
Summary. Rationale: Pulmonary arterial hypertension
(PAH) is characterized by obstructive lesions and
vasoconstriction of the pulmonary arteries. Early
therapeutic interventions with vasodilator drugs are
thought to be beneficial in PAH. However, it remains
unknown whether the severity of intimal obstruction is
associated with increased pulmonary arterial pressure
and whether reduction of vasoconstriction in the earlier
stage by these drugs has a beneficial effect. Therefore,
the aims of this study were to investigate these issues in
a rat model of severe PAH. Methods: A rat model of
severe PAH was created by injection of a vascular
endothelial growth factor receptor blocker in
combination with hypoxia for the first 3 weeks followed
by normoxia for the next 9 weeks. To assess intimal
obstruction, “the pulmonary artery occlusion index
(PAOI)” was developed to digitize all lesions. The small
pulmonary arteries were assessed by this index, and the
association between right ventricular systolic pressure
(RVSP) and PAOI was investigated. An endothelin
receptor antagonist, ambrisentan, was administered by
gavage to rats during either hypoxia (Prevention study
group, n=25) or normoxia (Early treatment group,
n=15). Results: PAOI showed a positive correlation with
RVSP, and both RVSP and PAOI increased gradually
over time. There were no severe occlusive lesions in
either group, but the density of partially occlusive

lesions was significantly decreased in the Prevention
study group. Conclusion: A novel PAOI index was
developed, and this index was strongly correlated with
RVSP. Furthermore, ambrisentan reduced luminal
occlusive lesions more effectively when treatment was
given during the first 2 weeks of hypoxia.
Key words: Pulmonary arterial hypertension, A rat
model of PAH, Haemodynamics, Intimal lesions,
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Introduction

It is generally believed that the progression of
disease in patients with PAH is divided into three stages,
including presymptomatic, clinical and advanced, and
that the maximal increase in mean pulmonary arterial
pressure (Ppa) seems to occur during the early clinical
stage (Rich, 1988; Howard, 2011; Sakao et al., 2015).
This suggests that the maximum elevation of mean Ppa
is attributable to pulmonary arterial constriction and/or
pathologically altered vascular lesions, which are
completed during the early stage. However, the detailed
features of pulmonary vascular lesions during this stage
remain unclear, because the lack of signs and symptoms
makes it difficult to diagnose early-stage PAH in
patients, and open lung biopsies are contraindicated in
patients with severe PAH (Rich, 1988; Brown et al.,
2011; Howard, 2011). In fact, most of the features of
pulmonary vascular lesions that have been described
previously have originated from autopsy samples
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obtained from end-stage PAH patients (Stacher et al.,
2012). 

After the introduction of three classes of vasodilator
drugs, including prostacyclin analogues, endothelin
receptor antagonists (ERAs) and phosphodiesterase type
5 (PDE5) inhibitors, the survival rate in patients with
idiopathic and heritable PAH improved (Humbert et al.,
2004; Sakao et al., 2012). These vasodilator drugs have a
role to not only oppose abnormal vasoconstriction but
also inhibit pulmonary vascular cell growth (Humbert et
al., 2004). In human PAH, however, it remains unknown
whether these drugs are able to reverse established
stenoses and/or obstructive vascular lesions, which
include both intimal and medial lesions. This is because
no open lung biopsy can be obtained during the
treatment period due to excessive bleeding. Recently, the
histopathological investigation of explanted lung tissues
from patients with severe PAH, who had been treated
with the drugs mentioned above, demonstrated that the
degree of medial thickening overlapped with the medial
thickness observed in the control lung tissues, although
intimal and plexiform lesions were still observed
(Stacher et al., 2012). These findings suggested that
these PAH-targeting drugs played a role in reversing
medial lesions that consisted of pulmonary vascular
smooth muscle cell proliferation, and that the residual
elevated mean Ppa in patients with advanced severe
PAH was attributable to complex vascular lesions that
consisted of intimal and plexiform lesions. 

Recently, studies in the Sugen/Hypoxia rat model,
which is based on an injection of a vascular endothelial
growth factor (VEGF) receptor blocker (Sugen5416) in
combination with chronic hypoxia demonstrated that the
maximal increase in right ventricular systolic pressure
(RVSP) was not achieved until 5 weeks after Sugen
injection, and this maximum elevation was attributable
to pulmonary arterial constriction and/or pathologically
altered vascular remodelling (Abe et al., 2010; Toba et
al., 2014). A dual endothelin receptor antagonist,
macitentan, has also been shown to reverse pulmonary
vascular remodelling only when this drug was
administered from 3 to 5 weeks after Sugen injection,
but not when it was given from 5 to 8 weeks (Shinohara
et al., 2015). These findings suggest that this drug is
more beneficial if given before the maximal increase in
RVSP is achieved. In this model of severe PAH,
continuous alveolar hypoxia plays a significant role in
addition to VEGF receptor blockade, which induces
hypoxic pulmonary vasoconstriction (HPV)-related high
shear stress, resulting in medial wall thickening and
muscularisation of non-muscularised arterioles (Heath et
al., 1990). Therefore, it was our hypothesis that a
reduction of HPV due to treatment with a standard PAH
drug under hypoxic conditions would be of greater
benefit in controlling the development of pulmonary
vascular remodelling than if the drug were given under
normoxic conditions. 

The purpose of this study was to investigate whether
the degree of intimal obstruction and/or stenosis was
associated with RVSP in a rat model of severe PAH. An

additional purpose was to determine whether the initial
administration of ambrisentan, an endothelin receptor-A
selective antagonist, under hypoxic conditions (0 to 2
weeks after Sugen injection) reduces pulmonary vascular
remodelling more effectively than when the drug is
given under normoxic conditions (3 to 5 weeks after
Sugen injection). 
Materials and methods

Animals

Five-week-old male Sprague-Dawley rats (100-120
g) were purchased from CLEA Japan Inc, Tokyo, Japan.
The rats were housed in stainless steel cages in an
animal room, where room temperature and relative
humidity were set at 25°C and 50%, respectively. The
rats had free access to food and water. All of the animal
experiments were approved by the Review Board for
Animal Experiments of Chiba University and were
performed in accordance with the guidelines of the
Animal Research Committee of Laboratory Animal
Center, Graduate School of Medicine, Chiba University.
Experimental design

All rats (n=65) were given a subcutaneous injection
of SU5416 (20 mg/kg) (Cayman Chemical Company,
Michigan, USA), which was suspended in CMC (0.5%
[w/v] carboxymethylcellulose sodium, 0.9% [w/v]
sodium chloride, 0.4% [v/v] polysorbate 80, and 0.9%
[v/v] benzyl alcohol in deionized water). After SU5416
injection, rats were divided into the following 3 groups:
SU-5416 only (Su/Hx group); daily gavage with an
endothelin receptor antagonist, ambrisentan, (20 mg/kg)
on days 1-14 (Prevention study group); or daily gavage
with ambrisentan (20 mg/kg) on days 22-35 (Early
treatment group). All rats were exposed to chronic
normobaric hypoxia (10% O2) in a ventilated chamber
for 3 weeks after SU5416 injection and were sub-
sequently returned to normoxia (21% O2) for up to 9
weeks after the hypoxic exposure. We examined rats at 5
different time points (4, 6, 8, 10, and 12 weeks) after
SU5416 injection as shown in Fig. 1.
Hemodynamic measurements in catheterized rats

All rats were placed on controlled heating pads after
they were anesthetized by an intraperitoneal injection of
pentobarbital sodium (30 mg/kg). Hemodynamic
measurements were performed under normoxic
conditions, as previously described with minor
modifications (Abe et al., 2010). Briefly, a polyethylene
catheter (size-3; internal diameter: 0.5 mm, Hibiki,
Tokyo, Japan) was inserted into the right ventricle (RV)
via the right jugular vein for measurement of RV systolic
pressure (RVSP) under anaesthesia. RVSP instead of
pulmonary arterial pressure was measured, because the
pulmonary artery (PA) could not be routinely
catheterized. In addition to RVSP, heart rate was also

1358
Pulmonary haemodynamics and intimal lesions in a PAH rat model



monitored. A physiological transducer connected to an
amplifier system (NEC Sanei Co., Ltd. Tokyo, Japan)
was used to monitor the right heart catheterization
(RHC) signals, and those signals were also displayed on
a recorder (Nihon Kohden, Tokyo, Japan). At the end of
each hemodynamic study, the rat was euthanized by an
overdose of pentobarbital sodium, and lungs and hearts
were collected for histological evaluation (Fig. 1).
Histopathology

The lungs were inflated with 4% paraformaldehyde
phosphate solution at 20 cm H2O pressure and fixed
with the same solution. The left lobes were blocked and
embedded in paraffin wax. All sections were cut at 2.5
μm intervals and then stained with haematoxylin and
eosin (HE stain), or Elastica van Gieson (EVG stain). To
compare the pathological features among the 3 groups,
the degree of intimal obstruction and/or stenosis was
assessed by scoring EVG-stained slides using a
previously described method (Toba et al., 2014) as
follows: no evidence of neointimal formation (grade 0);
partial (<50%) luminal occlusion (grade 1); and severe
(>50%) luminal occlusion (grade 2). All small
pulmonary arteries (20 μm<OD<100 μm) from two
slices of each left lung lobe were graded using this
method. To assess whether the degree of intimal
obstruction and/or stenosis has an impact on increases in
pulmonary arterial pressure, “the pulmonary artery
occlusion index (PAOI)” was developed to digitize all
histopathologic vascular alterations. The formula used to
calculate this index is shown below:

PAOI=(n0 × 0 + n1 × 1 + n2 × 2)/
(n0 + n1 + n2)

where n0, n1 and n2 represent the number of vessels
with grades of 0, 1 and 2, respectively. All small
pulmonary arteries in the Su/Hx group at each of the 5
time points after SU5416 injection (n=5 at each time
point) (Fig. 1) were assessed using this index, and the
correlation between RVSP and the PAOI was calculated.
Statistical analysis

Quantitative data are presented as the mean ±
standard error of mean. Comparison of groups was
performed using an unpaired Student’s t-test. The
Spearman's rank correlation coefficient was used to
determine the relationship between RVSP and PAOI. A p
value of <0.05 was considered significant. All statistical
analyses were performed using JMP® 9.0.0 (Japanese
version, SAS Institute Inc., Tokyo, Japan).
Results

The relationship between RVSP and PAOI

PAOI values were calculated in the Su/Hx group and
the Prevention group at each of 5 time points after
SU5416 injection (n=5 at each time point) (Fig. 1) and in
the Early treatment group at each of 3 time points after
ambrisentan treatment (n=5 at each time point), and the
relationship between PAOI and RVSP in these groups
was assessed. When the data obtained at all time points
were combined (n=65), PAOI was positively correlated
with RVSP in these groups (Fig. 2). 
Hemodynamic measurements

As shown in Fig. 3, the maximal elevation of RVSP
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Fig. 1. Panel A shows the time line in the Su/Hx group (n=25);
panel B, the Prevention study group (n=25); panel C, the Early
treatment group (n=15). The black arrowhead indicates the date
of the harvest in each study (each n=5). Su/Hx indicates
combined exposure to Su-5416 and hypoxia for 3 weeks.



was not achieved until 8 weeks after SU5416 injection,
supporting the results of previous reports (Abe et al.,
2010; Toba et al., 2014). Furthermore, ambrisentan
reduced RVSP at each time point, not only in the
Prevention study group, but also in the Early treatment
group. Additionally, there were significant differences in
RVSP at 8 to 12 week after SU5416 injection between
the Su/Hx and both the Prevention study and Early
treatment groups (P<0.05). Furthermore, there were
significant differences in RVSP between the Prevention
study and Early treatment groups at both 10 and 12
weeks (Fig. 3). 
Pulmonary artery intimal stenosis and occlusion

The lung tissues from each rat were stained with HE

and EGV, and the degree of pulmonary arterial intimal
obstruction and/or stenosis was assessed. Pulmonary
arterial intimal lesions did not appear until 4 weeks in
the Su/Hx rats, and these lesions developed gradually
over time (Fig. 4A-C). However, in the two ambrisentan-
treated groups, these lesions were reduced at each time
point compared with the Su/Hx group. In addition, there
was a tendency for ambrisentan to reduce intimal
remodelling more effectively in the Prevention study
group than in the Early treatment group (Fig. 4A-C).

The density of partially (grade 1) and severely
(grade 2) occlusive and/or stenotic pulmonary arterial
lesions developed gradually over time, and the density of
these lesions peaked at 10 weeks after SU5416 injection
in the Su/Hx group (Fig. 5). There were no severely
occlusive and/or stenotic lesions in either of the
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Fig. 2. Correlation between RVSP and PAOI in the Su/Hx
model. Each dot indicates the RVSP and PAOI of each Su/Hx
model and ambrisentan-treated rats at each time point. The
color and form of dots show the different 3 groups. PAOI was
positively correlated with RVSP in these groups (n=65,
p<0.001, R=0.809). Both RVSP and PAOI increased in a time-
dependent manner.

Fig. 3. RVSP changes during the entire observation period in
the 3 groups (n=65). In the Su/Hx model, RVSP gradually
increased until week 8, and then stayed elevated until week 12.
From week 8 to 12, both the Prevention study and the Early
treatment groups had a lower RVSP than the Su/Hx group.
From week 10 to 12, the Prevention study group had a lower
RVSP than the Early treatment group. # p<0.05 Su/Hx group
vs. Prevention study group. * p<0.05 Su/Hx group vs. Early
treatment group. † p<0.05 Prevention study group vs. Early
treatment group.



ambrisentan-treated groups, and the density of partially
occlusive and/or stenotic lesions was significantly
reduced in the Prevention study group compared with
the Early treatment group (Fig. 5). 
Discussion

In this study, a novel formula, designated as the
pulmonary artery occlusion index (PAOI), was
developed to quantify the degree of intimal obstruction
and/or stenosis, and this index had a positive correlation
with RVSP in a model of severe PAH (Fig. 2). In
addition, the endothelin receptor-A selective antagonist,
ambrisentan, improved pulmonary hemodynamic and

reduced luminal occlusive lesions in the pulmonary
arteries in this rat model (Figs. 3, 4A-C, 5). This
pulmonary vasodilator drug seemed to have a greater
effect when it was given under hypoxic conditions (0 to
2 weeks after Sugen injection) rather than under
normoxic conditions (3 to 5 weeks after Sugen injection)
(Figs. 3, 4A-C, 5). 

HPV-related high fluid shear stress alone has been
shown to induce pulmonary vascular remodelling,
including medial wall thickening and muscularisation of
non-muscularised arterioles, but not to cause intimal
lesions (Sakao et al., 2010). It is generally known that a
combination of HPV due to chronic hypoxia and a
VEGF receptor blockade by SU5416 causes both medial
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Fig. 4A.
Representative
photomicrographs of
pulmonary arteries at
different time points.
All sections are
stained with
Hematoxylin-Eosin
(HE, top) or elastic
van Gieson (EVG,
bottom). 4 weeks.
There were no
significant differences
between the Su/Hx
and Prevention study
groups.



and intimal lesions (Abe et al., 2010), although SU5416
alone under normoxic conditions is not able to induce
intimal lesions at least in this Sprague-Dawley rat strain
(Jiang et al., 2016). In the current study, a reduction in
the pulmonary arterial vasoconstrictive reaction due to
ambrisentan reduced the density of obstructed and/or
stenotic pulmonary arteries, indicating that preventative
effect against HPV by ERA may be essential etiology for
better outcome of late stage vascular lesions in the
Prevention study group. However, HPV is also
associated with the generation and secretion of
inflammatory cytokines and growth factors in the
microenvironment around the pulmonary vasculature
(Stenmark et al., 2006). It remains to be elucidated
whether vasodilator usage under hypoxic condition
actually has a role in controlling the generation and
secretion of growth factors and cytokines. 

Although a positive correlation between the

hemodynamic values and pulmonary artery wall
thickness had been shown in a previous study (de Raaf et
al., 2014), the present study is the first to show a
correlation between hemodynamic values and the degree
of intimal obstruction and/or stenosis in the Su/Hx rat
model of severe PAH. As it is generally thought that
both vasoconstriction and obliterative lesions are
essential determinants of an increased Ppa (Sakao et al.,
2015), the current study suggests that the luminal
obstruction and/or stenosis of pulmonary arteries may be
an independent determinant of an elevated Ppa.

Although the maximal elevation of RVSP in a
previous study (Toba et al., 2014) was not achieved until
5 weeks after SU5416 injection, the maximal increase in
RVSP in the present study required 8 weeks to develop
(Fig. 3). Moreover, the maximal RVSP in this study
(around 80 mmHg) (Fig. 3) tended to be lower than that
in the previous study (around 100 mmHg) (Toba et al.,
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Fig. 4B. Representative photomicrographs of pulmonary arteries at different time points. All sections are stained with Hematoxylin-Eosin (HE, top) or
elastic van Gieson (EVG, bottom). 8 weeks. Severe intimal obstruction appears in the Su/Hx group. On the other hand, only mild lesions were found in
both the Prevention study and Early treatment groups.



2014). Recently, strain and colony differences in rats
have been shown to significantly impact the severity of
the response to SU5416 (Jiang et al., 2016). The
difference in the severity of haemodynamics between the
current and previous studies may be attributable to
differences in the strain and colony of rats used to
develop the PAH model. 

In Su/Hx rat model, inflammatory cell infiltration
with upregulation of inflammatory genes including IL6,
MCP1, cathepsin S, and MMP9, is closely related to
progression of pulmonary vasculopathy (Otsuki et al.,
2015). In the current study, however, it remains
unknown how vascular inflammation is altered by ERA.
Recently, it has been demonstrated that ERA can play an
anti-inflammatory role in alveolar macrophages through
reducing Endothelin (ET)-1 release, which results in
CCL-2, IL-6 and MMP-9 expression (Gerlach et al.,
2015). Although it remains unknown whether this

applies to perivascular macrophages in the PAH model
as well as to alveolar macrophages, this result may be a
possible explanation for anti-inflammatory effects of
ERA.

ET is generally recognized to be a vasoconstrictor,
and its expression increases in PAH patients and in
animal models of PAH (Giaid et al., 1993; Miyauchi et
al., 1993). There are two types of ET receptors, ETA and
ETB. The former is mainly expressed in smooth muscle
cells, and the latter is expressed in both smooth muscle
and endothelial cells (Galié et al., 2004). The activation
of both receptors results in the proliferation of smooth
muscle cells and pulmonary arterial vasoconstriction,
whereas ETB activation in smooth muscle cells inhibits
cell growth and its activation in endothelial cells induces
vasodilation (Seo et al., 1994). This indicates that ETBhas a role to neutralize the deleterious effects of ET-1.
This is the reason why selective ETA receptor inhibition
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Fig. 4C. Representative photomicrographs of pulmonary arteries at different time points. All sections are stained with Hematoxylin-Eosin (HE, top) or
elastic van Gieson (EVG, bottom). 12 weeks after the injection of Su-5416. Severe intimal obstruction appears in the Su/Hx group. On the other hand,
only mild lesions were found in both the Prevention study and Early treatment groups.



is supposed to be more beneficial than inhibition of both
receptors. However, there have been few reports that
investigated the role of a selective ETA receptor
antagonism in the Su/Hx rat model of severe PAH. In
this rat model, there is medial muscular thickening and
muscularisation of proliferating smooth muscle cells, as
well as intimal obliteration with phenotypically-altered,
proliferated endothelial cells (Oka et al., 2007; Abe et
al., 2010; Toba et al., 2014). Therefore, a selective ETAreceptor antagonist, Ambrisentan, was selected for use in
the present study. In addition, it has proven efficacy in
the treatment of human PAH (Galié et al., 2005) and has
high bioavailability and a half-life of about 9-15 hours,
which makes once-daily dosing possible (Billman,
2002). However, there is no difference in the efficacy
between the dual and the selective compounds
treatments in patients with PAH (Galié et al., 2013).

Conclusion

The current study demonstrated that the degree of
intimal obstruction and/or stenosis had a positive
correlation with RVSP in a rat model of sever PAH.
Furthermore, the initial administration of ambrisentan
under hypoxic conditions had a role in reducing
pulmonary vascular remodelling in this severe PAH
model. However, it remains unknown how initial
vasodilator treatment under hypoxic conditions prevents
the progression of vascular lesions to obstruction and/or
stenosis more effectively than the administration of this
drug later during normoxic conditions. Although early
diagnosis and therapeutic intervention does not seem to
be easy in patients with PAH (Sakao et al., 2015), the
control of the vasoconstrictive reaction in the earlier
stage may be essential to reduce the development of the
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Fig. 5. Percentage of grade 0, 1, and 2 pulmonary arteries at different time points. Representative photomicrographs of pulmonary arteries of grade 0,1
and 2 are shown on the left. All bar scales indicate 20 μm. In the Su/Hx group, lesions of Grade 1 and 2 increased gradually until week 10. Grade 2
lesion could not be found in either of the ambrisentan-treated groups, and Grade 1 lesions significantly decreased in the Prevention study group
compared with the Early treatment group.



subsequent vascular lesions. 
References

Abe K., Toba M., Alzoubi A., Ito M., Fagan K.A., Cool C.D., Voelkel
N.F., McMurtry I.F. and Oka M. (2010). Formation of plexiform
lesions in experimental severe pulmonary arterial hypertension.
Circulation 121, 2747-2754.

Billman G.E. (2002). Ambrisentan (Myogen). Curr. Opin. Investig. Drugs
3, 1483-1486.

Brown L.M., Chen H, Halpern S., Taichman D., McGoon M.D., Farber
H.W., Frost A.E., Liou T.G., Turner M., Feldkircher K., Miller D.P.
and Elliott C.G. (2011). Delay in recognition of pulmonary arterial
hypertension: factors identified from the REVEAL Registry. Chest
140, 19-26.

de Raaf M.A., Schalij I., Gomez-Arroyo J., Rol N., Happé C., de Man
F.S., Vonk-Noordegraaf A., Westerhof N., Voelkel N.F. and Bogaard
H.J. (2014). SuHx rat model: partly reversible pulmonary
hypertension and progressive intima obstruction. Eur. Respir. J. 44,
160-168.

Galié N., Manes A. and Branzi A. (2004). The endothelin system in
pulmonary arterial hypertension. Cardiovasc. Res. 61, 227-237.

Galié N., Badesch D., Oudiz R., Simonneau G., McGoon M.D., Keogh
A.M., Frost A.E., Zwicke D., Naeije R., Shapiro S., Olschewski H.
and Rubin L.J. (2005). Ambrisentan therapy for pulmonary arterial
hypertension. J. Am. Coll. Cardiol. 46, 529-535.

Galié N., Corris P.A., Frost A., Girgis R.E., Granton J., Jing Z.C.,
Klepetko W., McGoon M.D., McLaughlin V.V., Preston I.R., Rubin
L.J., Sandoval J., Seeger W., and Keogh A. (2013). Updated
treatment algorithm of pulmonary arterial hypertension. J. Am. Coll.
Cardiol. 62, D60-72.

Gerlach K., Köhler-Bachmann S., Jungck D., Körber S., Yanik S., Knoop
H., Wehde D., Rheinländer S., Walther J.W., Kronsbein J., Knobloch
J., and Koch A. (2015) Endothelin receptor-antagonists suppress
lipopolysaccharide-induced cytokine release from alveolar
macrophages of non-smokers, smokers and COPD subjects. Eur. J.
Pharmacol. 768, 123-130.

Giaid A., Yanagisawa M., Langleben D., Michel R.P., Levy R., Shennib
H., Kimura S., Masaki T., Duguid W.P. and Stewart D.J. (1993).
Expression of endothelin-1 in the lungs of patients with pulmonary
hypertension. N. Engl. J. Med. 328, 1732-1739.

Heath D., Williams D., Rios-Dalenz J., Calderon M. and Gosney J.
(1990). Small pulmonary arterial vessels of Aymara indians from the
Bolivian Andes. Histopathology 16, 565-571.

Howard L.S. (2011). Prognostic factors in pulmonary arterial
hypertension: assessing the course of the disease. Eur. Respir. Rev.
20, 236-242.

Humbert M., Sitbon O. and Simonneau G. (2004). Treatment of
pulmonary arterial hypertension. N. Engl. J. Med. 351, 1425-1436.

Jiang B., Deng Y., Suen C., Taha M., Chaudhary K.R., Courtman D.W.
and Stewart D. (2016). Marked strain-specific differences in the
SU5416 rat model of severe pulmonary arterial hypertension. Am. J.
Respir. Cell. Mol. Biol. 54, 461-468.

Miyauchi T., Yorikane R., Sakai S., Sakurai T., Okada M., Nishikibe M.,
Yano M., Yamaguchi I., Sugishita Y. and Goto K. (1993).
Contribution of endogenous endothelin-1 to the progression of
cardiopulmonary alterations in rats with monocrotaline-induced
pulmonary hypertension. Circ. Res. 73, 887-897.

Oka M., Homma N., Taraseviciene-Stewart L., Morris K.G.,
Kraskauskas D., Burns N., Voelkel N.F. and McMurtry I.F. (2007).
Rho kinase-mediated vasoconstriction is important in severe
occlusive pulmonary arterial hypertension in rats. Circ. Res. 100,
923-929.

Otsuki S., Sawada H., Yodoya N., Shinohara T., Kato T., Ohashi H.,
Zhang E., Imanaka-Yoshida K., Shimpo H., Maruyama K., Komada
Y., and Mitani Y. (2015). Potential contribution of phenotypically
modulated smooth muscle cells and related inflammation in the
development of experimental obstructive pulmonary vasculopathy in
rats. PLoS One 10, e0118655.

Rich S. (1988). Primary pulmonary hypertension. Prog. Cardiovasc. Dis.
31, 205-238.

Sakao S., Tatsumi K. and Voelkel N.F. (2010). Reversible or irreversible
remodeling in pulmonary arterial hypertension. Am. J. Respir. Cell
Mol. Biol. 43, 629-634

Sakao S., Tanabe N., Kasahara Y. and Tatsumi K. (2012). Survival of
Japanese patients with pulmonary arterial hypertension after the
introduction of endothelin receptor antagonists and/or
phosphodiesterase type-5 inhibitors. Intern. Med. 51, 2721-
2726.

Sakao S., Voelkel N.F., Tanabe N. and Tatsumi K. (2015). Determinants
of an elevated pulmonary arterial pressure in patients with
pulmonary arterial hypertension. Respir. Res. 16, 84.

Seo B., Oemar B.S., Siebenmann R., von Segesser L. and Luscher T.F.
(1994). Both ETA and ETB receptors mediate contraction to
endothelin-1 in human blood vessels. Circulation 89, 1203-
1208.

Shinohara T., Sawada H., Otsuki S., Yodoya N., Kato T., Ohashi H.,
Zhang E., Saitoh S., Shimpo H., Maruyama K., Komada Y. and
Mitani Y. (2015). Macitentan reverses early obstructive pulmonary
vasculopathy in rats: Early intervention in overcoming the survivin-
mediated resistance to apoptosis. Am. J. Physiol. Lung Cell Mol.
Physiol. 308, L523-538.

Stacher E., Graham B.B., Hunt J.M., Gandjeva A., Groshong S.D.,
McLaughlin V.V., Jessup M., Grizzle W.E., Aldred M.A., Cool C.D.
and Tuder R.M. (2012). Modern age pathology of pulmonary arterial
hypertension. Am. J. Respir. Crit. Care Med. 186, 261-272.

Stenmark K.R., Fagan K.A. and Frid M.G. (2006). Hypoxia-induced
pulmonary vascular remodeling: cellular and molecular mechanisms.
Circ. Res. 99, 675-691.

Toba M., Alzoubi A., O'Neill K.D., Gairhe S., Matsumoto Y., Oshima K.,
Abe K., Oka M. and McMurtry I.F. (2014). Temporal hemodynamic
and histological progression in Sugen5416/ hypoxia/normoxia-
exposed pulmonary arterial hypertensive rats. Am. J. Physiol. Heart
Circ. Physiol. 306, H243-250.

Accepted April 6, 2016

1365
Pulmonary haemodynamics and intimal lesions in a PAH rat model


