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Abstract

Background: Pulmonary arterial hypertension (PAH) is a common complication of 
large left-to-right shunts in patients with congenital heart defects. Endothelin recep-
tor antagonism has been shown to improve hemodynamics and exercise tolerance in 
these patients. In a rat model for flow-associated PAH, we studied the cardiovascular 
effects of non-selective endothelin receptor blockade at functional, pathological and 
molecular level .

Methods: Flow-associated PAH was created in 28 adult male Wistar rats by the injec-
tion of monocrotaline (60 mg/kg) combined with an abdominal aortocaval shunt 
one week later. Immediately afterwards, rats were randomized to treatment with 
bosentan in rat chow (300 mg/kg/day; n = 14, PAH + BOS) or normal chow (n 
= 14, PAH) for three weeks. Rats subjected to saline injections and sham surgery 
served as control (n = 12). 

Results: Systolic pulmonary arterial pressure (sPAP) and right ventricular hypertro-
phy (RVH) were increased in the model (PAH), while right ventricular contractil-
ity (+dP/dt) was decreased compared to controls (all p < 0.01). Treatment with 
bosentan improved hemodynamics (sPAP 48 ± 3 in PAH + BOS vs. 59 ± 2 mmHg in 
PAH, p = 0.003), attenuated RVH and improved right ventricular contractility. Intra-
acinar pulmonary vessel occlusion (16.7 ± 1.3 in PAH vs. 3.3 ± 1.0% in control, p 
< 0.001) was partly reversed by bosentan treatment (10.1 ± 1.4 in PAH + BOS, p < 
0.001 vs. PAH). Reduced myocardial capillary density (2100 ± 63 in PAH vs. 2892 
± 109 capillaries/mm2 in control, p < 0.001) also increased after treatment (2438 
± 65 in PAH + BOS, p < 0.001 vs. PAH). Capillary density correlated with right 
ventricular contractility. Bosentan treatment induced differential patterns of endo-
thelin receptor expression in heart and lung tissue, resulting, however, in a decreased 
endothelin-B to endothelin-A receptor expression ratio in both tissues.

Conclusion: In this rat model of advanced flow-associated PAH, dual endothelin 
receptor antagonism improved both pulmonary vascular and cardiac remodeling 
and was associated with improved cardiovascular function. Bosentan induced a de-
creased endothelin-B to endothelin-A receptor mRNA expression ratio in both heart 
and lungs.
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Introduction

Pulmonary arterial hypertension (PAH) is a progressive vasoproliferative disorder and 
an important determinant of morbidity and mortality in patients with congenital 
cardiac defects  1;2. Endothelin-1, a potent endothelial vasoconstricting peptide that 
regulates blood pressure 3 and possesses mitogenic properties, is a key pathogenetic 
mediator in PAH 4;5. Patients with PAH, including those with congenital heart defects, 
display increased pulmonary and circulating endothelin-1 levels 4;6-8. This increase in 
endothelin has been shown to be inversely correlated with disease severity and sur-
vival in these patients 9. 
Endothelin receptor antagonism has been demonstrated to improve hemodynamics 
and exercise tolerance in patients with idiopathic PAH 10-12 and recently also in pa-
tients with congenital heart disease (CHD) and flow-associated PAH 13. 
However, the mechanisms of these clinically beneficial effects of endothelin receptor 
antagonism in PAH are poorly defined. The endothelin signaling pathway is complex. 
Endothelin-1 is produced after cleavage of its precursor protein by the endothelin con-
verting enzyme and activates two types of receptors 14. In the pulmonary vasculature, 
the endothelin-A receptor is primarily located on vascular smooth muscle cells, while 
the endothelin-B receptor is expressed both on vascular smooth muscle cells and on 
endothelial cells. Endothelin-A receptor activation is thought to primarily induce va-
soconstriction and cell proliferation. The effects of endothelin-B receptor activation, 
however, depend on the localisation of the receptor. The endothelin-B receptors locat-
ed on the pulmonary endothelial cell induce vasodilasation, anti-proliferative effects 
and are important in the clearance of endothelin-1 from the pulmonary circulation. 
In contrast, activation of the endothelin-B receptors located at the vascular smooth 
muscle cell induces vasoconstriction and proliferation. In pathological conditions, 
both the distribution and the effects of activation of especially the endothelin-B recep-
tor may change in favor to a net constrictive/proliferative profile 15-17. Furthermore, 
activation of the endothelin-B receptor has been suggested to induce inflammation 
and fibrosis in specific conditions 18. In the heart, cardiomyocytes contain both A and 
B type receptors, that both lead to hypertrophic and positive inotropic effects 19. 
The extreme end of the spectrum of PAH in patients with congenital systemic-to-
pulmonary shunts is a condition known as the Eisenmenger syndrome 20. In these pa-
tients, shunt reversal occurs due to extremely increased pulmonary vascular resistance. 
It is regarded as the most advanced form of PAH. The exact mechanisms of chronic 
endothelin receptor antagonism in such a pathological condition as flow-associated 
PAH and its functional and histopathological effects on heart and lungs are largely un-
known. We previously described a rat model for flow-associated PAH that, in contrast 
to other models, is associated with advanced pulmonary vascular remodeling, includ-
ing neointimal lesions 21;22.  In the present study, we investigated in this rat model 
for advanced, flow-associated PAH the effects of non-selective endothelin receptor 
blockade on the heart and the pulmonary vasculature in terms of hemodynamics and 
function, structural remodeling and mRNA expression of the endothelin system.
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Methods

Animals and design of the study
Forty-two male Wistar rats, weighing 315-380 gram, were obtained from Harlan 
(Zeist, the Netherlands). The experimental protocol was approved by the institu-
tional Animal Care and Use Committee. 
Rats were randomly assigned to three experimental groups: 1) a control group 
(CON, n = 13), 2) an experimental group (PAH, n = 14) in which flow-associated 
PAH was created as previously in our laboratory, with a combination of monocro-
taline injections (60 mg/kg, Sigma Chemical Co, St. Louis, MO, USA) followed by 
the creation of an abdominal aortocaval shunt one week later 22, 3) an experimental 
group that received treatment with bosentan in rat chow (concentration 5 g/kg 
chow, in order to achieve a dose of 300 mg/kg rat (PAH + BOS, n = 15).

Metabolic cage
Two weeks after the start of treatment, rats were placed in a metabolic cage for 24 
hours to measure food intake.

Echocardiography
Two weeks after the beginning of the treatment, but at least two days apart from the 
metabolic cage period, echocardiographic studies were performed under isoflurane 
anesthesia (Vivid 7, GE Healthcare, Chalfont St.Giles, United Kingdom; equipped 
with a 10-Mhz phase array linear transducer). Flow profiles over the aortic valve 
were assessed to estimate shunt size 22;23. 

Hemodynamic measurements
At sacrifice, animals were anesthetized with isoflurane (2.0%) in a mixture of N

2
O 

and O
2
 (2:1). Pulmonary arterial pressures were measured using a silastic tube with 

a technique described by Rabinovitch 24 that is routinely used in our laboratory 22. 
If pulmonary arterial pressure could not be obtained, right ventricular systolic pres-
sure was recorded as being equal to systolic pulmonary arterial pressure. A Microtip 
pressure transducer (Millar Instr. Inc., Houston, TX, USA) was inserted into the right 
ventricular cavity to determine right ventricular systolic pressure (RVSP) and right 
ventricular end-diastolic pressure (RVEDP). As index of contractility, the maximal 
rate of increase in RVP (dP/dt

max
) was taken and corrected for RVSP (dP/dt

max 
ind).

By introducing a catheter via the left carotid artery into the aorta, systemic arterial 
pressures as well as heart rate were measured.

Pulmonary vascular remodeling
After completion of hemodynamic measurements, the thorax and abdomen were 
opened. Blood samples were drawn from the upper abdominal aorta and caval vein 
and oxygen saturation was determined to calculate the aortocaval saturation differ-
ence. The lungs and heart were removed and the left lung was fixed by filling the 
airways with 3.6% formalin at a pressure of 20 cm H

2
O. Pulmonary sections (5 

µm thickness) were stained with hematoxylin-eosin and Verhoef elastin stain for 
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morphometric analysis of vascular dimensions according to a previously described 
protocol 22. In lung sections all transversally cut arteries with a diameter equal to or 
more than 50 micrometer (pre-acinar arteries) and 40 randomly chosen vessels (10 
in each left lung quadrant) with a diameter less than 50 micrometer (intra-acinar 
vessels) were assessed at 200 and 400 times magnification using an image analysis 
system (Image-pro plus for windows, version 4.5) 22. 
Vessels < 50 micrometer usually do not have a clearly discernible internal elastic 
lamina. Therefore, a vascular occlusion score was calculated in these vessels as op-
posed to the calculation of a medial wall to lumen ratio in the larger pulmonary 
arteries. Occlusion was calculated in the intra-acinar pulmonary vessels according to 
the following formula: (outer vessel area – luminal area)/(outer vessel area).
Pulmonary arteries were excluded from measurement if they had a longest/short-
est diameter of more than 2, an incomplete circular shape or a collapse of more 
than one quarter of the vessel wall. Muscularization of 40 small pulmonary vessels 
was assessed according to Van Suylen and coworkers. Vessels were classified as being 
muscularized, partly muscularized and non-muscularized 25. 

Cardiac remodeling
The heart was divided into atria, ventricles and septum. Sections were weighed 
separately and fixed in 3.6% formalin. Deparaffinized 5 µm thick transverse right 
ventricular sections at midventricular level were stained with Gomori silver staining 
for analysis of myocyte size and Lectin GSL staining (Sigma) to stain endothelial 
cells for analysis of capillary density 26;27 using image analysis (Image-Pro). Concen-
tric hypertrophy was measured as cross-sectional area of transversally cut myocytes 
showing a nucleus. Myocyte density was calculated as average number of myocytes 
per tissue area. 

Relative gene expression in the endothelin system
RNA was extracted from total lung tissue using the Qiagen RNeasy Mini Kit (Qia-
gen, Frankfurt, Germany) and from right ventricular tissue at midventricular level 
using Trizol (Invitrogen Life Technologies, Carlsbad, CA, USA). Real-time PCR ex-
periments were performed on a Gene Amp 5700 Sequence detector (Applied Bio-
systems, Nieuwerkerk a/d IJssel, the Netherlands) as described previously 28 (primer 
sequences are provided in table 1). RTQ-PCR results were obtained from a dilution 
standard curve.

Statistical analysis
Data are presented as mean ± standard error of the mean (SEM). Group differences 
were analyzed with one-way ANOVA using Fisher’s protected LSD post-hoc testing. 
The non-parametric Kruskall-Wallis test was used when data were not normally dis-
tributed, followed by Mann-Whitney post-hoc testing with Bonferroni correction. 
Correlation analysis was performed with Pearson’s correlation tests. Alfa was chosen 
to be 0.05. 



146

Table 1. Primer sequences.

Gene Primer sequence

Prepro Endothelin-1
F 5’- TTGCTCCTGCTCCTCCTTGA -3’
R 5’- AGCACACTGGCATCTGTTCC -3’

Endothelin-A receptor
F 5’- GAACGCCACTCTCCTAAGAA -3’
R 5’- ACACTGAGAGCGCAGAGATT -3’

Endothelin-B receptor
F 5’- CTAGCCATCACTGCGATCTT - 3’
R 5’- CAGAATCCTGCTGAGGTGAA -3’

Alpha-myosin heavy chain
F 5’-GGCCAATAGAATAGCCTCCAG-3’
R 5’-TCCACGATGGGCGATGTTCTC-3’

Beta-myosin heavy chain
F 5’-AGTGAAGAGCCTCCAGAGTT-3’
R 5’-TCCACGATGGGCGATGTTCTC-3’

Table 2. Animal characteristics at time of sacrifice.
Body weight, heart rate and systolic systemic arterial pressure are shown as mean ± SEM. CON = 
control animals, PAH = experimental group, PAH + BOS = experimental animals treated with bosen-
tan, RV = right ventricle, bpm = beats per minute.  * = p < 0.05 vs. CON, † = p < 0.05 vs. PAH. 

CON PAH PAH + BOS

Start weight (g) 340 ± 4 344 ± 4 348 ± 4

Body weight at sacrifice (g) 398 ± 6     371 ± 6 *   366 ± 5 *

Arterio-venous saturation difference (%)             23.2 ± 2.8     6.4 ± 1.0 *      6.4 ± 1.5 *

    Echocardiography

VTI aortic valve (cm)     5.82 ± 0.21   7.68 ± 0.27 *      7.69 ± 0.49 *

    Hemodynamics

Systolic pulmonary arterial pressure (mmHg)      28 ± 1          59 ± 2 *       48 ± 3 *†

Mean pulmonary arterial pressure (mmHg)             20 ± 1          41 ± 2 *     36 ± 2 *

Diastolic pulmonary arterial pressure (mmHg)      13 ± 1          24 ± 2 *     23 ± 1 *

RV End diastolic pressure (mmHg)      3.1 ± 0.7                    6.2 ± 1.0 *    5.5 ± 0.7

Systolic systemic arterial pressure (mmHg) 125 ± 5    102 ± 4 *   109 ± 3 *

Heart rate (bpm)   384 ± 10           309 ± 13 *     342 ± 8 *†
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Results

Animal model and treatment
Shunt surgery was performed successfully in all but two rats (one assigned to the 
control group and one assigned to the bosentan group), that died from post-opera-
tive complications. 
Mean food intake in the bosentan group in the metabolic cage was 23.3 g/rat/day. 
The mean achieved dose of bosentan calculated according to this food intake was 
337 mg/kg/day.  There were no differences in food intake between the different 
animal groups. 
The aortacaval saturation difference was decreased in the shunted animal groups, 
but not different between treated and untreated animals (table 2), indicating similar 
shunt sizes. This was supported by findings on echocardiography, since the volume 
time integral across the aortic valve was increased in the PAH group, while there 
were no differences between treated and untreated animals (table 2). 
PAH animals gained less body weight at the end of the protocol. Bosentan did not 
alter body weight (table 2). 

Hemodynamics and cardiac function
Systolic as well as diastolic pulmonary arterial pressure was significantly increased in 
the PAH rats, as was right ventricular end diastolic pressure. Systemic arterial pres-
sure, heart rate and contractility decreased in the PAH rats. Treatment with bosen-
tan resulted in decreased systolic pulmonary arterial pressure and increased heart 
rate (table 2). Moreover, bosentan treated animals showed an improved contractility 
compared to the PAH group (figure 1A). 

Cardiac hypertrophy
PAH rats showed increased cardiac weights, as demonstrated by increased organ 
weight to body weight ratios (CON 2.77 ± 0.05 g/kg, PAH 4.19 ± 0.11; p < 0.001 
vs. CON and PAH + BOS 4.04 ± 0.11; p = 0.29 vs. PAH). Right ventricular hypertro-
phy, expressed as right ventricular to left ventricular plus septal weight ratio, almost 
doubled in the PAH group, while bosentan reduced this ratio by 30% (figure 1B).

Pulmonary vascular remodeling
Pre-acinar pulmonary arteries (> 50 micrometer): 

In the PAH model, pre-acinar arterial wall thickness and wall to lumen ratio in-
creased, while luminal diameters decreased in these animals. No intimal prolifera-
tion could be demonstrated in the pre-acinar arteries of the PAH animals. Treatment 
did not significantly alter these parameters (table 3). 

Intra-acinar pulmonary vessels (< 50 micrometer): 
In the PAH model, the small intra-acinar vessels showed a decreased luminal diam-
eter, while outer diameter remained similar to control animals. Concomitantly, wall 
thicknesses, wall to lumen ratios and occlusion score increased, as did the percentage 
of muscularized vessels. Therapeutic intervention with bosentan dramatically altered 
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Figure 1. Right ventricular contractility and hypertrophy.
A) Right ventricular contractility shown as dP/dt max corrected for right ventricular pressure. 
B) Bar graphs representing right ventricular hypertrophy calculated as right ventricular to left 
ventricular plus septal weight ratio. 
CON = control animals, PAH = experimental group, PAH + BOS = experimental animals treated with 
bosentan. * = p < 0.05 vs. control, † = p < 0.05 vs. PAH. 

Table 3. Pulmonary vascular morphometry. CON = control animals, PAH = experimental group, PAH 
+ BOS = experimental animals treated with bosentan. * = p < 0.05 vs. CON, † = p < 0.05 vs. PAH.

CON PAH PAH + BOS

Pre-acinar pulmonary arteries (> 50 µm)

Number  42 ± 2    64 ± 7 *   57 ± 4 *

Outer diameter (µm)  130 ± 10 118 ± 7 107 ± 5

Luminal diameter (µm) 111 ± 8     91 ± 6 *     84 ± 5 *

Wall thickness (µm)   9 ± 1   14 ± 1 *    11 ± 1

Wall-lumen ratio   0.09 ± 0.01    0.17 ± 0.01 *     0.16 ± 0.01 *

Intra-acinar pulmonary arteries (< 50 µm)

Outer diameter (µm)  26.2 ± 0.8   26.8 ± 0.6  27.0 ± 1.0

Luminal diameter (µm)  25.0 ± 0.7      21.8 ± 0.7 *    23.8 ± 1.0

Wall thickness (µm)   0.6 ± 0.2      2.5 ± 0.2 *       1.6 ± 0.2 *†

Wall-lumen ratio   0.02 ± 0.01       0.14 ± 0.01 *      0.08 ± 0.01 *†

Occlusion (%)   3.3 ± 1.0      16.7 ± 1.3 *    10.0 ± 1.4 *†

Muscularization (% of vessels) 

 - % of vessels that is totally muscularized

 - % of vessels that is partially muscularized

 - % of vessels that is non-muscularized

  7.9 ± 2.5

  4.8 ± 0.9

 87.3 ± 3.0

    38.2 ± 2.7 *

    12.3 ± 1.3 *

    49.3 ± 2.4 *

   24.1 ± 2.7 *†

    14.6 ± 1.5 *

   61.3 ± 3.2 *†
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these parameters. Wall thickness, wall 
to lumen ratio and occlusion score de-
creased, as did the percentage of mus-
cularized vessels (table 3). 

Cardiac remodeling
Right ventricular hypertrophy was fur-
ther examined determining myocyte 
size. In the PAH model, myocyte cross-
sectional area increased by 50%. Al-
though treatment decreased right heart 
to left heart weight ratios, we could not 
demonstrate a significant decrease in myocyte size (figure 2C). 
Capillaries stained with lectin could be discriminated clearly within the myocardi-
um and representative examples from each group are shown in figure 2A. Capillary 
density was decreased in the PAH group, largely due to the increase in the size of the 
myocytes. Capillary density was partly restored after bosentan treatment (p < 0.01, 
figure 2B) and this result remained significant after correction for myocyte size (p 
< 0.05). In all pulmonary hypertensive animals, treated and untreated grouped to-
gether, capillary density was correlated with myocardial contractilily (R = 0.522; p 
= 0.005, figure 3).
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Figure 2. Right ventricular remodeling.
A) Examples of lectin stained tissue sections of 
the right ventricular wall to determine capillary 
density of the three different groups. 
B) Actual measurements for capillary density in 
number of capillaries per mm2. 
C) Bar graphs representing the myocyte cross-
sectional area. 
CON = control animals, PAH = experimental 
group, PAH + BOS = experimental animals 
treated with bosentan. * = p < 0.05 vs. control, 
† = p < 0.05 vs. PAH. 
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MHC isoform composition
The relative proportions of cardiac α-MHC and β-MHC were compared with real-
time PCR between the different groups.  The induction of pulmonary hypertension 
caused an 8-fold increase in the ratio between β- and α-MHC expression. Bosentan 
treatment non-significantly reduced this ratio by 15% (p = 0.13, figure 4).

 Endothelin receptor expression
Pulmononary endothelin-1 and endothelin-A receptor expression levels decreased 
in the PAH model, although not significantly. No effect of bosentan treatment was 
demonstrated on this expression levels (figure 5A). Pulmonary endothelin-B recep-
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tor levels significantly decreased in both the PAH group and the PAH + BOS group 
compared to control animals. Bosentan treatment increased the endothelin-A / en-
dothelin-B receptor expression ratio in lung tissue (figure 5A). 
Right ventricular endothelin-1 expression and endothelin-A receptor expression 
increased in the pulmonary hypertensive animals. Treatment did not affect these 
expression levels (figure 5B). Right ventricular endothelin-B receptor expression 
was increased in the PAH animals. Bosentan treatment attenuated this increase (fig-
ure 5B). Consequently, in the PAH animals, endothelin-A / endothelin-B receptor 
expression ratio decreased in right ventricular tissue. Treatment with bosentan in-
creased this ratio in right ventricular myocardium (figure 5B). 
In the pulmonary hypertensive animals, treated and untreated pooled together, both 
right ventricular endothelin-1 levels and endothelin-B receptor levels were closely 
related to the β- over α-MHC ratio (R = 0.592, p = 0.003 and R = 0.477, p = 0.021 
respectively) and to right ventricular contractility (R = -0.468, p = 0.024 and R = 
-0.503, p = 0,014 respectively).
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Figure 5. Expression of the endo-
thelin system. A) pulmonary ex-
pression and B) right ventricular 
expression compared to controls. 
Receptor-ratio is the ratio of 
the expression of the endothe-
lin-A receptor to the expression 
of the endothelin-B receptor. 
CON = control animals, PAH = 
experimental group, PAH + BOS 
= experimental animals treated 
with bosentan. * = p < 0.05 vs. 
control, † = p < 0.05 vs. PAH.
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Discussion

The present study demonstrates that dual endothelin receptor antagonism with 
bosentan in a model for advanced flow-associated PAH 1) improved pulmonary 
hemodynamics and attenuated pulmonary structural vascular remodeling and 2) 
induced beneficial right ventricular remodeling, including increased myocardial 
capillarisation, associated with restoration of right ventricular function. Further-
more, this study showed differential patterns of mRNA expression at the level of the 
endothelin receptors in cardiac and pulmonary tissue during flow-associated PAH 
and in response to bosentan. However, in both tissues bosentan treatment resulted in 
an increased endothelin-A / endothelin-B  receptor expression ratio.
Endothelin-1 is a powerful vasoactive substance with pleiotropic effects that is in-
volved in a variety of processes in the human body. Endothelin-1 has been demon-
strated to play a key role in the pathophysiology of PAH. However, the endothelin 
pathway is a complex system, including endothelin-A and endothelin-B receptors 
which induce differential effects, not only depending on the type of the receptor, 
but also on the localisation of the receptor in terms of cell type and organ, and on 
the presence of a physiological or pathological state. Endothelin-1 and its receptors 
are present in heart and lungs. Endothelin receptor antagonism is therefore likely to 
have its effects in both organs. 

The pulmonary circulation
In this study we used a model for flow-associated PAH, because, in contrast to oth-
er models, this model has been demonstrated to induce advanced vascular lesions. 
These lesions are analogue to the hallmark lesions in human PAH, such as intimal 
proliferation and fibrosis, leading to vascular occlusion. The characteristic lesions are 
known to occur exclusively in the small, intra-acinar pulmonary vessels. Our study 
demonstrates that, in this model, dual endothelin receptor antagonism attenuated 
remodeling of the pulmonary vessels specifically at this level and that this was asso-
ciated with a decrease in pulmonary arterial pressure at preserved cardiac output. 

The heart
In our model, endothelin receptor antagonism also induced beneficial effects on the 
heart. The present study showed bosentan treatment to reduce the right ventricular 
hypertrophy induced by the model. Moreover, histopathological assessment of right 
ventricular myocardium suggested an optimized myocardial adaptation to its abnor-
mal loading conditions by an increase in myocardial capillarisation. In ventricular 
hypertrophy, cardiomyocytes tend to outgrow their capillary supply, which leads to 
relative myocardial hypoxia 29;30. In experimental myocardial infarction, myocardial 
adaptation by increasing capillarisation has been shown to be associated with resto-
ration of left ventricular function 31. Endothelin receptor antagonism has previously 
been demonstrated to increase capillarisation of the left ventricle in uremic rats  32. 
Moreover, in left ventricular failure, endothelin receptor antagonism has been shown 
to reduce left ventricular dilatation after experimental myocardial infarction  33;34 and 
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to reduce left ventricular hypertrophy provoked by aortic banding 35.   
In consistency with these data, the right ventricular systolic dysfunction, present 
in our experimental PAH model and expressed by decreased dP/dt, improved 
with bosentan treatment. In this context it is important to realise that dP/dt

 max 
is 

known to be a load-dependent measure of ventricular contractility and because 
bosentan treatment attenuated pulmonary vascular remodeling, the increased dP/
dt 

max
 might have been the result of reduced right ventricular afterload. However, 

right ventricular contractility correlated strongly with capillary density, suggesting 
that beneficial ventricular remodeling contributed to the improvement of intrinsic 
ventricular contractility. Nevertheless, the role of the endothelin pathway in 
angiogenesis is unclear. Although a pro-angiogenic role for endothelin-1 has been 
described 36;37, endothelin receptor antagonists seem to stimulate capillary synthesis 
in various conditions 32;38-40. 
An improved adaptation of the right ventricle in our PAH model, induced by dual 
endothelin receptor antagonism, could also be observed at the molecular level by 
a decrease in the ratio of the slower beta-MHC to the faster alpha-MHC expression 
in the bosentan treated group. Although this decrease did not reach statistical sig-
nificance in our study, it is in congruency with data of Ichikawa et al, who found 
a decreased right ventricular beta-MHC expression after selective endothelin-A re-
ceptor antagonism in the monocrotaline rat model 41.

The endothelin system
Endothelin signaling pathways are complex and the mechanisms through which 
dual endothelin receptor antagonism exerts its beneficial effects in patients with 
PAH remains to be elucidated. Vigorous debates are ongoing as whether dual or 
selective endothelin receptor antagonism (both of which have demonstrated bene-
ficial clinical effects) should be preferable in treating PAH. The exact roles of the two 
endothelin receptors in PAH and the effects of its functional blockade, both in heart 
and lung, are poorly understood. 
In the present study, we determined mRNA expression levels of endothelin-1 and its 
A and B receptors both in pulmonary and right ventricular tissue. 
The lungs
In the normal pulmonary circulation external endothelin-1 leads to pulmonary 
vasodilatation, whereas in pulmonary hypertensive conditions it induces a further 
increase in pulmonary arterial pressure, indicating altered receptor signaling pro-
cesses  42;43. Pulmonary endothelin-A receptors, localized on the vascular media on 
vascular smooth muscle cells (VSMC), induce the vasoconstrictor and mitogenic 
effects of endothelin-1. In contrast, pulmonary endothelin-B receptors are localised 
on both endothelial cells and vascular smooth muscle cells and induce cell specific 
effects. The endothelin-B receptor localized on endothelial cells induces vasorelaxa-
tion through NO and prostacyclin whereas the endothelin-B receptor localized on 
the VSMC induces vasoconstriction, cell proliferation, fibrosis and inflammation 44. 
Furthermore, the endothelial endothelin-B receptor is responsible for the clearance 
of circulating endothelin-1 45. In vascular disease states like PAH, a quantitative shift 
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has been shown from endothelial-bound to vascular smooth muscle cell-bound en-
dothelin-B receptors, that may contribute to the pathological vascular changes 17;42. 
Nevertheless, infusion of an endothelin-B receptor agonist in pulmonary hyperten-
sive conditions decreased pulmonary arterial pressure, indicating that vasodilating 
endothelin-B signaling still occurs 43. Also, contradictory data exist, where infusion 
of endothelin-1 in the monocrotaline rat model leads to vasodilatation as opposed 
to constriction 46;47.
Pulmonary endothelin-1 mRNA expression tended to decrease in our flow-associ-
ated PAH model compared to control animals. This was not altered by bosentan 
treatment. These findings are similar to those of Hill et al in the isolated mono-
crotaline rat model 48. In the latter model, Miyauchi and coworkers reported a 
gradual decrease in pulmonary tissue levels of endothelin-1 peptide and prepro-
endothelin-1 mRNA expression, whereas circulating endothelin-1 levels increased 
after monocrotaline-injection 46. In contrast, in the fawn-hooded rat, a rat strain 
prone to develop idiopathic pulmonary hypertension, overexpression of endothe-
lin-1 mRNA has been demonstrated compared to normotensive Sprague-Dawley 
rats 49. Also, in a pig model with systemic-to-pulmonary shunting associated with 
moderate pulmonary hypertension, increased levels of circulating endothelin-1 
and increased expression of pulmonary endothelin-1 mRNA have been reported 50. 
These seemingly contradictory data might be associated with different species or 
the different nature of the disease models and temporospatial variation. However, 
also differences in endothelin-receptor function and activity may play a role. In 
the present study, we found a decreased pulmonary endothelin-B receptor mRNA 
expression as is described in the isolated monocrotaline rat model 51;52. A decreased 
endothelin-B receptor expression could decrease pulmonary clearance of endo-
thelin-1, previously described in the monocrotaline model 53, thereby increasing 
circulating endothelin-1 levels.
In contrast again, in the pig model with pulmonary overcirculation an increased 
expression of endothelin-B receptor mRNA in the lungs of these piglets was re-
ported, which might be due to differences between early and advanced stages of 
pulmonary arterial hypertension 50.
The heart
Endothelin-1 is produced by cardiomyocytes, has positive inotropic and chrono-
tropic effects and is obligatory for myocyte survival 54-56. However, increased en-
dothelin-1 is known to induce cardiac hypertrophy 57;58,  myocardial ischemia and 
edema 59 and collagen turnover in cardiac fibroblasts 60. 
In our model of flow-associated PAH, there was an increase of cardiac endothelin-
1, endothelin-A and endothelin-B receptor mRNA expression compared to control 
rats. The ratio of endothelin-A to endothelin-B receptor expression decreased sig-
nificantly, because the increase in endothelin-B receptor expression was more pro-
nounced than that of the endothelin-A receptor. These findings are in concordance 
with different models of abnormal cardiac loading conditions, including chronic 
left heart failure due to experimental myocardial infarction, combined right and 
left ventricular volume overload and ventricular pressure overload, in which in-
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creased cardiac mRNA expression of endothelin-1 and both receptors have been 
reported 51;61-63. In the present study, bosentan treatment did not affect endothelin-1 
and endothelin-A receptor expression, but significantly reduced endothelin-B re-
ceptor mRNA expression and consequently increased the ratio of endothelin-A to 
endothelin-B receptor expression, although not to control levels.

In our model, mRNA-expression patterns of endothelin-1, endothelin-A and en-
dothelin-B receptors differed in heart and lung tissue, both after induction of the 
model and in response to bosentan treatment. However, bosentan treatment induced 
an increased ratio of endothelin-A to endothelin-B receptor mRNA expression in 
both organs. The meaning of this finding is difficult to explain. In this context it 
is of interest that dual endothelin-receptor antagonism has been suggested to be 
more effective in reducing right ventricular hypertrophy compared to selective en-
dothelin-A receptor antagonism. Jasmin and coworkers reported a decrease in right 
ventricular hypertrophy only after dual receptor blockade, while right ventricular 
pressures were decreased equally in both selective and nonselective endothelin re-
ceptor antagonism 64. These data suggest that endothelin-B-receptor mediated ac-
tivity is associated with the development of cardiac hypertrophy.
Most reports studying the endothelin pathway in PAH describe mRNA or peptide 
expression patterns of endothelin-1 and its receptors. However, these expression 
patterns obviously are not synonymous for functional activity of these receptors 
and its interactions with endothelin-1. To understand the complexity of the en-
dothelin pathway, future studies should focus on the functional activity of the en-
dothelin receptors, including mechanisms like interreceptor cross-talk, receptor-
heterodimerization and endothelin-stimulated-desensitization, which are thought 
to play important roles in the pathologic condition of PAH. Endothelin-1 is gener-
ally recognized to form a key factor in the pathogenesis of PAH. The current study 
demonstrates that endothelin receptor antagonism induces beneficial structural and 
functional effects on both heart and lungs in the presence of advanced pulmonary 
vascular disease, induced experimentally by flow-associated PAH. These findings 
stress the need for such functional endothelin-receptor studies in order to optimize 
endothelin receptor antagonistic therapy in patients with PAH.

Conclusion
In the present study, we demonstrate that dual endothelin receptor antagonism in 
a model for advanced flow-associated PAH resulted in improved pulmonary hemo-
dynamics and attenuated pulmonary structural vascular remodeling. Additionally, in 
this model, dual endothelin receptor antagonism induced beneficial structural right 
ventricular remodeling, including increased myocardial capillarisation, associated 
with restoration of right ventricular function. We further showed differential pat-
terns of mRNA expression at the level of the endothelin receptors in cardiac and pul-
monary tissue during flow-associated PAH and in response to bosentan. However, 
in both tissues bosentan treatment resulted in an increased endothelin-A to endo-
thelin-B receptor expression ratio. Further functional receptor studies are required 
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to unravel the complex endothelin pathway and the consequences of differential 
endothelin receptor antagonism in pulmonary arterial hypertension.
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