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Abstract
In translational models of pulmonary arterial hypertension (PAH), spironolactone improves
cardiopulmonary hemodynamics by attenuating the adverse effects of hyperaldosteronism on
endothelin type-B receptor function in pulmonary endothelial cells. This observation suggests that
coupling spironolactone with inhibition of endothelin type-A receptor—mediated pulmonary
vasoconstriction may be a useful treatment strategy for patients with PAH. We examined clinical
data from patients randomized to placebo or the selective endothelin type-A receptor antagonist
ambrisentan (10 mg/day) and in whom spironolactone use was reported during ARIES-1 and -2,
which were randomized, double-blind, placebo-controlled trials assessing the effect of
ambrisentan for 12 weeks on clinical outcome in PAH. From patients randomized to placebo (n =
132) or ambrisentan (n = 67), we identified concurrent spironolactone use in 21 (15.9%) and 10
(14.9%) patients, respectively. Compared with patients treated with ambrisentan alone (n = 57),
therapy with ambrisentan D spironolactone improved change in 6-minute walk distance by 94% at
week 12 (mean ± SE, +38.2 ± 8.1 vs +74.2 ± 27.4 m, p = 0.11), improved plasma B-type
natriuretic peptide concentration by 1.7-fold (p = 0.08), and resulted in a 90% relative increase in
the number of patients improving ≥1 World Health Organization functional class (p = 0.08).
Progressive illness, PAH-associated hospitalizations, or death occurred as an end point for 5.3% of
ambrisentan-treated patients; however, no patient treated with ambrisentan + spironolactone
reached any of these end points. In conclusion, these pilot data suggest that coupling
spironolactone and endothelin type-A receptor antagonism may be clinically beneficial in PAH.
Prospective clinical trials are required to further characterize our findings.
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The potential contribution of aldosterone to the pathobiology of pulmonary artery
hypertension (PAH) has been suggested by several groups,1–3 although the clinical
consequences of aldosterone inhibition with spironolactone in patients with PAH remain
unresolved.4,5 We have demonstrated recently that aldosterone levels are increased
significantly in the pulmonary arterial circulation of patients with PAH; and in experimental
animal models of PAH, this modulates pulmonary vascular dysfunction by inhibiting
endothelin type-B receptor—dependent synthesis of nitric oxide.6 This observation suggests
that coupling therapies that inhibit endothelin type-A receptor—mediated pulmonary
vasoconstriction with spironolactone may be a useful strategy to treat PAH (Figure 1). To
test this hypothesis, we retrospectively analyzed the Pulmonary Arterial Hypertension,
Randomized, Double-Blind, Placebo-Controlled, Multicenter, Efficacy Study 1 (ARIES-1)
and Study 2 (ARIES-2)7 to determine if treatment with spironolactone influenced the
efficacy of the selective endothelin type-A receptor antagonist ambrisentan on the
predetermined study end points.

Methods
Patients with World Health Organization (WHO) group I PAH who had received treatment
in the randomized, placebo-controlled phase III trials ARIES-1 (n = 201) and ARIES-2 (n =;
192) were eligible for analysis. The full methods and results for both studies have been
reported previously.7,8 Patients received for 12 weeks either placebo or the selective
endothelin type-A receptor antagonist ambrisentan at 5 or 10 mg/day orally in ARIES-1 or
2.5 or 5 mg/day orally in ARIES-2. The primary end point for both studies was the change
from baseline in the 6-minute walk distance (6-MWD) at week 12. The secondary end points
included in the study that were relevant to the current analysis included plasma B-type
natriuretic peptide (BNP) concentration, change in WHO functional class, and total clinical
worsening events, which were a composite of PAH-associated hospital admissions, early
study termination due to rapidly progressive illness (see the study by Galiè et al7 for early
escape criteria) and death.

To determine retrospectively the effect of ambrisentan + spironolactone on outcome in PAH,
we accessed the ARIES-1 and ARIES-2 database to identify patients randomized to either
placebo or ambrisentan and reported concurrent spironolactone use at any dose.
Consideration of patients for inclusion in the spironolactone treatment groups in the current
analyses was based on the following criteria achieved during the course of the original
ARIES trial: (1) the duration of spironolactone use was for ≥28 days, (2) spironolactone
therapy was initiated before study enrollment or ≤28 days after the first dose of ambrisentan/
placebo, and (3) discontinuation of spironolactone did not occur within 28 days before the
final ambrisentan/placebo dose. We elected to study patients receiving the maximum trial
dose of ambrisentan (10 mg/day, n = 67) to test our hypothesis, because it was at this
treatment dose that ambrisentan induced the strongest clinical and hemodynamic effects in
the ambrisentan development program.7,9

The demographic and baseline characteristics were summarized by treatment group
(placebo, spironolactone, ambrisentan [10 mg/day, without concurrent spironolactone use],
ambrisentan [10 mg/day] + spironolactone) and differences among treatment groups were
analyzed using the Student t test for most continuous variables. The Wilcoxon rank sum test
was used to analyze differences among treatment groups for WHO functional class as well
as study drug and spironolactone dosing comparisons, and Fisher’s exact test was used for
categorical variables. Plasma BNP concentrations were summarized with logarithmic
transformation. The change from baseline in WHO functional class is presented
categorically and was analyzed with a 7-point scale: −3 to −1 is improved, 0 is no change,
and +1 to +3 is deterioration as reported previously.7 The last observation carried forward
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approach was used for 6-MWD and WHO functional class. Only the patients with both a
baseline and week-12 value were included in the BNP geometric mean ratio (GMR)
analysis, which is a comparison of the geometric mean BNP at week 12 relative to the
geometric mean BNP at baseline. To determine if accounting for spironolactone use in this
study influenced the effect of ambrisentan on the primary and secondary end points as
observed in the original ARIES trial, differences between placebo versus ambrisentan or
ambrisentan + spironolactone were assessed before analyzing differences between the
ambrisentan and ambrisentan + spironolactone treatment groups. For all analyses, p <0.05
was considered significant. No adjustments were made for multiple comparisons.

Results
Of patients randomized to placebo (n = 132) or ambrisentan 10 mg/day (n = 67), concurrent
spironolactone use was identified for 21 (15.9%) and 10 (14.9%) patients, respectively.
Compared with ambrisentan alone (n = 57), patients in the ambrisentan + spironolactone
group (n = 10) were more likely to have WHO functional class III/IV and tended to have
worse baseline 6-MWD, pulmonary vascular resistance, and plasma BNP concentration,
although no clinically meaningful differences between treatment groups were observed with
respect to patient demographics, Borg Dyspnea index, cardiac index, or right atrial pressure
(Table 1).

The dose, duration, and clinical indication for spironolactone therapy are listed in Tables 2
and 3. Spironolactone therapy was initiated after the start of the ARIES trial date for 2
patients in the ambrisentan + spironolactone group (day 15 and 21) and for 2 patients in the
spironolactone group (day 9 and 29), and the start date of spironolactone therapy was before
ARIES but unknown for 2 patients in the spironolactone group. Spironolactone therapy
initiation for the remaining patients in the spironolactone (n = 17) and ambrisentan +
spironolactone (n = 8) groups occurred well in advance of patients’ first ARIES trial date
and did not differ significantly between groups. In both placebo (n = 21) and ambrisentan (n
= 10) conditions, spironolactone therapy was reported for ≥96% of ARIES drug days, and
no significant difference was observed for mean ± SD daily spironolactone dose between
groups. Of patients in the ambrisentan-only condition (n = 57), 6 patients (10.5%) identified
as spironolactone users did not meet the criteria for inclusion in the ambrisentan +
spironolactone condition. For these patients, the first dose of spironolactone therapy
occurred at a mean ± SD of 38 ± 13 days after ARIES drug initiation, and the mean ± SD
duration of spironolactone use in these patients was 21 ± 22 days, which spanned 29 ± 24%
of the ARIES drug days.

We first analyzed the change in 6-MWD from baseline between placebo and ambrisentan-
treated patients. We observed that compared with placebo, ambrisentan improved 6-MWD
at week 4 (mean ± SE: +17.5 ± 5.6 m), week 8 (+32.8 ± 7.1 m), and week 12 (+38.2 ± 8.1
m), whereas a −12.1 ± 8.5 m decrease in 6-MWD was observed at week 12 for placebo-
treated patients (p <0.01 at week 12). Similarly, we observed that compared with placebo,
patients treated with ambrisentan + spironolactone demonstrated a significantly improved
change in 6-MWD from baseline at week 4 (mean ± SE: +59.9 ± 22.2 m), week 8 (+66.3 ±
31.9 m), and week 12 (+74.2 ± 27.4 m, p <0.01). Collectively, these trends agree with
findings reported in the ARIES-1 and ARIES-2 trials, and indicate that the effect of
ambrisentan on the predetermined primary end point was not contingent on concurrent
treatment with spironolactone. We next analyzed the effect of spironolactone on change in
6-MWD from baseline in ambrisentan-treated patients. We observed that ambrisentan +
spironolactone therapy patients outperformed ambrisentan-treated patients at each measured
time point, ultimately achieving a peak change in 6-MWD distance at week 12 (mean ± SE,
+59.9 ± 22.2 vs +17.5 ± 5.6 m [week 4], +66.3 ± 31.9 vs +32.8 ± 7.1 m [week 8], +74.2 ±
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27.4 vs +38.2 ± 8.1 m [week 12], p = 0.11 at week 12; Figure 2), which was associated with
a +13.6 m difference in the absolute 6-MWD at week 12 (383.0 ± 12.3 vs 396.6 ± 26.3 m).

Compared with the placebo group (n = 83), in which a 7% increase in the GMR for week 12
relative to baseline BNP levels was observed, we found a 39% decrease in GMR (p <0.01)
and 66% decrease in GMR (p <0.01) for ambrisentan patients (n = 43) and ambrisentan +
spironolactone therapy patients (n = 10), respectively. Although total plasma BNP levels
were similar at week 12 between the ambrisentan and ambrisentan + spironolactone
treatment groups (geometric mean [95% confidence interval, CI] 70.4 [49.6, 99.9] vs 80.9
[33.6, 194.4]), we attributed this finding largely to the substantially different BNP levels
between these 2 groups at baseline (geometric mean (95% CI) 114.9 [74.8, 176.5] vs 236.7
[81.5, 687.4]). Thus, we next investigated if ambrisentan + spironolactone therapy was
associated with a change from baseline in BNP concentration that was directionally similar
to improvements mediated by ambrisentan + spironolactone in change from baseline 6-
MWD. Indeed, we observed a trend at week 12 in which ambrisentan + spironolactone
induced a 1.7-fold improvement in BNP levels compared with ambrisentan alone, with a
decrease in the geometric mean by 39% for ambrisentan (GMR (95% CI) 0.61 [0.48, 0.79]
compared with a 66% decrease for ambrisentan + spironolactone [GMR (95% CI)] 0.34
[0.13, 0.89], p = 0.08; Figure 3). Taken together, these data suggest a potential treatment
advantage in PAH with ambrisentan + spironolactone therapy compared with ambrisentan
alone as assessed by improvements to exercise tolerance and biochemical evidence of
pulmonary hypertension severity.

Improvements in 6-MWD and plasma BNP levels in the ambrisentan + spironolactone
therapy group were associated with an attendant improvement in WHO functional
classification. Compared with placebo (in which 21.6% of patients improved by ≥1 WHO
functional class at week 12), we observed an improvement in functional status at week 12
for 50.0% (p = 0.01) of patients in ambrisentan + spironolactone therapy group (n = 10) and
26.3% (p = 0.07) of patients in the ambrisentan group (n = 57; Figure 4). Importantly, a
90.1% relative increase in the number of patients that improved by ≥1 WHO functional class
at week 12 was observed for ambrisentan + spironolactone compared with ambrisentan
therapy alone (p = 0.08), which is consistent with our observations for 6-MWD and change
in BNP level. Moreover, in contrast to the ambrisentan-treated patients, in which clinical
worsening was observed by virtue of total predetermined clinical worsening events (5.3%),
PAH-associated hospitalizations (3.5%), escape criteria (3.5%), study withdrawal because of
addition of other PAH therapeutic agents (1.8%), and death (1.8%), no patient in the
ambrisentan + spironolactone group met criteria for any of these predetermined end points.

Discussion
Despite increasing evidence implicating the involvement of vasoactive hormones such as
aldosterone in the pathophysiology of PAH,2,6,10–12 reports on the clinical application of
aldosterone antagonists in this disease are limited to only individual patients.3,13 This study
represents the first report describing data collected systematically in patients with PAH for
whom spironolactone was identified as part of the therapeutic profile.

Akin to ARIES-1 and ARIES-2, we observed that ambrisentan treatment improved 6-MWD
and other clinical outcome measures in patients with PAH, which was not contingent on
concomitant therapy with spironolactone. Our findings demonstrate a trend toward further
improvement in 6-MWD and BNP concentration in patients randomized to ambrisentan (10
mg/day) and in whom spironolactone therapy was reported during the ARIES trial.
Importantly, this trend was internally consistent across all of the clinical outcome measures
available for analysis and occurred despite evidence to suggest that at baseline, patients in
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the ambrisentan + spironolactone therapy group tended to have a greater functional capacity
limitation, biochemical evidence of worse congestive heart failure, and more severe
pulmonary vascular remodeling. In contrast, spironolactone treatment was not associated
with a clinically meaningful improvement for any outcome measure in the placebo
condition. This finding is consistent with the contemporary hypothesis that (1) clinical
expression of PAH is because of numerous aldosterone-independent pathobiologic
mechanisms and (2) single-drug regimens are often insufficient for the treatment of PAH in
clinical practice.14,15 In contrast, these data provide a series of pilot clinical observations in
support of our earlier biological hypothesis identifying the aldosterone-endothelin-receptor
axis as a modifiable contributor to PAH pathobiology (Figure 1).

Conclusions from this work are subject to the traditional limitations inherent to all
retrospective studies, particularly with respect to selection and historical biases.
Additionally, several other important limitations specific to this work merit consideration.
Most prominently, the number of patients eligible for analysis in the ambrisentan +
spironolactone therapy group was low, thereby potentially confounding treatment effects
between groups with respect to clinical event rates and continuously measured variables.
However, low patient enrollment is common in PAH clinical trials because of the
infrequency of this disease; in fact, sample size for each group in this study compares
favorably to other published reports on PAH with similar study design.16-19 Nevertheless,
due, in part, to the low number of patients in this study, sufficiently powered, prospective,
randomized clinical trials are required to accurately characterize the effect of aldosterone
inhibition on outcome in patients with PAH.

An additional limitation to this work was that plasma aldosterone levels were not analyzed.
Therefore, the possibility exists that unmeasured factors, including drug therapies other than
spironolactone, contributed to our findings. Along these lines, spironolactone promotes
(mild) natriuresis, which is associated with improved functional capacity in patients with
PAH and elevated BNP.15 Therefore, diuresis by spironolactone, rather than attenuation of
pulmonary vascular dysfunction, cannot be excluded as a rationale by which to account for
our findings. Indeed, changes in jugular venous pressure or the degree of lower extremity
edema, which would be valuable for assessing the diuretic effect of spironolactone, were not
available for analysis in this study. Furthermore, the potentially adverse effect of
spironolactone on changes to electrolyte concentrations, particularly potassium homeostasis
in patients with chronic renal insufficiency,20,21 is an important consideration for the use of
spironolactone, but that was not assessed in the current analysis.

Our observation that ARIES patients who were prescribed spironolactone generally
demonstrated worse baseline functional class and biochemical evidence of more severe
right-sided heart failure raises the possibility that spironolactone use is potentially a marker
for PAH disease severity. Thus, an important alternative explanation for our results is that
the clinical response observed in patients treated with ambrisentan + spironolactone reflects
enhanced therapeutic efficacy of ambrisentan in patients with more severe PAH. Consistent
with the proof-of-principle rationale of this study, we elected to study patients randomized
to ambrisentan at the maximally effective dose tested in the original ARIES trials.
Therefore, the applicability of our observations to submaximal ambrisentan doses or to
patients outside of an organized clinical trial was not tested.
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Figure 1.
Schematic representation of the biological hypothesis supporting combination
spironolactone (SPIRO) plus endothelin type-A receptor (ETA) antagonism for the treatment
of PAH. Stimulation of pulmonary smooth muscle cells (PSMC) ETA and endothelin type-B
receptor (ETB) are the major and minor signaling pathways, respectively, that modulate
endothelin-1 (ET-1)-dependent pulmonary vasoconstriction in PAH. In contrast, pulmonary
artery endothelial cell (PAEC) ETB stimulation by ET-1 promotes pulmonary vasodilation.
In PAH, hyperaldosteronism is associated with a pulmonary vasculopathy that is due, in
part, to increased oxidant stress levels that inhibits ETB function. Therefore, 2 potential
treatment targets within the aldosterone-endothelin receptor axis are exposed: ETA to inhibit
the major pulmonary vasoconstrictor pathway and the mineralocorticoid receptor (MR) to
preserve ETB-dependent vasodilation.
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Figure 2.
Change frombaseline in the 6-MWD. Mean±SE change from baseline in the 6-MWD at
week 4, 8, and 12 in the placebo (n = 111), spironolactone (n = 21), ambrisentan (10 mg/
day, n = 57), and ambrisentan + spironolactone (n = 10) treatment groups. p Values reflect
comparisons among groups at week 12.
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Figure 3.
The effect of treatment on BNP concentrations. The percent change at week 12 from
baseline in geometric mean plasma BNP concentration with 95% CIs are presented for
patients in the placebo (n = 83), spironolactone (SPIRO, n = 12), ambrisentan (10 mg/day, n
= 43), and ambrisentan + spironolactone (n = 10) treatment groups.
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Figure 4.
The effect of treatment on World Health Organization (WHO) functional class. The
percentage of patients in whom an improvement by ≥1 WHO functional class is reported at
week 4, 8, and 12 for the placebo (n = 111), spironolactone (n = 21), ambrisentan (10 mg/
day, n = 57), and ambrisentan + spironolactone (n = 10) treatment groups.
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Table 1

Baseline patient characteristics

Variable Placebo Ambrisentan (10 mg/day) p

−SPIRO (n = 111) +SPIRO (n = 21) −SPIRO (n = 57) +SPIRO (n = 10)

Age (yrs) 50 (18–81) 47 (27–69) 50 (18–78) 47 (24–78) 0.58

Women 87 (78.4%) 16 (76.2%) 45 (78.9%) 8 (80.0%) 1.00

Race

 Caucasian 84 (75.7%) 16 (76.2%) 35 (61.4%) 9 (90.0%) 0.15

 Black 4 (3.6%) 0 2 (3.5%) 1 (10.0%)

 Asian 4 (3.6%) 0 1 (1.8%) 0

 Hispanic 19 (17.1%) 5 (23.8%) 17 (29.8%) 0

 Other 0 0 2 (3.5%) 0

Pulmonary arterial hypertension origin

 Primary pulmonary hypertension 66 (59.5%) 19 (90.5%) 34 (59.6%) 7 (70%) 0.73

 Nonprimary pulmonary hypertension
  (CTD; HIV; Anorexigen) 45 (40.5%) 2 (9.5%) 23 (40.4%) 3 (30%)

Baseline WHO functional class

 I 4 (3.6%) 0 2 (3.5%) 0 0.31

 II 40 (36.0%) 7 (33.3%) 20 (35.1%) 2 (20%)

 III 55 (58.6%) 13 (61.9%) 31 (54.4%) 5 (50%)

 IV 2 (1.8%) 1 (4.8%) 4 (7.0%) 3 (30%)

Borg dyspnea index 3.8 ± 2.1 4.3 ± 2.4 3.8 ± 2.1 3.8 ± 2.1 0.95

6-MWD (m) 346.7 ± 75.3 318.9 ± 97.7 344.8 ± 79.0 322.3 ± 74.9 0.41

Cardiac index (L/min/m2) 2.4 ± 0.8 2.4 ± 0.8 2.6 ± 0.7 2.4 ± 0.8 0.44

Pulmonary vascular resistance (Wood units) 11.3 ± 6.8 12.6 ± 7.2 10.8 ± 5.7 14.5 ± 6.0 0.07

Mean pulmonary artery pressure (mm Hg) 49.7 ± 14.2 57.0 ± 12.7 50.4 ± 15.5 57.4 ± 19.0 0.21

Mean right atrial pressure (mm Hg) 7.5 ± 4.8 9.4 ± 5.9 8.8 ± 5.0 11.2 ± 8.7 0.22

Plasma B-type natriuretic peptide (ng/L) 130.8 (99.1–172.7) 142.4 (78.9–257.2) 131.7 (88.0–197.2) 236.7 (81.5–687.4) 0.24

Values are mean ± SD as appropriate, except for age, which is reported as mean and range. Values for plasma B-type brain natriuretic peptide are
geometric mean (95% CI). p Values compare ambrisentan (n = 49 for BNP, n = 54 for pulmonary vascular resistance and mean right atrial
pressure, n = 55 for cardiac index, and n = 57 for other variables) and ambrisentan + spironolactone (n = 10) treatment groups. p Value for race
compares Caucasian and non-Caucasian. p Value for WHO functional class compares I/II and III/IV.

CTD = connective tissue disease; HIV = human immunodeficiency virus; SPIRO = spironolactone; WHO = World Health Organization.
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Table 2

Spironolactone therapy characteristics

Treatment Characteristic Spironolactone Treatment Condition p

Placebo, n = 21 (SD) Ambrisentan, n = 10 (SD)

Number of days on SPIRO therapy before ARIES drug initiation 294 (352)* 280 (312)
† 0.68

Number of ARIES drug days 80 (15) 85 (3) 0.93

Number of days on study drug in ARIES in which SPIRO was prescribed 78 (16) 81 (8) 0.93

% ARIES days that patients were prescribed SPIRO 97 (8) 96 (9) 0.64

Daily SPIRO dose (mg/day) 39 (15) 31 (12) 0.17

Values are provided as mean (SD).

SPIRO = spironolactone.

*
n = 17.

†
n = 8.
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Table 3

Clinical indications reported for spironolactone use during the ARIES trial

Clinical Indication
for Spironolactone* Spironolactone Treatment Condition

Placebo
(n = 21)

Ambrisentan
(n = 10)

Pulmonary hypertension 14 7

Edema or prevention of edema 6 5

RV failure 4 3

Electrolyte imbalance 1 0

RV = right ventricle.

*
Patients may report >1 indication.
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