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Abstract: Endothelin receptor antagonists (ERAs) have been shown to improve the prognosis of patients with pulmonary arterial hyperten-
sion (PAH). However, the effect of the oral dual ERA bosentan on peripheral endothelial dysfunction (PED), as assessed by flow-mediated
vasodilation (FMD), in patients with pulmonary hypertension is not well characterized. We investigated the effect of bosentan on PED in
patients with PAH or inoperable chronic thromboembolic pulmonary hypertension (CTEPH). A total of 18 patients with PAH and 8 with
CTEPH were treated with bosentan. All patients underwent FMD assessment before and after 3 months of bosentan treatment. Whereas FMD
increased from 6.01% ± 2.42% at baseline to 8.07% ± 3.18% after 3 months (P < 0.0001) in patients with PAH, those with CTEPH showed no
change in FMD after bosentan therapy. In addition, FMD at baseline showed no correlation with pulmonary vascular resistance (r = 0.09) or
plasma brain natriuretic peptide levels (r = −0.23) in patients with PAH. Bosentan treatment ameliorated PED in patients with PAH but not in
those with inoperable CTEPH. In addition, FMD did not correlate with PAH severity.
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Both pulmonary arterial hypertension (PAH) and chronic throm-
boembolic pulmonary hypertension (CTEPH) are life-threatening dis-
eases that are associated with poor prognoses.1,2 Endothelial dysfunc-
tion plays an important role in the pulmonary vascular remodeling
of pulmonary hypertension (PH).3 In recent years, endothelin re-
ceptor antagonists (ERAs), such as bosentan, have been shown to
improve exercise capacity in patients with PAH, and they are now
widely used in these patients.4,5

For patients with CTEPH, pulmonary endarterectomy is the cur-
rent treatment of choice, but not all patients with CTEPH are candi-
dates for this treatment. For patients with inoperable CTEPH, phar-
macologic therapy should be considered.6,7 Several uncontrolled clinical
studies suggest that oral bosentan may provide hemodynamic and
clinical benefits in patients with CTEPH.8,9 The efficacy of bosentan
in inoperable CTEPH is unknown.

Patients with PAH exhibit impaired endothelium-dependent vaso-
reactivity in conduit vessels, which appears to correlate with their de-
creased pulmonary vascular response to vasodilators.10 Flow-mediated
vasodilation (FMD) is a simple, noninvasive measure of the capacity
of the endothelium11 to respond to a sudden increase in shear stress

with smooth muscle relaxation and vasodilation. Low-dose bosentan
(125 mg/day) has been shown to mitigate FMD-diagnosed peripheral
endothelial dysfunction (PED) without affecting hemodynamic pa-
rameters or endothelial activation-related processes in scleroderma-
associated vascular injury.12

Although bosentan is effective in the treatment of PAH, few data
are available regarding the efficacy of bosentan treatment for FMD-
diagnosed PED in patients with PAH or inoperable CTEPH. Here, we
examined the effects of the oral dual ERA bosentan on endothelium-
dependent vasodilation of the brachial arteries in patients with PAH
or inoperable CTEPH.

METHODS

Study design and population
The study was conducted prospectively at Nagoya University Hos-
pital from October 2012 to May 2014. Patients 16–80 years old
who had a clinical diagnosis of PAH or inoperable CTEPH accord-
ing to the Dana Point criteria13 and who belonged to World Health
Organization functional classes (WHO-FC) II–IV were eligible for
enrollment. All patients with CTEPH were diagnosed by experi-

Address correspondence to Dr. Akihiro Hirashiki, Department of Advanced Medicine in Cardiopulmonary Disease, Nagoya University Graduate School of
Medicine, 65 Tsurumai-cho, Shouwa-ku, Nagoya 466-8560, Japan. E-mail: hirasiki@med.nagoya-u.ac.jp.

Submitted October 8, 2015; Accepted January 13, 2016; Electronically published April 7, 2016.
© 2016 by the Pulmonary Vascular Research Institute. All rights reserved. 2045-8932/2016/0602-0004. $15.00.



enced surgeons as having inoperable disease because of the location
or poor surgical accessibility of thrombi, patient age, or the presence of
comorbidities. Exclusion criteria for all patients were (1) assignment to
group 2, 3, or 5 of the Dana Point classification of PH, (2) pregnancy,
(3) serum creatinine > 2.0 mg/dL, (4) history of serious chronic
obstructive pulmonary disease or restrictive lung disease (vital ca-
pacity < 70%), (5) inability to walk without assistance, (6) PAH-
targeted therapy, such as other ERAs, phosphodiesterase 5 inhibitors,
or intravenous epoprostenol, and (7) other conditions that the
physicians-in-charge judged to contraindicate enrollment because of
concerns regarding patient safety.

According to the stated inclusion and exclusion criteria, we en-
rolled 18 patients with PAH and 8 patients with inoperable CTEPH
(WHO-FC II–IV). All patients were evaluated at study entry accord-
ing to institutional guidelines, including ventilation-perfusion scan-
ning, helical computed tomography of the chest, and pulmonary an-
giography.

The study protocol was approved by the Ethics Review Board
of Nagoya University School of Medicine (no. 1157). All partici-
pants provided their written informed consent after a physician-
in-charge explained the study objectives, study protocol, possible
adverse effects of the study drugs, measures for privacy protection,
and procedures for study withdrawal.

Study procedures
Enrolled patients received oral bosentan at a loading dose of 62.5 mg
twice daily for 4 weeks, followed by the target dose (125 mg twice
daily) thereafter. Liver function tests were performed at 4-week in-
tervals, and elevations in transaminase levels were handled accord-
ing to the guidelines in the package insert for bosentan. Patients in
WHO-FC IV with hemodynamic instability were treated immedi-
ately with intravenous epoprostenol when needed. At each clinic visit,
patients were informed regarding all available treatment options, and
all drug regimens were adjusted individually as necessary to limit
side effects.

The extracted data included the diagnosis, age, sex, body mass
index, underlying disease, WHO-FC, and laboratory data. Physio-
logic studies included electrocardiography, FMD, echocardiography,
respiratory function testing, and right heart catheterization at base-
line and (except for respiratory function testing and right heart cathe-
terization) at 3 months after entry. Hematologic parameters included
plasma brain natriuretic peptide (BNP), uric acid, blood urea ni-
trogen, serum creatinine, sodium, potassium, and liver enzymes at
baseline and every 4 weeks thereafter.

Measurement of brachial artery diameter
FMD was measured according to international standards.14 The
blood flow velocity and diameter of the brachial artery were evalu-
ated with an ultrasonography system comprising a 7.5-MHz linear
array transducer, appropriate software, and a novel stereotactic probe-
holding device (UNEX EF 18G; Unex, Nagoya, Japan).15,16 All stud-
ies were conducted between 1:00 PM and 3:00 PM. Subjects were
in a fasting state for at least 6 hours. Before FMD assessment, sub-
jects rested in the supine position in a quiet, air-conditioned room

(22°–24°C) for 30 minutes, and then imaging was initiated. The right
brachial artery was scanned in longitudinal sections from 1 to 10 cm
above the elbow, the skin surface was marked, and the arm was
kept in the same position during the study. A pneumatic cuff placed
around the forearm was inflated for 5 minutes to at least 50 mmHg
above systolic pressure. The diameter of the brachial artery was scanned
and recorded at baseline before cuff inflation and continuously from
the release point to 2 minutes after cuff deflation to obtain the max-
imal diameter during reactive hyperemia. Continuous recordings of
B-mode images and A-mode waves of the brachial artery in the longi-
tudinal plane were obtained. A segment with clear near (media-
adventitia) and far (intima–inner lumen) interfaces was manually de-
termined. These border interfaces were identified automatically by
means of the A-mode waves, and the diastolic diameter of the brachial
artery per beat was synchronized with the electrocardiographic R-wave
and tracked automatically. The diameter of the artery was measured
from one media-adventitia interface to the other at end-diastole, coin-
cident with the R-wave on the continuously recorded electrocardio-
gram.17 FMD was calculated as the maximal percentage increase in
arterial diameter during continuous measurement of arterial diameter
during the first 4.5 minutes after cuff deflation. All data were ana-
lyzed in a randomized, blinded fashion.

Statistical analysis
All data are expressed as mean ± 1 SD. Normally distributed var-
iables were compared between the PAH and CTEPH groups with
the Student t test; nonnormally distributed variables were compared
with the Mann-Whitney U test, with χ2 analysis for categorical var-
iables. To evaluate the effect of bosentan, hemodynamic parameters
at baseline and those after bosentan therapy were compared with
paired t tests. Changes from baseline in FMD between the PAH and
CTEPH groups were assessed with unpaired t tests. Correlations were
evaluated with the Pearson correlation test. All statistical analyses were
performed in the SPSS 17.0 software package (SPSS, Chicago). A
P value of <0.05 was considered statistically significant.

RESULTS

Overall, the age (mean ± 1 SD) of the patients (5 males, 21 females)
was 55 ± 10 years, their mean pulmonary arterial pressure (mPAP)
at baseline was 47 ± 12 mmHg, and their FMD was 6.02% ± 2.25%.
The sex and mean age and body mass index at baseline of patients
with PAH did not differ from those of patients with CTEPH (Ta-
ble 1). In addition, there were no significant differences in uric acid,
mPAP, pulmonary vascular resistance (PVR), mixed venous oxygen
saturation, cardiac output, or cardiac index between the two groups.
Plasma BNP levels at baseline were significantly higher (P = 0.02) in
patients with PAH than in those with CTEPH.

At 3 months after the initiation of bosentan therapy, 16 (89%)
patients with PAH and 7 (88%) patients with CTEPH were receiv-
ing the maximal dose of bosentan (125 mg twice daily), and the re-
maining patients, 2 (11%) with PAH and 1 (12%) with CTEPH, were
receiving bosentan at a dose of 62.5 mg twice daily. Bosentan was
well tolerated by all patients throughout the follow-up period, and
we did not observe cardiovascular events or drug-related liver dys-
function.
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Parameters during FMD, plasma BNP level, and tricuspid re-
gurgitation peak gradient (TRPG) at baseline and after bosentan
therapy are shown in Table 2, and the correlation between these
parameters and FMD at baseline is shown in Table 3. Briefly, base-

line FMD showed no significant correlation with any of the pa-
rameters evaluated, including PVR and plasma BNP levels, in both
the PAH and CTEPH groups. At baseline, FMD, heart rate, and
TRPG did not differ significantly between the PAH and CTEPH

Table 1. Baseline characteristics

All (n = 26) PAH (n = 18) CTEPH (n = 8) P

Age, years 55 ± 10 55 ± 7 55 ± 6 0.89

Male, no. (%) 5 (19) 4 (22) 1 (13) 0.50

BMI 24.07 ± 6.71 24.19 ± 8.02 23.84 ± 3.04 0.87

WHO-FC II/III/IV, no. 3/17/6 2/12/4 1/5/2 0.97

I/CHD/porto/CTD, no. 8/2/2/6 8/2/2/6 … …

Laboratory

BNP, median (range), pg/mL 273 (85–310) 344 (98–546) 115 (26–134) 0.02

Uric acid, mg/dL 6.8 ± 2.1 7.0 ± 2.2 6.2± 1.9 0.37

Cardiac catheterization

PAWP, mmHg 9.9 ± 3.8 10.2 ± 4.0 9.1 ± 3.3 0.46

Systolic PAP, mmHg 77 ± 21 75 ± 23 80 ± 14 0.52

Diastolic PAP, mmHg 29 ± 10 30 ± 10 26 ± 8 0.33

Mean PAP, mmHg 47 ± 12 47 ± 14 47 ± 8 0.92

PVR, Wood units 10.15 ± 6.61 10.94 ± 7.68 8.37 ± 2.78 0.23

RAP, mmHg 7.12 ± 4.07 7.11 ± 4.51 7.13 ± 3.14 0.99

SvO2, % 62.7 ± 8.4 63.5 ± 9.0 60.9 ± 6.9 0.43

Cardiac output, L/min 4.46 ± 1.70 4.34 ± 1.92 4.69 ± 1.31 0.60

Cardiac index, L/min/m2) 2.76 ± 0.90 2.72 ± 0.96 2.86 ± 0.86 0.71

Note: Unless otherwise noted, data are mean ± SD. BMI: body mass index; BNP: brain natriuretic peptide; CTEPH: chronic thromboem-
bolic pulmonary hypertension; I/CHD/porto/CTD: idiopathic PAH/PAH with congenital heart disease/portopulmonary PAH/PAH with
collagen tissue disease; PAH: pulmonary arterial hypertension; PAP: pulmonary arterial pressure; PAWP: pulmonary artery wedge pressure;
PVR: pulmonary vascular resistance; RAP: right atrial pressure; SvO2: mixed venous oxygen saturation; WHO-FC: Word Health Organiza-
tion functional class.

Table 2. Parameters during FMD measurements, BNP, and TRPG at baseline and after bosentan treatment

PAH CTEPH
P (PAH vs. CTEPH,

unpaired t)

Baseline
After

bosentan
P

(paired t) Baseline
After

bosentan
P

(paired t) Baseline
After

bosentan

FMD, % 6.01 ± 2.42 8.07 ± 3.18 <0.001 6.04 ± 1.95 6.21 ± 3.15 0.910 0.98 0.193

Heart rate, bpm 82.2 ± 14.8 81.3 ± 15.8 0.884 81.3 ± 15.8 72.8 ± 10.9 0.111 0.88 0.134

Systolic BP, mmHg 108.3 ± 19.4 109.4 ± 19.7 0.831 124.6 ± 12.2 131.1 ± 22.3 0.562 0.017 0.035

Diastolic BP, mmHg 72.2 ± 14.0 69.3 ± 9.6 0.634 82.6 ± 8.4 74.6 ± 7.4 0.057 0.031 0.138

BNP, pg/mL 344 ± 354 249 ± 315 0.046 115 ± 109 116 ± 141 0.976 0.021 0.150

TRPG, mmHg 77.7 ± 25.5 68.4 ± 23.5 0.123 74.9 ± 23.7 67.3 ± 26.8 0.332 0.794 0.922

Note: Data are mean ± SD. BNP: brain natriuretic peptide; BP: blood pressure; CTEPH: chronic thromboembolic pulmonary hyper-
tension; FMD: flow-mediated vasodilation; PAH: pulmonary arterial hypertension; TRPG: tricuspid regurgitation peak gradient.
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groups, but systolic and diastolic blood pressures were significantly
lower in the PAH group than in the CTEPH group. After bosentan
treatment, FMD did not differ between the PAH and CTEPH groups,
and systolic blood pressure remained significantly lower (P = 0.035)
in patients with PAH. Systolic and diastolic blood pressures, heart
rate, and TRPG at baseline did not differ from those after bosentan
treatment in both the PAH and CTEPH groups. Plasma BNP level
was significantly decreased after bosentan treatment in patients with
PAH (P = 0.046) but not in those with CTEPH. FMD increased after
bosentan treatment in patients with PAH (baseline: 6.01% ± 2.42%;
after 3 months: 8.07% ± 3.18%; P < 0.0001) but not in those with
CTEPH (baseline: 6.04% ±1.95%; after 3 months: 6.21% ± 3.15%;
P = 0.91; Fig. 1).

We compared the bosentan-associated improvement in FMD
in the subgroups of patients who had PAH with collagen tissue dis-
ease (CTD), PAH associated with other comorbidities, or idiopathic
PAH (Fig. 2). The improvement in FMD was similar between PAH
with and without CTD. FMD significantly increased after bosentan
treatment in patients with idiopathic PAH or PAH associated with
other comorbidities (n = 12; baseline [mean ± SEM]: 5.78% ± 0.20%;
after 3 months: 7.68% ± 0.23%; P < 0.001) and in those in which
PAH was associated with CTD (n = 6; baseline: 6.48% ± 0.43%; after
3 months: 8.83% ± 0.68%; P = 0.023).

DISCUSSION

Twice-daily treatment with the oral dual ERA bosentan significantly
increased FMD in our patients with PAH but not in those with in-
operable CTEPH. In addition, FMD was not associated with the se-
verity of PAH, in terms of PVR and plasma BNP. Taken together,
these data show that bosentan improves peripheral endothelial func-
tion in patients with PAH but not in those with CTEPH.

Effect of bosentan on peripheral endothelial function
in PAH compared with that in CTEPH
In this study, baseline hemodynamic parameters (determined through
right heart catheterization) did not differ between the PAH and CTEPH
groups. In addition, neither group of patients showed clinical pro-
gression of disease during the 3-month follow-up period. How-
ever, bosentan therapy increased FMD from baseline levels in patients
with PAH but not in those with CTEPH. In addition, the improve-
ment in FMD was similar between PAH patients with CTD and those
without.

The precise mechanisms underlying the endothelial dysfunction
in patients with PAH or CTEPH remain unknown. Increasing evi-
dence indicates that oxidative stress plays an important role in the
mechanisms of endothelial dysfunction in cardiovascular diseases.18

For example, patients with PH show altered production of various
endothelial vasoactive mediators, including nitric oxide (NO), pros-
tacyclin, endothelin 1, serotonin, and thromboxane.3

In accordance with our results, Wolff et al.10 described the
iloprost-associated alleviation of impaired peripheral endothelial
function in severe idiopathic PAH. In contrast to bosentan’s lack
of effect, the favorable effects of sildenafil in CTEPH may involve
the improvement of endothelial function.19 Our results suggest that
the effect of bosentan on peripheral endothelial function might de-
pend on the etiology underlying the PH, but additional investiga-
tion is needed to confirm this hypothesis.

FMD measures the NO-dependent vasodilatation of the bra-
chial artery in response to shear stress due to reperfusion after
temporary restriction of blood flow. The dependence on NO is
depleted in both the pulmonary vascular bed20 and the systemic
circulation21 in patients with idiopathic PAH. Surprisingly, FMD
did not reflect the severity of the baseline hemodynamic state in
either PAH or CTEPH in our study. Similarly, Wolff et al.10 found
no association between endothelial dysfunction and hemodynamic
measurements, but the peripheral endothelium–dependent vasore-
activity correlated with the pulmonary vascular response to in-
haled iloprost in idiopathic PAH. In contrast, Peled et al.22 showed
a weak correlation between mPAP and the peripheral arterial tone

Table 3. Correlation between various parameters and flow-mediated
vasodilation (FMD)

PAH CTEPH

r P r P

Age, years −0.447 0.063 −0.266 0.524

Systolic BP, mmHg −0.311 0.209 0.297 0.476

Heart rate, bpm −0.062 0.807 0.272 0.514

BMI 0.380 0.120 −0.444 0.270

Mean PAP, mmHg 0.072 0.785 0.036 0.932

Cardiac index 0.309 0.213 0.180 0.669

Plasma BNP, pg/mL −0.225 0.370 −0.329 0.426

SvO2, % 0.068 0.801 −0.359 0.382

PVR, Wood units −0.040 0.875 −0.188 0.655

Note: BMI: body mass index; BNP: brain natriuretic peptide;
BP: blood pressure; CTEPH: chronic thromboembolic pulmonary
hypertension; PAH: pulmonary arterial hypertension; PAP: pulmo-
nary arterial pressure; PVR: pulmonary vascular resistance; SvO2,
mixed venous oxygen saturation

Figure 1. Flow-mediated vasodilation (FMD) in individual patients
with pulmonary arterial hypertension (PAH; left) or inoperable
chronic thromboembolic pulmonary hypertension (CTEPH; right)
before (baseline) and after 3 months of treatment with bosentan.
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ratio by measuring the dilatation response in forearm blood flow
after brachial arterial occlusion during noninvasive plethysmog-
raphy. In our study, the plasma BNP level was decreased after
bosentan treatment in patients with PAH but not in those with
CTEPH. We were unable to determine whether the difference in
the effects of bosentan between PAH and CTEPH was related to
the underlying pathoetiology of the disease or the degree of hemo-
dynamic improvement in individual cases. Further investigation is
needed to resolve this issue. Our patients’ FMD values were dis-
cordant with the severity of PAH before the treatment. However,
our observations suggest that the posttreatment increase in FMD
was associated with hemodynamic improvement in patients with PAH,
such that serial observation of FMD might be a useful marker of
therapeutic effects.

Current treatment for PAH and inoperable CTEPH
The current treatment algorithms for PAH23,24 recommend an
ERA or a phosphodiesterase type 5 inhibitor as the initial treat-
ment for PAH of WHO-FC II or III. Bosentan became available in
Japan in 2005 and since then has been used as a front-line therapy
for Japanese patients with PAH. Despite this prolonged usage, the
therapeutic effect of bosentan on PED as measured by FMD is poorly
understood in both PAH and CTEPH.

On the other hand, riociguat has a dual mode of action, acting
both in synergy with endogenous NO and by directly stimulating
soluble guanylate cyclase independently of NO availability.25,26 Al-
though riociguat improved exercise capacity and PVR in patients
with PAH27 and CTEPH,28 the utility of other PAH-targeted drug
therapies in inoperable CTEPH is currently unknown. In one study
of PAH, PVR decreased over time with bosentan therapy but in-
creased in the placebo group.29 The only randomized, placebo-
controlled clinical trial of the safety and efficacy of targeted medical

treatment with bosentan for CTEPH (the BENEFiT trial) revealed
a significant drop in PVR but no change in the 6-minute walking
distance, WHO-FC, or time to clinical worsening in patients with
inoperable CTEPH who received bosentan for a 16-week period.30

In a meta-analysis and review, bosentan therapy was associated
with improvements in the hemodynamics and exercise capacity of
patients with CTEPH.7 The differences between bosentan and
riociguat in CTEPH suggest that the NO-soluble guanylate cyclase–
cyclic guanosine monophosphate pathway has a role in the patho-
logic features underlying CTEPH, including impairments in NO-
mediated production of endogenous cyclic guanosine monophosphate
and in progressive remodeling of the remaining perfused areas of
the pulmonary vascular bed.31,32 Investigations into the efficacy of
new PAH-targeted therapies, such as the soluble guanylate cyclase
stimulator riociguat, for PED in CTEPH are needed. The effect of
bosentan on PED in CTEPH had been unknown until this study,
which showed that bosentan does not reduce PED in inoperable
CTEPH. However, our study has several limitations, including a
small patient population and a brief follow-up period. In addition,
controlled data on mortality and time to clinical worsening in our
patients with PAH and CTEPH are needed.

Conclusion
Bosentan therapy improved FMD in patients with PAH but not
those with inoperable CTEPH. In addition, FMD was not corre-
lated with PAH severity. Therefore, FMD is useful for assessing
the effects of therapeutics on peripheral endothelial function in
patients with PAH. Additional investigations are needed to con-
firm our results.
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