long-term treatment with regorafenib
compared to vehicle. "p<0.05 vs. vehicle, “p<0.01 vs. vehicle (Mann-Whitney U-test). Data are represented as mean +/- SEM.
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Table 1:

Hemodynamic changes after regorafenib treatment in BDL rats

acute regorafenib administration in BDL rats

two weeks of regorafenib
administration in BDL rats

vehicle (n=5)

10mg/kg regorafenib (n=7)

vehicle
(n=5)

30mg/kg regorafenib

30mg/kg regorafenib (n=6) (n=6)

before after before

after

before after

mean SEM mean SEM p-value mean SEM mean SEM p-value

mean SEM mean SEM p-value mean SEM mean SEM p-value

hepatic vascular
resistance
(mmHg"'min"100g/ml)

systemic vascular
resistance
(mmHg/ml/min/100g)

cardiac output

(ml/min) 21.06 4.822 13.51 2.11

mean arterial pressure
(mmHg)

7.159 2.083 7.538 2.017 1.0000 10.15 3.617 7.778 3.314 0.0469 "

4.461 1.383 6.058 1.797 0.1250 4.966 0.704 11.61 4.389 0.0273 "

0.3750 26.35 7.646 17.04 5.579 0.0469 "

9.73 3.896 7.251 3.359 0.3125 11.80 1.557 4.384 0.8603 0.0019 *

3.741 0.9523 8.377 1.915 0.0156 " 7.291 1.438 5.078 0.9296 0.2142

20.06 3.446 17.86 4.057 1.0000 28.05 6.602 25.55 6.806 0.9333

86.00 9.680 94.50 8.122 0.5212

Interestingly, serum levels of AST, y-GT and AP
remained unchanged after acute single administration
of increasing doses (10mg/kg; 30mg/kg) of regorafenib
compared to vehicle in BDL rats, while ALT levels were
just slightly increased (Figure 5D).

These data further support the hypothesis that
regorafenib is wuseful for therapeutic acute short-
term approaches. Nevertheless, regorafenib is mainly
metabolized in the liver and thereby predestinates for
hepatotoxic side effects. While HCC is frequently
associated with portal vein thrombosis, this rarely occurs
in the absence of cirrhosis. Furthermore, regorafenib is
also used in colon and intestinal stromal cancer, which is
possibly associated with portal vein thrombosis. For this
group of patients, an anti-angiogenic, antihypertensive
drug could be very beneficial. Therefore, we tested the
hypothesis whether regorafenib also improves portal
hypertension and angiogenesis in a model of subtotal
portal vein ligation mimicking partial portal vein
thrombosis.

Effects of regorafenib in an animal model of
portal vein obstruction

Partial portal vein ligation (PPVL) was performed
for two weeks in wild type rats. Regorafenib was
administered as a single dose (10mg/kg BW; 30mg/kg
BW) and acute hemodynamic changes were measured. In
another set of PPVL rats, regorafenib was administered
daily for two weeks (30mg/kg per day) by gavage feeding.
Acute and chronic regorafenib treatment significantly
reduced PP in all treated animals, while it remained
unchanged after vehicle treatment (Figure 6A-6B). MAP
was not influenced by acute and chronic regorafenib
administration (Table 2).

SpVR was slightly increased after regorafenib
treatment, whereas SF was significantly reduced in PPVL

rats treated with 10mg/kg BW regorafenib (Figure 6C,
6E). Furthermore, SVR was significantly increased after
administration of 10mg/kg regorafenib, while 30mg/kg
had no significant influence on SVR (Table 2).

After two weeks of regorafenib administration, SF
was significantly reduced compared to vehicle treatment
and SpVR was significantly increased in the regorafenib-
treated animals (Figure 6D, 6F). HPVR and CO were not
altered by acute regorafenib treatment (Table 2) and no
effects were observed in HPVR, SVR and CO in animals
treated for two weeks (Table 2).

In summary, acute regorafenib administration not
only improved cirrhotic portal hypertension, but also
hemodynamic circulation in an animal model mimicking
portal vein thrombosis.

Next, angiogenesis was assessed by matrigel
staining for a-SMA and CD31. Similar to the data obtained
from BDL matrigel, the total amount of infiltrating EC
and pericytes was significantly reduced in s.c. and i.p.
implanted matrigel after treatment with regorafenib
compared to the vehicle-treated PPVL rats (6G).
Interestingly, except for increased ALT levels, liver serum
markers remained unchanged during acute (single doses
of 10mg/kg or 30mg/kg BW regorafenib) and chronic
regorafenib (30mg/kg BW) administration (Figure 6H).

PPVL rats benefitted from acute as well as
chronic regorafenib treatment through an inhibition of
angiogenesis without the previously described toxic side
effects.

DISCUSSION

This study shows that the multikinase inhibitor
regorafenib reduces angiogenesis and improves portal
hypertension in different experimental models of liver
fibrosis and portal vein obstruction (Figure 7).
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Table 2:

Hemodynamic changes after regorafenib administration in PPVL rats

acute regorafenib administration in PPVL rats

two weeks of regorafenib
administration in PPVL rats

30mg/kg regorafenib

vehicle (n=5) 10mg/kg regorafenib (n=6) 30mg/kg regorafenib (n=4) vehicle (n=7) (n=5)
before after before after before after
mean SEM mean SEM p-value mean SEM mean SEM p-value mean SEM mean SEM p-value mean SEM mean SEM p-value

cardiac output

(a/min) 29.92 9.493 12.13 0.7631 0.1563 42.70 14.00 24.22 6.047 0.0938 38.16 18.52 22.92 7.422 0.2500 32.83 6.078 40.69 9.637 0.4908
hepatic vascular

resistance 5.046 1.531 4775 1.281 1.0000 6336 1.511 4.901 0.9297 0.6875 6.696 2.498 6.693 2.925 1.0000 7.036 0.7529 5.481 0.7044 0.1622
(mmHg" 'min"100g/ml)

systemic vascular

resistance 4.549 1271 7.930 0.9028 0.1833 3302 1.469 7.323 2.052 0.0313° 3272 1.195 3.690 1.295 0.6250 5.597 1.537 4.751 0.8393 0.6594
(mmHg/ml/min/100g)

mean arterial pressure o, 157 097 103,00 5.672 0.0975 89.00 6294 88.86 4.284 1.0000 108.80 9.196 98.50 7.194 0.1859 117.30 5.027 112.00 5.134 04765

(mmHg)

In recent years, regorafenib was established for the
therapy of colorectal cancer and gastrointestinal stromal
tumors and was shown to prolong life expectancy in
these patients [22-26]. Of note, regorafenib has now
been approved as second-line therapy for hepatocellular
carcinoma and it is currently the only alternative treatment
if patients show disease progression while on sorafenib
[9, 10].

Angiogenesis is a common mechanism of these
cancers to maintain growth and infiltration. Therefore,
the aim of anticancer therapy should be to reduce vessel
formation and growth [8]. Moreover, the majority of
patients with HCC have concomitant liver fibrosis
and portal hypertension. In this scenario, regorafenib
might have a dual beneficial effect, considering that
angiogenesis is a driver of liver fibrosis [27]. Furthermore,
gastrointestinal cancers have thrombotic potential and
might lead to portal vein thrombosis, thereby yielding
complications for patients and reducing life expectancy
[28, 29]. Here, the pleiotropic effects of regorafenib might
extend treatment options with better overall management,
improving survival and quality of life in these patients.

Considering previous experiences with sorafenib,
which was shown to reduce experimental fibrosis and
angiogenesis, the investigation of regorafenib in liver
disease seems to be a logical consequence [12, 13,
30]. This study shows that regorafenib has strong anti-
angiogenic properties, since intrahepatic and extrahepatic
angiogenesis was reduced in different animal models of
liver fibrosis and portal hypertension. This led to reduced
portal venous inflow. Moreover, regorafenib treatment
caused splanchnic and systemic vasoconstriction and
thereby ultimately reduced portal pressure. Secondary
to these effects, the decrease in portal venous inflow
also reduced collateral blood flow and shunting.
Outstanding hemodynamic changes were also observed
after acute treatment with regorafenib due to rebalancing

of vasoconstrictive and —dilatory pathways. Thereby,
regorafenib improved portal hypertension not only in
experimental fibrosis, but also in a model of portal vein
obstruction.

However, in our experimental setups, regorafenib
and sorafenib displayed no therapeutic effect on the
degree of matrix deposition during fibrosis progression
or regression. Furthermore, in vitro analysis did not
show a clear reduction of HSC activation markers after
treatment with regorafenib or sorafenib. Several studies
have indicated an antifibrotic effect of sorafenib, but
inconsistent experimental results can be found in the
literature and direct antifibrotic effects, especially in an
advanced stage of liver fibrosis, could not be determined
with certainty [13, 15, 30-32]. Importantly, sorafenib
administration showed antifibrotic properties only in a
prophylactic treatment model and in very low doses. In
higher doses or later stages of fibrosis, sorafenib had no
convincing effect [33]. In our setting, regorafenib showed
effects similar to those observed with sorafenib.

Furthermore, hepatotoxicity is frequently noted
with regorafenib treatment and cases of liver failure
have been reported, with potentially fatal results for the
treated patients [18-21]. Our current data are further
supporting these findings. Fibrotic animals developed
increased levels of serum function markers after chronic
treatment with regorafenib (potentially slightly higher
than with sorafenib). These effects might be due to the
hepatic metabolism of regorafenib by cytochrome P450
3A4. Regorafenib seems to interfere with mitochondrial
respiratory chain and thereby induced hepatocyte
apoptosis and necroptosis in vitro. Taken together,
these recently described side-effects might neutralize
potential beneficial antifibrotic effects in experimental
fibrosis [34, 35]. Importantly, under acute regorafenib
treatment, liver function parameters were not markedly
influenced, while in the healthy livers of the portal vein
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Figure 7: Graphical abstract. Treatment with the multikinase inhibitor regorafenib led to reduced contraction and hepatic vascular
resistance in experimental liver cirrhosis without a major impact on fibrosis. Still, regorafenib significantly reduced angiogenesis,
portosystemic collateral blood flow and shunting and thereby portal pressure. By contrast, in a model of prehepatic portal hypertension,
regorafenib improved portal hypertension and reduced angiogenesis without hepatotoxic side-effects.
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ligated animals, regorafenib had no major effect on liver
function parameters. This raises the question as to whether
regorafenib can be beneficial in the treatment of portal
hypertension.

Our data deliver evidence that short-term
administration is beneficial in portal hypertension
in the presence as well as absence of liver disease
without hepatotoxic side effects. Thus, acute treatment
might be beneficial when a rapid reduction of portal
pressure is needed, while, long-term treatment might be
recommended in portal vein thrombosis and preserved
liver function, especially if based on preexisting cancer.
Nevertheless, there are few major limitations of this study.
As recently described, beginning and duration of treatment
seem to have a major impact on antifibrotic effects of
multikinase inhibitors [33]. This is especially the case
for the fibrosis regression model, in which the relatively
short observation time during potent heterogenic fibrosis
regression might cover antifibrotic effects. Moreover,
the used doses of regorafenib might be responsible for
the observed hepatotoxic side-effects and might lead
to covering of antifibrotic effects. In addition, another
major limitation is the lack of human data to confirm our
hypotheses in a clinical setting.

However, we see similar effects of regorafenib in
different models of liver fibrosis and portal hypertension
and in different animal species. In this context, the
present study possibly provides important rationales for
patient selection, especially since these therapies are very
expensive and might culminate in side effects [36].

In conclusion, this study shows that regorafenib
could be especially beneficial in patients with preserved
liver function and portal hypertension.

MATERIALS AND METHODS

Reagents

Regorafenib and sorafenib were kindly provided
by Bayer AG, Leverkusen, Germany. Compounds were
dissolved in an aqueous solution of 34% of 1,2 propylene
glycol (1,2 propandiol, #882281, Sigma-Aldrich,
Steinheim, Germany), 34% of polyethylene glycol 400
(#81172, Sigma-Aldrich, Steinheim, Germany) and 12%
of Kolliphor® P188 (#15759, Sigma-Aldrich, Steinheim,
Germany).

Animals

We used male wild type (WT) Sprague Dawley
rats and male C57BL/6J mice in our experiments. The
experiments were performed according to guidelines
and regulations approved by LANUYV, the responsible
committee for animal studies in North Rhine-Westphalia.
All animals received water and chow ad libidum. Sprague

Dawley rats were housed in a controlled environment
(standard IVC-cage, 12 h light/dark, temperature
22°C -24°C), and fed standard rat chow (Ssniff, Soest,
Germany). The experiments were performed during light
cycle.

Induction of liver fibrosis in mice

Six to seven week old male C57BL/6J mice were
used for both CCl,-induced liver fibrosis models. In the
liver fibrosis progression model, mice were injected
intraperitoneally with 0.6ml carbon tetrachloride per kg
body weight (CCl,, Sigma Aldrich, Munich, Germany;
mixed with sunflower seed oil) twice a week and 17
times in total. Starting from the 14th CCl, injection, mice
were treated daily via oral gavage with either regorafenib
(30mg/kg body weight) or sorafenib (30mg/kg body
weight) for 14 days.

In the liver fibrosis regression model, mice were
injected intraperitoneally with CCIl, (0.6ml/kg body
weight) twice a week and 17 times in total. Regorafenib
or sorafenib was administrated via oral gavage for six
days, starting on the last day of CCl, injection. Control
mice were daily gavaged with vehicle solution (6pl/g body
weight) for the respective treatment period.

Cholestatic model of fibrosis

Bile duct ligation (BDL) was performed in WT rats
with an initial body weight (BW) of 180-200g as described
previously [37, 38]. Experiments were carried out four
weeks after BDL. Rats received either a single intravenous
dose of regorafenib (10mg/kg BW or 30mg/kg BW) or
daily oral doses of regorafenib (30mg/kg BW per day) for
two weeks before sacrifice. Vehicle treatment served as
control (1ml/kg BW).

Partial portal vein ligation (PPVL)

PPVL was performed in WT rats with an initial BW
of 180-200g as described previously [39, 40]. Experiments
were carried out two weeks after PPVL. Rats received
either a single intravenous dose of regorafenib (10mg/kg
BW or 30mg/kg BW) after two weeks of PPVL or daily
oral doses of regorafenib (30mg/kg BW per day) for two
weeks before sacrifice. Vehicle treatment served as control
(1ml/’kg BW).

In vivo hemodynamic experiments

In vivo hemodynamic studies were performed in
BDL and PPVL rats as described previously [41]. The
regorafenib effect was assessed using invasive continuous
measurements of mean arterial pressure (MAP) and portal
pressure (PP).
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Microsphere technique

To investigate hemodynamics, the colored
microsphere technique was performed as described
previously [41], whereby 300,000 systemic (red/yellow)
microspheres (15um diameter, Triton-Technologies, San
Diego, USA) were injected in the left ventricle. Mesenteric
portal-systemic shunt volume was estimated by injection
of 150,000 microspheres (white/blue) in the ileocecal vein
[41].

Hydroxyproline assay

Hepatic hydroxyproline (HP) was measured
photometrically in snap-frozen rat (200mg) and mouse
(50mg) liver samples as described previously [42—44].

Cell culture experiments

GRX and LX2 cells were cultured in DMEM in
10% FCS and penicillin/streptomycin as previously
described [44, 45]. The murine immortalized HSC-
cell line GRX was obtained from Rio de Janeiro Cell
Bank (PABCAM, Federal University, Rio de Janeiro,
Brazil). For stimulation, cells were seeded for either cell
viability in 96-well plates (12,500 cells per well) or RNA
expression analysis in 12-well plates (125,000 cells per
wells) and were allowed to attach overnight. Stimulation
was performed with 10 nmol/ml regorafenib or sorafenib
(stock solution dissolved in DMSO; 0.1% DMSO in final
solution) in medium that contained 2% FCS for GRX cells
and 5% FCS for LX2 cells, according to the literature
[44, 46]. Additional TGF stimulation was performed
according to the literature with 20ng/ml TGF-B1 (#100-
21, PeproTech, Rocky Hill, USA) for GRX cells and 4ng/
ml for LX2 cells [44, 45]. Cells incubated in DMEM
supplemented with either 5% (LX2) or 2% FCS (GRX)
and 0.1% DMSO were used as controls. Cells were used at
indicated time points for the respective analysis. Primary
HSC were isolated and pooled from three 42-week old
C57BI16 mice via iohexol gradient with subsequent FACS
sorting as described previously [47]. For RNA expression
analysis, 112,500 cells were seeded out in 12-well plates
and cultured in DMEM medium containing 10% FCS
and penicillin/streptomycin for up to five days. Cells
were stimulated for 12h with 10 nmol/ml regorafenib or
10nmol/ml sorafenib (culture medium containing 0.1%
DMSO) before they were harvested two days or five days
after seeding.

Western blotting

Rat liver samples were processed as previously
described using sodium dodecyl sulfate - polyacrylamide
gel electrophoresis (SDS-PAGE) gels and nitrocellulose
membranes [37, 48]. Ponceau-S staining assured
equal protein loading. Glyceraldehyde- 3-phosphate

dehydrogenase (GAPDH) served as endogenous control.
Membranes were incubated with the respective primary
antibody (Supplementary Table 1) and corresponding
secondary peroxidase-coupled antibody (Santa-Cruz
Biotechnology, Santa Cruz, USA). After enhanced
chemiluminescence (ECL, Amersham, UK), digital
detection was evaluated using Chemi-Smart (PeqLab
Biotechnologies, Erlangen, Germany). Mice liver tissues
were homogenized in NP-40 lysis buffer using Bead
Ruptor 12 (omni international) to obtain protein lysates.
Proteins were separated by SDS-PAGE, transferred
to  polyvinylidene difluoride (PVDF) membrane
(Merck Millipore) and analyzed by immunoblotting as
previously described [49]. Primary antibodies are listed
in Supplementary Table 1. As secondary antibody, anti-
mouse HRP (GE Healthcare) was used.

Quantitative RT-PCR

RNA isolation, reverse transcription and detection
by RT-PCR in rats were performed as described previously
(18,19) and 18S rRNA served as endogenous control. RNA
of mice and HSC samples were isolated using Direct-zol™
RNA MiniPrep (Zymo Research Europe GmbH, Freiburg,
Germany) in combination with RNase-Free DNase Set
(Qiagen) or NucleoSpin RNA Plus (Macherey-Nagel,
Diiren, Germany) according to manufacturer’s protocols.
RNA was reverse transcribed using either cDNA synthesis
Kit H Plus (Peqlab, VWR International GmbH, Darmstadt,
Germany) or RevertAid RT Reverse Transcription Kit
(#K1691, Thermo Scientific). 2ul of cDNA was added
in a total volume of 10ul containing Fast-SYBR Green
(Applied Biosystems, Foster City, CA, USA) together with
specific primers (Supplementary Table 2 and 3) and qPCR
was performed on the QuantStudio 6 flex PCR system
(Applied Biosystems, Foster City, CA, USA). All results
are expressed as 22T and represent the x-fold increase of
gene expression compared to the control group.

Histological staining

As described previously, paraffin sections, fixed
with 4% paraformaldehyde) were stained with H/E and
Sirius red, respectively, following a standard protocol
for paraffin sections [50]. Images were obtained using a
Leica DM 1000 microscope and a Leica EC3 camera in
combination with Leica Application Suite.

Immunohistochemical staining for CD31+ and
o-SMA

Staining for CD31+ and a-SMA was performed in
cryosections from liver tissue (3um and 7um thickness,
respectively) as described previously [51-53]. Briefly,
after several steps, cryosections were incubated with a
mouse anti-SMA antibody (clone 1A4; Sigma-Aldrich,
Munich, Germany) or with antibody against CD31+
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(ab24590, Abcam, Cambridge, UK). Thereafter, a
biotinylated rabbit anti-mouse secondary antibody (Dako,
Glostrup, Denmark) was used.

Serum analysis

Levels of serum ALT, AST, GLDH, AP and pGT
activity were measured by standard procedures at the
Institute of Clinical Chemistry at University Hospital
RWTH Aachen and at the Institute for Clinical Chemistry
and Clinical Pharmacology at University Hospital Bonn.

Statistical analysis

Results are expressed as mean + SEM unless
otherwise indicated. Statistical analysis of two groups
was performed with Mann-Whitney-U test. Only groups
with more than three animals were tested statistically.
Comparison of three groups was performed by using one-
way Anova with Bonferroni post-test or by using Kruskal-
Wallis test with Dunn's post-test. Statistical analyses and
graphics were performed using GraphPad Prism 5.0 for
Macintosh (Graph-Pad, San Diego, USA). p<0.05 was
considered statistically significant.
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aminotransferase; BDL: bile duct ligation; BW:
bodyweight; CCl, carbon tetrachloride; CD31+: cluster
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