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Abstract Increased serum urotensin II (UII) levels in human cirrhotic populations have been recently shown, but
the long-term effects of UII receptor antagonist on the cirrhosis have not been investigated. To investigate the
therapeutic effects of urotensin II receptor (UT) antagonist palosuran on rats with carbon tetrachloride (CCl4)-
induced cirrhosis, the hepatic and systemic hemodynamics, liver fibrosis, the metalloproteinase-13 (MMP-13)/
tissue inhibitor of metalloproteinase-1 (TIMP-1) ratio, hepatic Rho-kinase activity, and the endothelial nitric oxide
synthase (eNOS) activity are measured in CCl4-cirrhotic rats treated with palosuran or vehicle for 4 weeks.
Primary hepatic stellate cells (HSCs) are used to investigate the changes in UII/UTexpression and the in vitro effect
of palosuran. Compared with the vehicle-treated cirrhotic rats, treatment with palosuran can reduce the portal
pressure (PP), decrease the risk of liver fibrosis and the level of α smooth muscle actin, collagen-I (COL-I), and
transforming growth factor β expression. However, treatment with palosuran can increase MMP-13/TIMP-1, p-
vasodilator-stimulated phosphoprotein (p-VASP), and p-eNOS expression. Moreover, in vitro UII/UT mRNA
expression increases during HSC activation. MMP-13/TIMP-1, COL-I, and p-VASP are inhibited after palosuran
treatment. Our data indicate that long-term administration of palosuran can decrease PP in cirrhosis, which
results from decreased hepatic fibrosis and enhanced eNOS-dependent HSC vasodilatation.

Keywords portal hypertension; cirrhosis; urotensin II; palosuran; hepatic stellate cell

Introduction

Portal hypertension (PH) is a contributing factor of
morbidity and mortality in patients with liver cirrhosis.
The initial event, referred to as intrahepatic resistance
(IHR), causes increased portal pressure (PP) and develops
PH in patients with cirrhosis. Increased IHR is the main
result of hepatic architectural distortion caused by
regenerative nodules, fibrosis, and increased hepatic
vascular tone (a functional, nonstructural component of
IHR located within sinusoidal blood circulation) [1].
Hepatic stellate cells (HSCs) play an important role in

the pathophysiology of increased IHR through their
contractile properties and elevated collagen production
[2–4]. Previous studies illustrated that numerous vasocon-

strictors participate in the increased vascular tone process
in patients with hepatic fibrosis [5–7]; angiotensin II (Ang
II) is an example. A somatostatin-like cyclic undecapeptide
called urotensin II (UII) is a highly potent vasoconstrictor,
which is more effective in constricting blood vessels than
any other substance [8]. Along with the study of UII and
the novel G-protein-coupled receptor GPR14 (known as
UT) system in human diseases, UII is the ligand for the UT
[8–10]. Moreover, UII possesses mitogenic and fibrogenic
potential [11]. The UII/UT system expression increases in
patients with PH. In these patients, UII serum levels have a
positive correlation with free PP [12]. Meanwhile, another
UT inhibitor, SB-71041, stops the process of fibrosis in
cirrhotic rats induced by CCl4, and UII induces HSC
proliferation [13]. Thus, manipulating the UII/UT system
pathways may be a successful strategy for treating PH in
cirrhosis patients.
Palosuran (4-ureido-quinoline derivate, ACT-058362) is

a specific, nonpeptide, competitive UT receptor antagonist
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[14]. However, its capability to stop or even reverse
fibrosis progression and its long-term hemodynamic effect
in cirrhotic rats has not yet been measured. In this study,
the long-term efficacy of palosuran administration on
hemodynamics in CCl4-cirrhotic rats is studied and tested.

Materials and methods

Animals

Male Wistar rats (weighing 60–75 g) were used in a
cirrhosis model induced by carbon tetrachloride inhalation
(CCl4, Beijing Chemical Factory, Beijing, China) thrice
per week. Phenobarbital (0.3 g/L) was another component
used in the drinking water to assist the experimental
process, following a previously described method [15].
When cirrhotic rats developed ascites after 12 weeks, CCl4
and phenobarbital administration were stopped, and
treatment was started 1 week later. Animals were taken
from the Animal Center (Beijing, China). The Animal Care
and Use Committee of Capital Medical University
approved all protocols and procedures (Permit Number:
50-2010). Animals were raised in a controlled environment
(typically in the range of 23 °C to 25 °C) with 12 h of light
and dark exposure 1 day before the experiment. Animals
received unlimited food and water intake during the study.

Experimental groups

The rats were separated into three groups, namely, normal
group, control group, and treatment group. The normal
group remained untreated (n = 6). Male rats with cirrhosis
were allocated to the control group or treatment group
randomly, and they received placebo or UT antagonist
(palosuran), respectively, for 4 weeks (300 mg/kg body
weight per day) (ACT-058362; kindly provided by
Actelion Pharmaceuticals Ltd., Allschwil, Switzerland).
The dosage of palosuran was administered based on
previous studies [16].
After the hemodynamic studies, each rat liver was

extracted. Blood was extracted via cardiac puncture and
centrifuged. The serum was preserved at temperature of
– 80 °C. The liver samples were snap-frozen and stored in
liquid nitrogen until analysis for hydroxyproline (Hyp) and
total RNA extraction. The remaining hepatic tissues were
prepared for histological examination by being placed in a
10% formalin solution and embedded into paraffin blocks.

Hemodynamic studies

Twenty-four hours after the last dose of palosuran or
vehicle, water was removed for 12 h. Hemodynamic
studies were performed under ketamine (100 mg/kg) and
midazolam (5 mg/kg) anesthesia; moreover, body tem-

perature was maintained at 37 °C � 0.5 °C. Hemodynamic
evaluation of PH was performed as previously mentioned
[17,18]. PE-50 catheters were inserted into the femoral
artery and ileocolic vein to measure the mean arterial
pressure (mmHg) and PP (mmHg) in a constant manner.
The portal vein blood flow (PBF) was measured by using a
T206 blood flowmeter (Transonic Systems; Ithaca, NY,
USA) situated as close as possible to the liver through the
portal vein. An ARIA pressure conductance system (Millar
Instruments, Houston, TX, USA) with a Powerlab/4SP
analog-to-digital converter (AD Instruments, Oxfordshire,
UK) was utilized to measure the blood pressure and flow.
Intrahepatic vascular resistance was calculated as PP/PBF.

Evaluation of hepatic fibrosis

Histological analysis

Hematoxylin and eosin (H&E), Gordon and Sweet’s
reticulin, and Masson’s trichrome (G&S and M) staining
methods were used to stain the liver specimens (5 mm) that
were drop-fixed in the formalin solution. Fibrosis was then
histologically analyzed according to a fibrosis scoring
system [13,19]. Immunohistochemical staining and semi-
quantitative analysis of immunopositive cells that tested
positive for α-smooth muscle actin (α-SMA) and trans-
forming growth factor-β1 (TGF-β1) were performed as
mentioned [12].

Measurement of liver Hyp content

Liver Hyp was tested by means of a Hyp detection kit
(Jiancheng Institute of Biotechnology, Nanjing, China) in
accordance with the manufacturer’s instructions. The Hyp
content was recorded in mg/g of wet liver.

Evaluation of hepatic function

Hepatic function was assessed by the following sub-
stances: serum alanine aminotransferase, aspartate amino-
transferase (AST), total bilirubin (TBIL), and albumin
(ALB) were measured by using an automatic biochemical
analyzer (7600; HITEC, Japan).

Assessment of nitric oxide bioavailability

Nitric oxide (NO) bioavailability was assessed through its
surrogate marker called phosphorylated vasodilator-stimu-
lated phosphoprotein (p-VASP, Ser-239), which is a
sensitive indicator of protein kinase G (PKG) activity
[20]. The phosphorylated form of eNOS (Ser1176)
indirectly reflected hepatic NO synthase activity, and p-
VASP and eNOS levels were quantified by Western blot
analysis.
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Quantitative real-time PCR (qPCR)

As previously described, RNA extraction and cDNA
synthesis were performed in this study [14]. UII, UT,
collagen I, metalloproteinase-13 (MMP-13), and tissue
inhibitor of metalloproteinase-1 (TIMP-1) gene expression
were quantified by real-time PCR. A housekeeping gene,
glyceraldehyde-3-phosphate dehydrogenase, was used as
an internal control for target genes. The primer sequences
are shown in Table 1, and all primers were obtained from
Invitrogen (Beijing, China). SYBR Green real-time PCR
(Applied Biosystems) was selected to examine mRNA
expression using an ABI 7500 instrument (Applied
Biosystems). PCR was performed in a 20 mL reaction
mixture containing 2 mg cDNA, 1 mL of each primer, and
10 mL SYBR Green PCR Master Mix. qPCR analysis was
performed, and the recorded, normalized values were the
average of three replicates [21].

Western blot analysis

Western blot analysis and protein extraction were
performed as previously mentioned [12,13]. The sample
was ground into cell powder and transferred to a 5 mL
centrifuge tube. Four volumes of lysis buffer (8 mol/L
urea, 1% Protease Inhibitor Cocktail) was added to the cell
powder, followed by sonication three times on ice using a
high-intensity ultrasonic processor (Scientz). The remain-
ing debris was removed by centrifugation at 12 000 � g at
4 °C for 10 min. The bicinchoninic acid assay (Pierce BCA
Protein Assay kit; Thermo Fisher Scientific Inc., Rockford,
IL, USA) was adopted to test proteins that were harvested
from liver specimens (Protein Extractor IV; DBI, Shang-

hai, China). Protein specimens (about 20 mg) were
disposed by SDS-PAGE, which was a method that
contained two steps. First, samples were taken at 80 V
for a duration of 40 min on a 5% acrylamide stacking gel
and at 120 V for a duration of 70 min on a 10% running
gel. The specimens were then placed (390 mA for 70 min)
on a nitrocellulose membrane purchased from Amersham
Biosciences (Hybond-C Extra Membrane 45, Uppsala,
Sweden). The nitrocellulose membranes were infiltrated in
Tris-buffered saline composed with 10 mmol/L Tris-HCl
and 250 mmol/L NaCl supplemented with 5% powdered
non-fat milk and 0.1% Tween-20 for 2 h to block
nonspecific sites and incubated with a primary antibody
called p-eNOS (Ser 1176, Cell Signaling, Danvers, MA,
USA) and p-VASP (Ser-239, Calbiochem, San Diego, CA,
USA) overnight at a temperature of 4 °C in blocking
solution. The final blots were placed in room temperature
for 2 h after the blots were washed and incubated with a
secondary antibody (HRP-linked goat anti-rabbit IgG). An
enhanced chemiluminescence kit (Thermo Fisher Scien-
tific, Shanghai, China) was applied to make immunor-
eactivity visible, the film was scanned using a Bio-Rad
imaging system, and the bands were analyzed using
Quantity One software (Bio-Rad, USA). Protein expres-
sion was normalized to β-actin expression.

Enzyme linked immunosorbent assay (ELISA) analysis

Concentrations of UII, COL-I, MMP-13, and TIMP-1 in
rat serum and HSC supernatant were quantified with
ELISA (Bio-Rad Laboratories, Richmond, CA, USA) [13]
(Phoenix Biotech Co., Ltd, Beijing, China for UII; Sigma–
Aldrich Co. LLC for COL-I, MMP-13, and TIMP-1).

Table 1 Primers for quantitative real-time PCR analysis

Gene Primer sequence Size (bp) Accession number

GADPH F: 5′-CCTGCCAAGTATGATGACATCAAGA-3′
R: 5′- GTAGCCCAGGATGCCCTTTAGT-3′

75 BC059110.1

UII F: 5′-CAGAAGCAGAGGGAAGCCTA-3′
R: 5′-CAAGCTTCCCCTTGGAGTG-3′

68 NM_019160

UT F: 5′-CATTGGGCTGCTCTATGTCC-3′
R: 5′-AAAGAAGCTTGCTGAGATAGCC-3′

60 NM_020537

COL-I F: 5′- CCTTTCTCCACCCCCTCTT-3′
R: 5′- TGTGTCTTTGGGGGAGACTT-3′

69 NM_053304.1

MMP-13 F: 5′- CCCTGGAGCCCTGATGTTT-3′
R: 5′- CTCTGGTGTTTTGGGGTGCT-3′

75 NM_133530.1

TIMP-1 F: 5′- CAGCAAAAGGCCTTCGTAAA-3′
R: 5′- TGGCTGAACAGGGAAACACT-3′

70 NM_053819.1

α-SMA F: 5′- TGCCATGTATGTGGCTATTCA-3′
R: 5′- ACCAGTTGTACGTCCAGAAGC-3′

61 NM_001613.2

TGF-β1 F: 5′- CCTGGAAAGGGCTCAACAC-3′
R: 5′- CTGCCGTACACAGCAGTTCT-3′

100 NM_021578.2

Abbreviations: GAPDH, glyceraldehyde phosphate dehydrogenase; UII, urotensin II; UT, urotensin II receptor; COL-I, collagen type I; MMP-13,
metalloproteinase-13; TIMP-1, tissue inhibitor of metalloproteinases-1; α-SMA, α-smooth muscle actin; TGF-β1, transforming growth factor 1; F, forward;
R, reverse.
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Effect of palosuran on isolated, primary HSCs

Normal male rats (Wistar rats, 450–550 g body weight)
experienced stellate cell isolation using pronase and
collagenase (Boehringer Mannheim, Indianapolis, IN,
USA), as previously mentioned [22–24]. Hepatocytes
were briefly isolated through a procedure called isolated
hepatic profusion with 0.05% IV collagenase (Sigma),
followed by elutriatrion. Non-parenchymal cells were
isolated by in situ liver perfusion with 0.05% collagenase
and 0.1% E pronase (Roche), followed by separation on a
discontinuous Nycodenz (Sigma) density gradient, and
stellate cells were removed from the top layer of the
gradient. Primary HSCs were treated with different
palosuran doses (0 mol/L, 0.25 � 10–5 mol/L, 0.5 � 10–5

mol/L, and 1 � 10–5 mol/L). After 24 h, the cells were
lysed, and the total RNA and protein were extracted using
the TRIzol reagents and protein lysis, respectively. UII,
MMP13, TIMP-1, and COL-I mRNA levels were
measured through qPCR and analyzed semiquantitatively.
The MMP13, TIMP-1, and COL-I protein levels in the
HSC supernatant were measured using an ELISA analysis.
p-VASP and p-eNOS protein expression in HSCs was
detected through a Western blot analysis.

Statistical analysis

The results are presented as mean � SD. Comparisons
were made by the unpaired Student’s t-test and one-way

analysis of variance followed by the Student Newman–
Keuls test technique. The statistical program IBM SPSS
Statistics 20.0 (IBM Corporation, Somer, NY, USA) was
used to analyze the data. A P-value < 0.05 was considered
statistically significant.

Results

Long-term effects of late palosuran administration

Hemodynamic effects

As expected, PP and superior mesenteric artery (SMA)
flow greatly increased in CCl4 rats compared with normal
rats (Table 2). Palosuran administration caused a 34%
reduction in PP, which was significant (P = 0.002). In the
splanchnic area, palosuran decreased SMA flow and HVR
resistance (P = 0.026 and P = 0.013, respectively).
A comparison of cirrhotic rats and normal rats shows

that MAP was significantly lower (P = 0.003), and no
significant changes of MAP and HR were observed in
palosuran-treated cirrhotic rats compared with the vehicle
group.

Biochemistry parameters

An increase in biochemical parameters was observed in
CCl4 rats compared with normal rats; those parameters

Table 2 Effects of palosuran on hepatic and systemic hemodynamics in CCl4-cirrhotic rats
Normal
n = 6

Vehicle
n = 10

Palosuran
n = 10

HR (beats/min) 438.25�14.66 447.25�11.13 442.00�14.45

MAP (mmHg) 113.38�12.86 78.25�11.30# 89.25�10.78

PP (mmHg) 8.00�1.31 17.13�2.42 11.25�1.03*

Portal flow (mL$min–1$100 g–1)
SMA flow (mL$min–1$100 g–1)

6.51�0.32
1.9�0.12

6.85�0.39
5.1�0.21

7.20�0.44
3.2�0.23*

HVR (mmHg$mL–1$min$100 g) 1.3�0.14 2.5�0.23 1.4�0.10*

Body weight (g) 450�11.23 387�10.11 392�12.34

*P<0.05, palosuran-treated group versus vehicle group; #P<0.05, vehicle group versus normal; HR, heart rate; MAP, mean arterial pressure; PP, portal
pressure; SMA, superior mesenteric artery; HVR, hepatic vascular resistance; Values are expressed as mean�SD.

Table 3 Effects of palosuran on biochemical parameters in CCl4-cirrhotic rats
Normal
n = 6

Vehicle
n = 10

Palosuran
n = 10

AST (IU/L) 98.63�28.75 2242.86�560.67# 1288.42�350.29*

ALT (IU/L) 36.76�6.36 932.05�213.89# 538.10�53.55*

TBIL (mg/dL) 0.61�0.17 25.54�5.33# 18.618�2.85

ALB (g/L) 31.06�3.03 27.63�2.39 28.38�2.67

AST, aspartate aminotransferase; ALT, serum alanine aminotransferase; TBIL, total bilirubin; ALB, albumin. *P<0.05, palosuran-treated group versus vehicle
group; #P<0.05, vehicle group versus normal.
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include alanine aminotransferase (ALT), AST, and TBIL
(Table 3). A comparison with the vehicle group shows that
palosuran significantly decreased ASTand ALT levels (P =
0.023 and P = 0.034, respectively) and had a slight
influence on TBIL (P = 0.31).

Liver fibrosis

The histopathologic results of hepatic rat tissues are
displayed in Fig. 1. The histological detection of cirrhotic
rats fed by CCl4 demonstrated massive steatosis, gross
necrosis, and broad inflammation cell infiltration (Fig. 1A,
H&E). The severity of hepatic fibrosis was more distinct,
characterized by histopathologic alterations including
thick and often formed fibrotic centro-central septa (Fig.
1A, G&S and M). Using UII receptor antagonist,
palosuran, can lead to a lower mean fibrosis score (Table
4) compared with the cirrhosis group (Fig. 1B). Hyp
quantification was chosen to test hepatic collagen, and the
liver Hyp concentration in the cirrhosis group was higher
than that within the normal group. A comparison of the
cirrhosis group and the palosuran group (P < 0.01) was
made, and findings reflect that the level of liver Hyp in the
cirrhosis group was higher than that of the palosuran group
(P < 0.01; Fig. 1C). The same result was observed in liver
COL-I mRNA levels and serum concentrations (Fig. 1D).
The α-SMA-positive cells and the TGF-β1-positive cells
were tested to confirm that palosuran treatment eliminated
liver fibrosis and improved liver cirrhosis induced by CCl4.
Morphometric analysis (Fig. 1A, α-SMA, TGF-β1) con-
firmed that the administration of palosuran markedly
improved the region filled with α-SMA-positive cells (Fig.
1E) and TGF-β1 cells (Fig. 1F) compared with the vehicle-
treated cirrhotic rats.

Serum UII and serum matrix metalloproteinase-13 and
tissue inhibitor of metalloproteinase-1 levels

The rats experiencing cirrhosis had increased UII and
MMP-13 concentrations in serum compared with normal
rats and those within the control group. Rats that were
administered palosuran had a large decrease in serum UII
and serumMMP-13 levels (Fig. 2A and 2C; P < 0.05). No
significant difference in serum TIMP-1 levels was
observed among the three groups (Fig. 2C), but the
palosuran-treated subjects tended to show significantly
increased MMP-13 and TIMP-1 ratio (Fig. 2E).

Changes in hepatic UII, UT, TIMP-1, and MMP-13 mRNA
expression

qPCR determined that UII/UT mRNA gene expression
significantly increased hepatic tissue in CCl4 cirrhotic rats
compared with the normal group (Fig. 2B; P < 0.05). In

the palosuran-treated group, UII/UT mRNA levels in
hepatic tissue were expressed at a slower rate than in the
cirrhotic rats (Fig. 2B; P < 0.05). We examined hepatic
TIMP-1 and MMP-13 mRNA levels to determine the
extent in which palosuran may slow down or even stop the
progression of CCl4-fibrosis. The concentrations of TIMP-
1 and MMP-13 mRNA were significantly higher in
cirrhotic rats than in the control group. Palosuran
administration increased the MMP-13/TIMP-1 ratio (Fig.
2D and 2E).

Palosuran improves eNOS activity

To clarify which mechanism was partially responsible for
the decreasing PP, the p-VASP and p-eNOS expression in
CCl4 cirrhotic rat livers were characterized, and results
suggested that eNOS enzymatic activity was involved in
cirrhotic PH. Western blot analysis revealed lower p-eNOS
in CCl4 cirrhotic rats compared with normal controls, but
no change was observed in p-VASP levels (Fig. 2F and
2G). Overall, palosuran-treated cells significantly
increased p-VASP and p-eNOS levels compared with
vehicle-treated cirrhotic rats (Fig. 2F and 2G).

Direct effect of palosuran on primary HSCs of normal rats
in vitro

Trypan blue staining indicated that cell viability was 90%.
Primary HSCs were small, round, and had a quiescent
phenotype at 48 h. Additionally, the HSCs had blue-green
intrinsic autofluorescence when they were stimulated at a
327 nm wavelength. The purity of isolated HSCs
was determined by means of morphology and fluorescence
staining using α-SMA (Fig. 3A). To evaluate the effect
of palosuran on HSCs in vitro, the cells were first cultured
with 0 mol/L, 0.25 � 10–5 mol/L, 0.5 � 10–5 mol/L,
and 1 � 10–5 mol/L of palosuran for 24 h. UII gene
expression was upregulated during HSC activation
(α-SMA as indicated by measurement of its activation).
After an incubation period of 7 days, UII expression
increased to 400% compared with freshly isolated
cells (Fig. 3B; P < 0.05). Palosuran concentrations of
1 � 10–5 mol/L, 0.5 � 10–5 mol/L, and 0.25 � 10–5 mol/L
significantly downregulated COL-I gene expression in
HSCs and protein expression in HSC cell supernatant
(Fig. 3C).
Palosuran significantly increased the MMP-13 gene

expression in HSCs and in its supernatant, which was
overall dose-dependent (Fig. 3D). Palosuran significantly
decreased the TIMP-1 gene expression measured by
ELISA only in the presence of palosuran at 1 � 10–5

mol/L (P < 0.05; Fig. 3E). Furthermore, the Western blot
analysis revealed an increase in the p-VASP gene
expression in palosuran-treated HSCs (Fig. 3F).
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Fig. 1 Reduction of hepatic fibrosis with palosuran treatment. (A) Histologic findings ((H&E, Gordon–Sweet reticulum and Masson trichrome,
immunohistochemistry): a comparison of liver architecture of normal control, extensive portal-portal and portal-central fibrous linkage, distortion of
liver architecture and marked regeneration nodules showed much more positive expressions for α-SMA and TGF-β1 were observed. (B) Palosuran
treatment markedly reduced liver fibrosis change score compared with vehicle group. (C) Hepatic Hyp concentrations in the three experimental groups
were analyzed by the sample alkaline hydrolysis method. (D) COL-I mRNA in rat liver tissue and plasma COL-I concentration. (E) Number of α-SMA
positive cells. (F) Number of TGF-β1 positive cells. *P < 0.05, compared with the vehicle; #P < 0.05, compared with the normal control group.

Table 4 Fibrosis change score of CCl4-induced cirrhosis treated with palosuran

Group
Fibrosis score

0 1 2 3 4 5 6

Normal 6 0 0 0 0 0 0

Vehiclea 0 0 0 0 2 4 4

Treatmentb 0 0 4 3 3 0 0

Stages 0, I, II, III, IV, V, and VI represent scores of 0–6, respectively. The mean of scores were calculated by multiplying the number of animals by their
individual score and dividing sum scores by the number of rats in each group (aP<0.01, compared with the normal group; bP<0.01, compared with the normal
and vehicle group).
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Discussion

This study and recent other studies demonstrate that UII
serum concentration is increased in patients with hepatic
sclerosis and PH [12,25]. UII serum levels show a positive
correlation with PP [12]. In animal studies, exogenous UII
potentially induced hepatic fibrosis and elevated PP in
hepatic fibrosis compared with normal rats [26]. However,
the mechanism and long-term effects of the late UII

receptor antagonist administration in the treatment of
cirrhosis are obscured. In this study, we select palosuran, a
non-peptide, oral, and selective UT receptor antagonist,
which is the first in its class to be tested in humans [27].
This study shows that palosuran reduced PP in CCl4

cirrhotic rats. The decreased PP is not linked to modifica-
tions in PBF, which would suggest a reduction in vascular
resistance within the liver. Palosuran administration has a
beneficial effect on hepatic resistance, which could be

Fig. 2 Effects of palosuran on UII/UT system, MMP-13/TIMP-1, Rho-kinase, and eNOS pathways in CCl4-cirrhotic rats. (A) Plasma UII was
upregulated in CCl4-cirrhotic rats, and UII levels were significantly decreased in palosuran-treated groups compared with vehicle group. *P < 0.05,
versus vehicle. (B) UII/UT mRNAs in liver were upregulated in CCl4-cirrhotic rats, and UII/UT mRNAs were markedly reduced in palosuran-treated
group. (C) Serum MMP-13 and TIMP-1 concentration levels in CCl4-cirrhotic rats treated with vehicle or palosuran. MMP-13 was upregulated in
CCl4-cirrhotic rats, and MMP-13 levels were significantly decreased in palosuran-treated groups compared with vehicle group. TIMP-1 levels were
not significantly different among groups. (D) MMP-13 and TIMP-I mRNAs in liver were upregulated in CCl4-cirrhotic rats, and palosuran treatment
tended to decrease expression of MMP-13 and TIMP-1 mRNAs. (E) Palosuran treatment tended to attenuate the increase in ratio of MMP-13/TIMP-1
compared with the vehicle group. (F) Western blot analysis revealed a decreased p-eNOS in CCl4 cirrhotic rats compared with the normal controls, and
palosuran treatment significantly increased p-eNOS. (G) p-VASP levels were not significantly different between normal group and vehicle group.
Palosuran treatment significantly increased p-VASP compared with vehicle-treated cirrhotic rats. *P < 0.05, versus vehicle; #P < 0.05, versus
normal.
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Fig. 3 Direct effect of palosuran on primary hepatic stellate. mRNA expression was determined by real-time PCR in the HSC cells; protein
expression of collagen I, MMP-13, and TIMP-1 in HSC cell supernatant was determined by ELISA. (A) Trypan blue staining (left). Primary HSC at 48
h, 72 h (middle); stimulated at 327 nm wavelength, HSCs had blue–green intrinsic auto fluorescence (right). Fluorescence staining with α-SMA.
(B) UII gene expression was upregulated during HSC activation (α-SMA as indicated by the measurement of its activation). (C) Palosuran inhibited
HSC COL-I gene expression of HSC and protein expression in HSC cell supernatant. (D, E) Palosuran inhibited the expression of MMP-13 and
TIMP-1 mRNA as well as the secretion of MMP-13 and TIMP-1mRNA in HSC cells. (F) Protein levels of p-VASP in HSC were quantified by
Western blot; palosuran increased the protein levels of p-VASP in a dose-dependent manner. *P < 0.05 (10–5 mol/L).
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attributed to a marked amelioration in fibrosis and a
reduced hepatic vascular tone. However, numerous
studies, for example, Trebicka et al., supported that
palosuran improved PH by reducing PBF [28–30]. These
studies suggested that UII is characterized with divergent
effects, which include vasodilatation in the splanchnic and
vasoconstrictive potencies in conductive vessels. The
different functions may result from the UII receptor, UT.
The reason for the different results between our study and
these studies is not clear. Perhaps the number of each group
was small. Therefore, further studies are necessary.
The study concludes that palosuran decreases liver

fibrosis scores and serum markers of liver damage. Thus,
palosuran in turn exhibits positive results in vivo, and
antifibrotic and anti-inflammatory effects are determined.
Liver fibrogenesis occurs when activated HSCs produce
extracellular matrix (ECM) and secrete proinflammatory
cytokines. This is a contributing factor to PH because it
causes intrahepatic vasculature contractions [6,31]. An
evident improvement is made when CCl4-cirrhotic subjects
are treated with palosuran, which is associated with a
remarkable decline in α-SMA-positive cells in animals
administered with a UII blocker (palosuran). UII/UT
mRNA expression in liver and UII serum levels is
decreased in palosuran-treated cirrhotic rats. Consequently,
the results show that the administration of UII blocking
agents leads to a decline in HSC activation by decreasing
UT expression and suppressing UII activation in the liver.
This finding is consistent with the results of our previous
study [13]. This antagonist’s anti-inflammatory effects
may be related to a decrease in the production and release
of proinflammatory cytokine created by Kupffer cells
(KCs) [32] because UT protein is mainly translated in KCs
in liver cirrhosis [12].
In addition, UII/UT mRNA expression in liver and UII

serum levels is upregulated in cirrhotic rats. For the first
time, this study unveils that UII gene expression is
upregulated during HSC activation, indicating that active
HSCs may be a source of circulating UII.
Two components, ECM degradation and HSC apoptosis,

primarily take part in the reversible process [33].
Comparing both factors, the role of HSC has a more
powerful influence [34]. HSCs also generate a small
amount of matrix metalloproteinases and their inhibitors,
which are involved in the production and degradation of
the ECM [35]. However, an imbalance occurs between the
creation of matrix-degrading metalloproteinases and their
inhibitors, which in turn cause a matrix accumulation. Our
report describes for the first time the effects of palosuran on
reducing fibrosis in a pathology with exaggerated collagen
deposition. The underlying molecular mechanisms leading
to fibrosis regression reveal an increase in the ratio of
MMP13-to-TIMP-1 compared with vehicle-treated cirrho-
tic rats. UII also profoundly impresses the process of

fibrosis by the mechanism that leads to the expression of
potent cytokines, such as TGF-β1. Palosuran-mediated
HSC deactivation may result from the antagonist’s
capability to activate TGF-β1, a well-known pro-fibro-
genic stimulus [36,37].
IHR is also affected by functional components. The

molecular mechanism of the palosuran-mediated decrease
in intrahepatic vascular resistance is also investigated in
the study. Primary HSCs are small and characterized with
blue-green intrinsic autofluorescence when they are
stimulated at a 327 nm wavelength. To evaluate the effect
of palosuran on HSCs in vitro, the cells are first cultured
with 0 mol/L, 0.25 � 10–5 mol/L, 0.5 � 10–5 mol/L, and
1 � 10–5 mol/L of palosuran for 24 h. UII gene expression
is upregulated during HSC activation (α-SMA as indicated
by measurement of its activation). After an incubation
period of 7 days, the α-SMA positive cells are significantly
upregulated compared with 0 day, and associated UII
expression increased to 400% compared with freshly
isolated cells (Fig. 3B; P < 0.05). Therefore, we hypothe-
size that a relationship may exist between the active HSCs
and UII expression. Nitric oxide (NO) plays an essential
role in modulating vascular tone within a subject having
cirrhosis of the liver [33]. We also characterize the effect of
palosuran exhibited on PKG and NO activity, which is a
well-known mechanism for HSC relaxation [34]. Our
results show that palosuran increases hepatic p-VASP in
the cirrhotic model and HSCs, which is a surrogate for
PKG activity. Palosuran also increases p-eNOS as an
indicator of increased eNOS activity in the cirrhotic model.
This suggests that NO has a common pathway that works
through p-eNOS and subsequently activates PKG, which
induces an increased myosin light-chain phosphatase
activity and subsequent HSC relaxation. This may be an
additional method by which palosuran decreases hepatic
vascular resistance. The recent study by Trebicka et al. [38]
suggested that increased IHR and hepatic hypertension
partly result from increased Rho A/Rho-kinase signaling
and decreased NO availability. Moreover, HSCs regulate
IHR. They then investigated the effects of statins in
cirrhosis rats and HSCs. The results showed statins
significantly decrease Rho-kinase activity without affect-
ing expression of RhoA, Rho-kinase, and Ras. In activated
HSCs, statins inhibit the membrane association of RhoA
and Ras. Furthermore, in cirrhosis rats, statins significantly
increase hepatic endothelial nitric oxide synthase (eNOS)
mRNA and protein levels, phospho-eNOS, nitrite/nitrate,
and the activity of the NO effector PKG.
In summary, this study discovers new evidence that UT

antagonists, such as palosuran, may have an important
therapeutic role in PH. Overall, palosuran-treated subjects
experience improved liver function and decreased hepatic
PP through a reduction of intrahepatic vascular resistance
without deleterious systemic hemodynamic effects.
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