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Urotensin Inhibition with Palosuran Could Be a Promising
Alternative in Pulmonary Arterial Hypertension

Ahmet Mesut Onat,' Yavuz Pehlivan,l’8 Ibrahim Halil Turkbeyler,2 Tuncer Demir,3
Davut Sinan Kaplan,® Ali Osman Ceribasi,* Mustafa Orkmez,” Ediz Tutar,® Seyithan Taysi,
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Abstract—Pulmonary arterial hypertension (PAH) is a progressive and a life-threatening disease
with its high morbidity and mortality ratios. On searching for new shining targets in pathogenesis,
we noticed, in our previous studies, urotensin-II (UII) in systemic sclerosis with potent angiogenic
and pro-fibrotic features. Owing to the mimicking properties of UIl with endothelin-1 (ET1), we
attempted to investigate the effect of palosuran in a PAH rat model. Thirty rats were randomly
divided into three groups, with each group comprising 10 rats: group 1 (control group) received the
vehicle subcutaneously, instead of monocrotaline (MCT) and vehicle; group 2 (MCT group) rece-
ived subcutaneous MCT and vehicle; and group 3 (MCT + palosuran group) received subcutaneous
MCT and palosuran. Serum UII, ET1, transforming growth factor-1 (TGF-{31) levels, pulmonary
arteriolar pathology of different diameter vessels, and cardiac indices were evaluated. The ET1,
TGF-£1, and UII levels were significantly diminished in the treatment group, similar to the controls
(»<0.001). Right ventricular hypertrophy index and mean pulmonary arterial pressure scores were
also significantly reduced in the treatment group (p=0.001). Finally, in the 50—125-um diameter
arterioles, in contrast to Groups 3 and 1, there was a statistically significant thickness (»<0.01) in
the arteriolar walls of rats in Group 2. The treatment effect on arteries of more than 125-um
diameters was found to be valuable but not significant. Owing to its healing effect on hemodynamic,
histological, and biochemical parameters of MCT-induced PAH, palosuran as an antagonist of UII
might be an optional treatment alternative for PAH.
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INTRODUCTION

The explosion in the knowledge and developments
in the treatment of pulmonary arterial hypertension
(PAH) has simultaneously resulted in increasing concern
on this disease in the last decade. However, we are far
from the satisfactory expectations regarding the mortal-
ity and morbidity ratios. The existing agents in PAH
treatment are mostly targeted to increase nitric oxide by
phosphodiesterase-5 inhibitors, inhibit the effects of
endothelin-1 (ET1) by dual (receptor A/B) or selective
(receptor A) receptor blockers, and supplement prosta-
cyclin with prostanoids [1].

ET1 is an important peptide in vascular tonus
regulation, mitogenesis, or neurohormonal balance in
health status with two different receptor subtypes (A/B).
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However, it orchestrates vasoconstriction, fibroblast
activation, vascular wall changes similar to hypertrophy,
and inflammatory response, especially targeting the
vessels in various diseases. The pivotal role of ET1
observed in PAH pathogenesis has resulted in initiation
of a war against this cytokine and increased hope in
treating primary or secondary PAH patients [2], although
the results for PAH treatment, including all medications,
have not been up to the expectations.

The variation in active vasculature of pulmonary
arterial system in PAH could not only be explained by
vasoconstriction, but also through an imbalance of the
vessels with hypertrophy, angiogenesis, apoptosis, pro-
liferation, extracellular matrix restructuring, and pro-
thrombotic state. Urotensin-II (UII) is a vascular active
peptide that was not only demonstrated with more potent
vasoconstrictor effects than ET1 [3, 4] but also as an
important proliferative, pro-thrombotic, and angioge-
netic mediator of the arterial system, especially the
wide-sized pulmonary vasculature [5]. The net effect of
UII in normal conditions is under tight control by the
downregulation of high-affinity UII receptors [6]. Thus,
UIl has been thought to play a major role in the
pathological vascular conditions [7]. Following the idea
of UII being a peptide similar to ET1 [8], we considered
to explore whether UIl had an effect on systemic
sclerosis (SSc) pathogenesis, which is a disease with
similar prominent vascular pathology as that of PAH,
and demonstrated that UII levels are higher in patients
with SSc, especially in diffuse fibrotic patients, in
contrast to the control group. We also found a positive
relationship between UII and ET1 levels [9]. Besides, in
our previous study, we found an association between
Thr21Met, but not Ser89Asn, in the UIIl gene and SSc.
The results of our study strongly suggest that this single-
nucleotide polymorphism may be an important risk
factor for the development of SSc, and a powerful
indicator of severe skin and lung involvement in patients
with SSc [10].

We subsequently tried to antagonize the effects of
UIl in an animal PAH model to diminish the UIl and
ET1 levels that were presented in our preliminary studies
[11]. More recently, Mei et al. demonstrated that the
effect of monocrotaline (MCT)-induced PAH was
antagonized with urantide, which is another UII antag-
onist [12].

Palosuran, an antagonist of UIl, is a peptidic and
orally active selective agent [13]. Earlier studies were
mainly targeted to define its effectiveness, especially in
renal diseases, but until now, its beneficial findings could

not be obtained. In the present study, we attempt to
investigate the effect of palosuran in an animal model for
PAH and explore the discrepancy for pulmonary arterial
pressure, UIL, ET1, as well as transforming growth factor-
31 (TGF-f31) levels, and pulmonary vascular pathology.

MATERIALS AND METHODS

Animals and Reagents

In the experimental study process, 30 male Wistar
albino rats (250-300 g) were purchased from Experi-
mental Animal Center of Gaziantep University. MCT
was bought from Sigma (Chemicals, St. Louis, MO),
and palosuran was donated by Actelion (Gewerbestrasse
16, Allschwil CH 4123 Switzerland). The institutional
committee for animal care approved all procedures
involving animals.

Experimental Groups

The MCT rat model of pulmonary hypertension
was used [14]. Thirty rats were randomly divided into
three experimental groups, and each group included 10
rats. MCT and palosuran were dissolved in vehicle
separately. MCT was administered by subcutaneous
injection (60 mg/kg body weight), and palosuran was
given by gavage (300 mg/kg/twice a day). The dose
levels and schedules were based on previous PAH
animal model studies [13, 15]. In accordance with the
previous studies, the first dose of palosuran was given
2 days before the MCT injection. Palosuran and vehicle
were administered by gavage twice a day from Day — 2
to Day 21 after MCT or vehicle treatment (Day O0).
Group 1 (control group) received the same volume of
vehicle subcutaneously, instead of MCT and vehicle by
gavage. Group 2 (MCT group) received subcutaneous
MCT and vehicle by gavage, while Group 3 (MCT +
palosuran group) received subcutaneous MCT and
palosuran by gavage. All rats were killed with exsan-
guination on Day 22.

Hemodynamic Study in Anesthetized Rats

To evaluate the effects of palosuran on the
development of PHT, hemodynamic measurements were
performed in anesthetized rats. Three weeks after MCT
injection, the rats were anesthetized. A tracheotomy tube
(Cwe Inc. SAR-830 Ventilator) was put in place, and a
polyethylene catheter connected to a pressure transducer
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(Catheter: C313CT PE 50 Cannula Tubing) was inserted
into the right jugular vein and passed through the right
ventricle into the pulmonary artery to measure the main
pulmonary arterial pressure (mPAP), in accordance with
the procedure described by Stinger et al. [16]. The
measurements were recorded for 15 min by using a
PowerLab data acquisition system (AD Instruments
Power Lab 4/25 T). The mean blood pressure (MBP)
was also measured through a polyethylene catheter
inserted into the left carotid artery in the same way.

Assessment of the Heart Tissue Weight Ratio

After hemodynamic measurements, chest cavity of
the rats was opened. The heart was excised and placed in
ice-cold normal saline to remove blood, and then was
blotted and weighed. From the harvested hearts, the atria
were removed, and the hearts were separated into the
right and left ventricle plus septum, and weighed
separately. Finally, right ventricular hypertrophy index
(RVHI) was calculated as the weight ratio of right
ventricle to left ventricle plus septum, and right
ventricular mass index (RVMI) was calculated as the
weight ratio of right ventricle to body weight [17, 18].

Morphometric Analysis of Small Pulmonary Arteries

The left lower part of the lung tissue was removed
and immersed into 10 % neutral paraformaldehyde. The
specimens were then dehydrated and embedded in
paraffin, and sectioned at a thickness of 5 pum. The
tissue incisions were stained and analyzed under light
microscopy by using Hematoxylin-Eosin, Verhoeft’s
Elastic stains methods. To determine and compare the
increment of connective tissue and muscular structures
in the lung vasculature, 30 different 50-125-um diam-
eters of arterioles and five different arteries with 125-pum
diameter were determined at x 200 magnifications.

The wall thickness of the arteries was measured as
the distance between the external and internal elastic
lamina of each vessel, using a calibrated ocular
micrometer. External diameter was calculated as the
diameter of the external lamina. Additionally, periarterial
connective tissues were measured as the distance
between the external elastic lamina and lung parenchy-
ma in 125-pm-diameter arteries using ocular microme-
ter, and the results were compared for statistical
significance. The vessels that were not close to round
or oval in shape were not measured.

ET1, UT-II, and TGF31 Concentrations

At the end of the hemodynamic experiments in
anesthetized rats, plasma samples in EDTA were
collected for determination of ET1, UII, and TGF-{31
concentrations. The plasma ET1 concentration was
measured by using a human ET1 immunoassay kit
(Catalog number BBES, SBBES, PBBES. R&D Sys-
tems, Minneapolis, MN). UIl was measured by using a
rat UIl enzyme immunoassay (Protocol for catalog
number EK-071-09, PHOENIX PHARMACEUTI-
CALS, INC.), and TGF-A1 was measured by using a
rat TGF-B1 enzyme immunoassay (Catalog number
MB100B, SMB100B, PMB100B; Quantikine).

Statistical Analysis

In the statistical evaluation of the results, the values
and scores are indicated as mean values + standard
deviation. The scores and values with p<0.05 were
accepted as statistically meaningful. For the comparison
of scores for more than two groups, parametric one-way
ANOVA analysis was performed, and for the compari-
son of two groups’ meaningful scores, post hoc test was
employed. For the correlation analyses of different
parameters, Pearson correlation analysis was used.

RESULTS

UT-IIL, ET1, and TGF31 Levels

We examined the ET1, UIl, and TGF-1 levels in
all groups. The ET1 levels in Groups 1-3 were 5.24+
0.40, 6.06+0.39, and 5.70+0.33 pg/ml, respectively.
The ET1 levels of Group 2 were significantly higher
than those of Group 1 (p<0.001), and it was signifi-
cantly diminished in the treatment group (p<0.04). On
the other hand, the UII levels were 3.37+0.19, 4.05+
0.14, and 3.70+0.25 ng/ml, respectively, in Groups 1-3,
and were significantly diminished in the treatment group
(»<0.001). Finally, the TGF-31 levels in Groups 1-3
were 58.43+7.93, 73.46+8.28, and 56.70+6.74 ng/ml,
respectively, and it was significantly diminished again in
the treatment group (p<0.001) (Fig. la—c).

Heart Tissue Weight Ratio and Hemodynamic
Measures

A tissue weight ratio evaluation of hearts was
performed for all groups. RVHI scores were 201.31+
35.31x107, 301.62439.43x10°, and 246.87+45.19x
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Fig. 1. a, b, and ¢: ET1, UII, and TGF 31 levels in all groups. The asterisks indicates: Group 1 vs. Group 2, p<0.001; number sign: Group 1 vs.

Group 3, p<0.05; ampersand: Group 2 vs. Group 3, p<0.05.

1073, respectively, for Groups 1-3, and it was
significantly decreased in the treatment group (p=0.001).
On the other hand, RVMI scores were 38.16+£6.82x
107°, 56.10+7.57x107°, and 49.70+5.71x10°°,
respectively, for Groups 1-3, and that of Group 2
was significantly higher than that of Group 1 (p<0.001),
and there was an insignificant but valuable decrement
in the treatment group (p=0.1). The mPAP scores were
11.10+1.75, 26.87+12.43, and 12.70+2.56, respectively,
for Groups 1-3, and those of the treatment group was
significantly diminished (p=0.001) (Fig. 2a—c). The
mPAP measurement of a rat from each group is
illustrated in Fig. 3.

Histopathology

The microscopic changes were recorded most
evidently in Group 2, which were prominent perivas-
cular mononuclear cell infiltration with edema and
increment of the connective tissue structures with medial
hypertrophy in the vessels of the lung. Interalveolar
septum was thickened, and emphysema was detected. It

was found that the foregoing lesions in Group 3 ensued
with a slight severity. On the other hand, the lungs of
Group 1 were histologically normal.

The ocular micrometer measurements in the arteri-
ole and arteries of the lung are summarized in Table 1.
When we evaluated the 50—125-pum-diameter arterioles,
in contrast to Groups 3 and 1, there was a statistically
significant thickness (»<0.01) in the arteriole walls of
Group 2.

On the other hand, when the arterioles’ wall
thickness and diameter values were compared, in
contrast to Groups 3 and 1, the results were evidently
higher in Group 2 (»p<0.001). There was no significant
difference between the measurement results of Groups 3
and 1 concerning the arterioles’ wall thickness and
diameter (p>0.05). When we evaluated the arterioles and
arteries with diameter greater than 125 pum, the arteriole
wall thickness was statistically significant between Groups
1 and 2 (p=0.01), and there was remarkable, but
insignificant decrement, in Group 3 (p>0.05). The increase
in perivascular connective tissue in the arterioles and
arteries with diameter greater than 125 pm was mostly
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Fig. 2. a, b, and ¢: RVHI, RVMI, and mPAP. The asterisks indicates Group 1 vs. Group 2, p<0.001; number sign: Group 1 vs. Group 3, p<0.05;

ampersand: Group 2 vs. Group 3, p<0.05.
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Fig. 3. mPAP measurement of a rat from each group.

observed in Group 2, and the decrease in perivascular
connective tissue thickness of arterioles and arteries with
diameter greater than 125 um was statistically significant
in Group 3, in contrast to Group 2 (p=0.001). The
histological findings of all groups are presented in Fig. 4.

DISCUSSION

In the present study, we tried to demonstrate our
hypothesis about UII by antagonizing the peptide with
an orally active inhibitor palosuran in an MCT-induced
PAH model. With regard to the levels of ET1, UII, and
TGF-31 of Group 2, which was significantly higher than
the control (Group 1) and treatment (Group 3) groups,
palosuran certainly decreased these peptides’ levels,
along with the levels of mPAP, RVHI, and RVMI in
the treatment group. We also observed that there was a
statistically significant difference between the results of
the arteriolar wall thickness and perivascular connective
structures of the treatment and patient groups. Our
results indicate that palosuran has led to amelioration
of the hemodynamic, histological, and biochemical
parameters in MCT-induced PAH model, and might be
a new therapy alternative for the treatment of PAH.

Although there is no animal model that completely
resembles the PAH of humans, the MCT-induced rat

Growp3

model, according to the multiple-hit hypothesis which
closely mimics the disease, is the most similar one [19].

The complex pathology of PAH is thought to be
based on intimal hyperplasia, medial hypertrophy,
adventitial proliferation, thrombosis, and inflammation
of the small pulmonary arteries, predominantly with a
complicated arteriopathy [20]. Vascular remodeling,
including cellular proliferation, differentiation, and delay
in apoptosis, with an accelerated extracellular matrix
turnover, are on-going processes [21], and the net result
is a pan-vasculopathy, where some cytokines, especially
TGF-1 and ET1, could be involved in the pathogen-
esis. ET1 is a key pathogenic mediator, influencing
vasoconstriction, fibrosis, vascular hypertrophy, and
inflammation, and is strongly correlated to severity of
PAH and prognosis [22, 23].

UII, known as a very potent vasoregulatory peptide,
has been shown to be a powerful vasoconstrictor,
affecting signaling cascades and gene expression in the
cardiovascular and pulmonary systems [24]. It has been
proved that pulmonary arterial endothelial and smooth
muscles express UlI in different models of PAH [25]. As
a compelling endogenous peptide within the cardiovas-
cular system, UIl might contribute to cardiomyocyte
hypertrophy, extracellular matrix production, enhanced
vasoconstriction, vascular smooth muscle cell hyperpla-
sia, and endothelial cell (EC) hyper-permeability. Inter-
estingly, UIl has been shown to be structurally and

Table 1. Some Micrometric Values from Lung Arterioles and Arteries

GROUPS
Parameter Group 1 Group 2 Group 3 P
The arteriol wall thickness (im)/diameter (m) scores in arterioles 0.21+0.05° 0.25+0.06 * 0.22+0.06 ° 0.001
between 50-125 um
The arteriole wall thickness in 50—125 um diameter arterioles (pm) 16.68+0.32 ° 18.02+0.33 * 17.03+0.38 ® 0.01
The wall thickness in arteries higher than 125 pum diameter (1m) 43214254 " 58.00+3.76 © 54.38+443 ¢ 0.01
The perivascular connective tissue thickness in arteries higher then 21.50+2.94 ° 48.57+5.04 * 35.00+£7.10 ® 0.001

125 pm (um) diameter

Values with different superscripted letters are important
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Fig. 4. /A4 Perivascular connective tissue increment in monocrotaline group, mononuclear cell infiltration, and thickness in interalveolar septum. /B
Slight perivascular mononuclear infiltration and edema in palosuran group. /C Histological demonstration of lung in control group (H&E, Bar=
100 um). 24 Severe perivascular edema and mononuclear cell infiltration accompanying medial hypertrophy in the walls of the arterioles between 50-
and 125-um diameters. 2B Slight wall thickness and mononuclear cell infiltration in interalveolar septum and normal demonstration of arterioles
between 50- and 125-pum diameters. 2C The arterioles’ wall in the control group (Verhoeff’s Elastic, Bar=100 um). 34 Severe perivascular connective
tissue increment in the arterioles of higher than 125-pum diameter. 3B Slight perivascular connective tissue increment in the arterioles of higher than
125-um diameter in palosuran treatment group. 3C Normal image of adventitia layer in the control group (Verhoeff’s Elastic, Bar=100 um).

functionally mimicking ET1, a vasoconstrictor peptide
that plays an important role in the pathophysiology of
PAH [26]. However, UII is not a mimicker, but could
perhaps be one of the key factors in PAH. This peptide
exhibits a pro-angiogenic effect on ECs, resulting in the
stimulation of a potent EC activation marker, vascular
endothelial growth factor (VEGF). Interestingly, the net
result of UIl on VEGF was not observed in physiolog-
ical concentration, but in levels that were demonstrated
in vascular pathologies, such as hypertension and
atherosclerosis. Additionally, UIIl directly stimulates
fibroblast growth factor, while palosuran inhibits these
activation markers by lowering UIl. The vasoactive
effects of UIl on vasculature seem to be in a time-
dependent pattern, and in the acute phase of stimulation,

the behavior of ECs was found to be directly stimulated.
However, a permanent induction with UII resulted in an
indirect stimulation of different powerful pro-angiogen-
ics, such as VEGF, ET1, and adrenomedullin [27].
Rho-kinase/ROK/ROCK was identified as one of
the effector of the small GTP-binding protein Rho,
which plays an important role in various cellular
functions. Recently, direct evidence of Rho-kinase
activation has been demonstrated in patients with PAH,
where its activity was observed to be enhanced in
circulating neutrophils and pulmonary arteries of
patients with PAH [28]. The animal model-based studies
demonstrated that long-term inhibition of Rho-kinase
ameliorates MCT-induced PAH. Irrespective of the
different etiologies, long-term treatment with Rho-kinase
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inhibitors ameliorated endothelial dysfunction and sup-
pressed hypercontraction and proliferation of vascular
smooth muscle cells and migration of inflammatory cells
[29, 30]. A Rho-kinase inhibitor, fasudil, was noted to
acutely improve pulmonary hemodynamic in patients
with PAH [31-33], and ET1 and UII were observed to
lead to similar effects on the pathophysiology of PAH
through the Rho-kinase pathway. Most of the previous
studies have focused on the vasoconstrictive or vascular
smooth muscle proliferative action of UII, and it is
argued that this action is mediated by various intracel-
lular signal transduction mechanisms, including phos-
pholipase C, protein kinase C, tyrosine kinases, and the
Rho/Rho-kinase related pathways [34—36]. Our results
show that ET1 could be a cytokine that is on the
downstream of the Ull-induced cascade in PAH. The net
effect of palosuran by lowering these two angiogenic
peptides might indicate that by inhibiting UII, EC-
derived on-going stimulus and fibrotic process in the
pulmonary arterial and myocardial system could be
retrieved. However, preventing angiogenic provocation
at any point could reverse all the system to a stabile
mode, which could also be an alternative.

According to Mei et al., urantide, a parenteral UIL
inhibitor, markedly reduced the mPAP levels of MCT-
induced PAH in both early and late treatment groups.
However, it did not change the MBP. Additionally,
Urantide inhibited the pulmonary vascular remodeling
remarkably, and the authors concluded that the effect of
the drug is through relaxation of the pulmonary arteries
[12]. Similarly, in our study, it was demonstrated that
palosuran, as a different UIl antagonist, significantly
decreased the ET1, UIl, and TGF-31 levels, along with
mPAP, RVHI, and RVMI in the treatment group. On the
other hand, the MBP of all groups were not changed
significantly. Additionally, we demonstrated that there
was a statistically significant difference between the
results of arteriole wall thickness and perivascular
connective tissue thickness in the arteries of treatment
and patient groups. This difference in the healing effect
of palosuran between smaller and larger diameter vessels
was explained by the time interval that was not sufficient
for adequate treatment.

Nevertheless, there are some limitations of our
study. First, we had administered the maximum dose of
palosuran to the rats (300 mg/kg), and different dose
regimens were ignored. Thus, to determine the optimum
dose, further studies are needed. Second, due to
budgetary concerns, we underestimated the immunohis-
tochemistry analysis.

In conclusion, owing to its alleviative effect on
hemodynamic, histological, and biochemical parameters
in MCT-induced PAH, palosuran, as a non-peptidic,
orally active, potent, selective, and competitive antago-
nist of the human UII receptor, may be an optional
therapy for the treatment of PAH. However, to verify
these findings, determining the optimum dose and
addressing other further concerns such as safety and
treatment period, new animal models, and clinical
experimental studies are required.
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