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WHAT IS ALREADY KNOWN ABOUT

elevated serum creatinine (sCr) and/or low
estimated glomerular filtration rate (eGFR),
is associated with poorer outcomes in pa-
tients with pulmonary arterial hyperten-
sion (PAH).

• Therapies for PAH, including sildenafil,

patients but the relationship of this
improvement with kidney function is
poorly characterized.

WHAT THIS STUDY ADDS
• In a post hoc examination of the randomized,
controlled SUPER-1 study, sildenafil treat-
ment was associated with improved kidney
function in patients with PAH.

• Improved kidney function was associated
with improved exercise and functional
capacity, reduced risk of clinical
worsening, and a trend towards reduced
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THIS SUBJECT
• Impaired kidney function, manifested as
 AIM

Elevated serum creatinine (sCr) and low estimated glomerular filtration
rate (eGFR) are associated with poor outcomes in patients with
pulmonary arterial hypertension (PAH) whereas sildenafil treatment
improves PAH outcomes. This post hoc analysis assessed the effect of
sildenafil on kidney function and links with clinical outcomes including
6-min walk distance, functional class, time to clinical worsening and
survival.
improve clinical outcomes for affected

METHODS
Patients with PAH received placebo or sildenafil 20, 40 or 80 mg three
times daily in the SUPER-1 study and open-label sildenafil titrated to
80 mg three times daily (as tolerated) in the extension study.
RESULTS
Baseline characteristics were similar among groups (n = 277). PAH was
mostly idiopathic (63%) and functional class II (39%) or III (58%). From
baseline to week 12, kidney function improved (increased eGFR,
decreased sCr) with sildenafil and worsened with placebo. In univariate
logistic regression, improved kidney function was associated with
significantly improved exercise and functional class (odds ratios 1.17
[95% CI 1.01, 1.36] and 1.21 [95% CI 1.03, 1.41], respectively, for sCr
and 0.97 [95% CI 0.94, 0.99] and 0.97 [95% CI 0.94, 0.99] for eGFR, all
P < 0.05). In patients who maintained or improved kidney function,
time to worsening was significantly delayed (P < 0.02 for both
kidney parameters). Observed trends towards improved survival
were not significant. Patients with eGFR <60 (vs. ≥60) ml min–1

1.73 m–2 appeared to have worse survival.

mortality.
CONCLUSIONS
Sildenafil treatment was associated with improved kidney function in
patients with PAH, which was in turn associated with improved
exercise capacity and functional class, a reduced risk of clinical
worsening, and a trend towards reduced mortality.
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Figure 1
Patient flow. TID 3 times daily
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Introduction

Pulmonary arterial hypertension (PAH) is an uncommon
and fatal disease in which increasing pulmonary vascular
resistance ultimately culminates in right ventricular
failure and death [1]. Mildly elevated serum creatinine
(sCr) concentration and/or low estimated glomerular fil-
tration rate (eGFR; <60 ml min–1 1.73 m–2) are present
in 12%–27% of patients with PAH and are associated with
poor outcomes [2–4].

Sildenafil is a phosphodiesterase type 5 inhibitor that
is approved for the treatment of PAH. In the 12 week
Sildenafil Use in Pulmonary Arterial Hypertension (SUPER-1)
study, sildenafil significantly improved 6-min walk
distance (6MWD) compared with placebo in patients
with World Health Organization (WHO) group I PAH [5].
SUPER-1 patients were eligible to enroll in a long-term
extension study (SUPER-2) [6].

Because sildenafil treatment improved outcomes in
PAH patients, and mildly elevated sCr and/or low eGFR
is associated with poor outcomes in patients with PAH,
this post hoc analysis assessed the effect of sildenafil on
changes in these measures of kidney function in
patients enrolled in SUPER-1. Additionally, we assessed
the relationships between changes in kidney function
parameters and 6MWD, WHO functional class and time-
to-clinical worsening (TTCW) in SUPER-1 and survival in
SUPER-2. The hypotheses were that sildenafil would
improve kidney function and that improved kidney
function would lead to improved clinical outcomes
(including 6MWD, functional class, TTCW and survival).
The sCr results were previously reported in the form of
an abstract [7].
Methods

Study design
In the multicentre, randomized, double-blind SUPER-1
study [5], patients ≥18 years of age, with symptomatic
PAH that was mostly WHO functional class II or III, and
with 6MWD ≥100 and ≤450 m, received placebo or
sildenafil 20, 40 or 80 mg three times daily. sCr, 6MWD,
WHO functional class and TTCW were assessed at base-
line and week 12 in SUPER-1. Clinical worsening was
defined as death, lung transplantation, hospitalization
for PAH or initiation of additional therapies for PAH
(including prostacyclin or bosentan therapy).

In SUPER-2 [6], patients received open-label sildenafil
titrated to 80 mg three times daily (as tolerated). Survival
was tracked until the last enrolled patient had received
3 years of sildenafil treatment (Figure 1).

As previously reported, local institutional review boards
or independent ethics committees approved the SUPER-1
[5] and SUPER-2 [6] protocols andwritten informed consent
was obtained from all patients in each trial.
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Statistical analysis
Analyses of sCr and eGFR were conducted post hoc. eGFR
was calculated using the Modification of Diet in Renal
Disease equation [8]. Between-treatment differences,
95% CIs and P values for change from baseline to 12 weeks
in kidney function measurements were obtained from a
parametric analysis of covariance with treatment as a factor
and baseline value as the covariate. Changes in kidney
function measurements from baseline to 12 weeks were
plotted against changes from baseline to 12 weeks in
6MWD and functional class. Pearson correlations were
determined.

The relationships between change from baseline to
12 weeks in sCr (per 8.8 μmol l–1 decrease) or eGFR (per
1 ml min–1 1.73 m–2 increase) in patients with ≥10%
increase in 6MWD and patients with ≥1 class improvement
in WHO functional class were assessed using univariate
logistic regression analyses. The relationships between
change from baseline to 12 weeks in sCr (per 8.8 μmol l–1

increase) or eGFR (per 1 ml min–1 1.73 m–2 decrease) and
time-to-event variables of clinical worsening and
all-cause mortality were assessed using univariate Cox re-
gression analyses. Kaplan–Meier curves were generated
for TTCW and time to all-cause mortality for patients with
improvement or no change vs. deterioration from base-
line to last visit in sCr or eGFR. Log-rank tests assessed
differences between curves.
Results

Among the 277 patients who were randomized and re-
ceived ≥1 dose of study medication in SUPER-1, the
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baseline characteristics of the four treatment groups
were not different (Table 1). Compared with baseline,
sCr increased (worsened) with placebo treatment and
decreased with sildenafil treatment (Figure 2A). The
difference between placebo and sildenafil 80 mg three-
times-daily treatment was significant (P=0.032). Com-
pared with baseline, eGFR decreased (worsened) with
placebo treatment and increased with sildenafil treat-
ment (Figure 2B). Differences between placebo and
sildenafil 40- and 80-mg three-times-daily treatments
were significant (P=0.009 and 0.016, respectively).
Correlations
The Pearson correlation coefficient (r) between change
from baseline to 12 weeks in sCr and change from base-
line in 6MWD was –0.12 (P=0.057, Figure 3A). For change
from baseline to 12 weeks in sCr and change from base-
line in WHO functional class, r was 0.15 (P=0.012,
Figure 3B). Correlations between change from baseline
to 12 weeks in eGFR and changes from baseline in
6MWD and WHO functional class were 0.18 (P=0.004,
Figure 3C) and –0.20 (P< 0.001, Figure 3D), respectively.

Weak but significant correlations occurred between
change from baseline to 12 weeks in eGFR and improved
haemodynamic measurements of pulmonary vascular re-
sistance, mean pulmonary arterial pressure, and cardiac
index (Pearson correlation coefficients of –0.21, –0.19
and 0.19, respectively; P ≤0.005 for all), but not right atrial
pressure (r= –0.09; P=0.16).
Table 1
Demographic characteristics

Characteristic
Placebo
(n = 70)

Female, n (%) 57 (81)

Age,* years 49 ± 17

World Health Organization functional class, n (%)

I 1 (1)

II 32 (46)

III 34 (49)

IV 3 (4)

PAH aetiology,† n (%)

Idiopathic/heritable PAH 42 (60)

Associated PAH

Connective tissue disease

Scleroderma 8 (11)

Systemic lupus erythematosus 4 (6)

Other 10 (14)

Repaired systemic-to-pulmonary shunts 6 (9)

6-min walk distance,* m 344 ± 79

Serum creatinine,* μmol l
–1

(range) 90.6 ± 20.5 (59–15

Estimated glomerular filtration rate,* ml min
–1

1.73 m
–2

(range) 69.7 ± 18.5 (33–10

PAH, pulmonary arterial hypertension. *Mean ± SD; †Because of rounding, numbers may no
Logistic regression
Improvements in renal function parameters were associ-
ated with improved outcomes in univariate logistic
regression analysis. Reduction from baseline in sCr
(8.8 μmol l–1 decrease) was associated with ≥10% improve-
ment in 6MWD (odds ratio [OR] 1.17, 95% CI 1.01, 1.36,
P=0.04) and ≥1 class improvement in WHO functional
class (OR 1.21, 95% CI 1.03, 1.41, P=0.019). Increase from
baseline in eGFR (1 ml min–1 1.73 m–2 increase) was associ-
ated with ≥10% improvement in 6MWD (OR 0.97, 95% CI
0.94, 0.99, P=0.006) and ≥1 class improvement in WHO
functional class (OR 0.97, 95% CI 0.94, 0.99, P=0.007).

Time to clinical worsening and mortality
In patients with no change or improved sCr levels, TTCW
was significantly delayed (Figure 4A) and there was a trend
towards reduction in all-cause mortality (Figure 4B). Uni-
variate Cox regression analysis of change from baseline
in sCr noted that each 0.1 mg dl–1 increase was associated
with a higher risk of clinical worsening (hazard ratio [HR]
1.46, 95% CI 1.21, 1.77, P<0.001) and a trend towards
higher risk of mortality (HR 1.10, 95% CI 0.86, 1.41, P=0.44).

In patients with no change or increased eGFR, TTCW
was significantly delayed (Figure 4C) and there was
a trend towards reduction in all-cause mortality
(Figure 4D). Univariate Cox regression analysis of change
from baseline in eGFR noted that each 1 ml min–1 1.73 m–2

decrease was associated with a higher risk of clinical wors-
ening (HR 1.09, 95% CI 1.04, 1.14, P=0.0004) but not all-
cause mortality (HR 1.00, 95% CI 0.97, 1.04, P=0.87).
Sildenafil 20 mg three
times daily (n = 69)

Sildenafil 40 mg three
times daily (n = 67)

Sildenafil 80 mg three
times daily (n = 71)

49 (71) 47 (70) 56 (79)

47 ± 14 51 ± 15 48 ± 15

0 0 0

24 (35) 23 (34) 28 (39)

40 (58) 44 (66) 42 (59)

5 (7) 0 1 (1)

44 (64) 43 (64) 46 (65)

9 (13) 11 (16) 10 (14)

6 (9) 3 (4) 6 (8)

6 (9) 6 (9) 5 (7)

4 (6) 4 (6) 4 (6)

347 ± 90 345 ± 77 339 ± 79

0) 95.2 ± 26.7‡ (53–200) 97.1 ± 21.7 (53–165) 97.5 ± 31.3 (53–248)

7) 69.8 ± 20.8 (23–131) 66.3 ± 17.8 (34–126) 66.9 ± 21.2 (18–131)

t add up to 100; ‡One patient missing an assessment.
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Figure 2
Mean (± SE) change from baseline to SUPER-1 final visit in (A) serum
creatinine and (B) estimated glomerular filtration rate (eGFR).
*P = 0.032 vs. placebo, least squares mean difference. †P = 0.009 and
‡P = 0.016 vs. placebo, least squares mean difference using analysis of
covariance with treatment as the factor and baseline value as the covar-
iate. For the purposes of conversion, 0.02 mg dl–1 is equivalent to 1.76
μmol l–1 sCr. , placebo (n = 70); , sildenafil 20 mg three times
daily (n = 67); , sildenafil 40 mg three times daily (n = 65); ,
sildenafil 80 mg three times daily (n = 68)

D. J. Webb et al.
Patients having baseline eGFR <60 ml min–1 1.73 m–2

appeared to have worse survival than patients with eGFR
≥60 ml min–1 1.73 m–2 (Figure 5). Survival appeared
higher in patients initially treated with sildenafil com-
pared with those initially treated with placebo for pa-
tients with eGFR <60 ml min–1 1.73 m–2. Curves were
similar for patients with eGFR ≥60 ml min–1 1.73 m–2.
Discussion

In this post hoc analysis, significant improvements in kid-
ney function, assessed by sCr and eGFR, were observed in
sildenafil-treated patients with PAH. Improved kidney func-
tion was associated with improved 6MWD and functional
class. Although improved kidney function (decreased sCr,
increased eGFR) was also significantly associated with a
reduced risk of clinical worsening, the observed trends
towards improved survival were not significant.

Impaired renal function has been previously shown to
be associated with mortality in PAH [3,4]. In one study,
238 / 80:2 / Br J Clin Pharmacol
19% of PAH patients had renal insufficiency, defined as cre-
atinine clearance <60 ml min–1 1.73 m–2, and reduction in
creatinine clearance significantly predictedmortality in both
univariate and multivariate analysis [3]. sCr weakly but sig-
nificantly correlated with haemodynamic impairment (in-
cluding mean pulmonary arterial pressure, pulmonary
vascular resistance, cardiac index and cardiac output)
whereas creatinine clearance showed weak but significant
correlations with right atrial pressure, cardiac output and
cardiac index [3]. The authors speculated that perhaps a di-
minished renal perfusion contributes to renal insufficiency
in PAH patients. In a second study [4], evenmild impairment
in kidney function, assessed using sCr or eGFR, predicted in-
creased mortality. Unlike our study, these kidney measures
showed a significant interaction with baseline right atrial
pressure (but not cardiac index or mean pulmonary arterial
pressure). However, neither of these single centre studies
assessed a specific treatment for PAH or changes to kidney
function parameters with treatment, although baseline
values for sCr and eGFR were broadly similar to those of
the patients in our cohort. One retrospective analysis of
811 patients who received subcutaneous treprostinil in ran-
domized, placebo-controlled studies determined that each
44 μmol l–1 increase in patients’ baseline creatinine was as-
sociated with an approximate two-fold increased risk of
death in univariate and multivariate analysis [9]. Again,
although that retrospective study examined a specific PAH
therapy, changes in kidney function with treatment were
not assessed as they were in our analysis.

Registry data from a larger patient cohort, the US-based
REVEAL registry (n=2716), support the association of renal
insufficiency with death; this association was found in both
univariate andmultivariate analysis [10]. Although the crite-
rion for ‘renal insufficiency’ was investigator judgement
rather than specifically defined clinical variables, renal
insufficiency at the time of enrolment was included in the
proposed prognostic equation. Additionally, the majority
of REVEAL patients had prevalent (stable) disease, challeng-
ing the ability to extrapolate this conclusion to all PAH
patients. No other registries have described the influence
of kidney function on outcomes [11–13].

The mechanism by which sildenafil might affect kidney
function is not yet established. Beneficial effects of sildena-
fil in PAH are believed to result from effects of sildenafil on
the pulmonary vasculature and right ventricle. Specifically,
sildenafil can cause pulmonary artery vasodilation, there-
fore decreasing afterload on the right ventricle, and can
reduce vascular remodelling of the pulmonary artery as
well as increase right ventricular inotropy [14]. Similar
vasodilatory and remodelling effects in the renal vascula-
ture could potentially lead to improved renal function, or
might include effects on podocyte function. However, it is
plausible that renal effects of sildenafil are independent
from effects on PAH or survival.

Endothelin system dysregulation has been postulated
to underlie pulmonary and renal vasculopathy. The kidney



Figure 3
Correlations between change from baseline in serum creatinine and change from baseline in (A) 6-min walk distance and (B) World Health Organization
functional class. Correlation between change from baseline in estimated glomerular filtration rate and change from baseline in (C) 6-min walk distance
and (D) World Health Organization functional class. For the purposes of conversion, 0.02 mg dl–1 is equivalent to 1.76 μmol l–1 sCr
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is a major source of endothelin (ET)-1, and the renal vascu-
lature is highly sensitive to the effects of ET-1 [15, 16].
Sildenafil has been shown to decrease plasma ET-1 concen-
tration in a rat model of PAH [17] and phosphodiesterase
type 5 inhibitors like sildenafil can, by promoting the effects
of nitric oxide, antagonize the actions of ET-1 [18]. However,
the renal effects of sildenafil in patients with PAH are not
fully explored. In this regard, we did not assess proteinuria
in this study. Growing evidence would suggest that PDE5
inhibitors may reduce proteinuria [18], which would be of
interest to assess in future studies.

Reduction in serum creatinine with sildenafil pretreat-
ment was noted in preclinical models of kidney insult
(ischaemia-reperfusion injury [19] and cisplatin-induced
nephrotoxicity [20]). Sildenafil benefits appeared to de-
rive from inhibition of apoptosis, evidenced by increased
expression of inducible and endothelial nitric oxide syn-
thase proteins, as well as effects on other known apopto-
tic factors. In diabetic nephropathy, sildenafil showed
potent antiproliferative effects and reduced extracellular
matrix formation [21]. Parallels for these actions of
sildenafil in the kidney can be found in the lungs of
PAH patients. Sildenafil enhances nitric oxide production
[22] and aberrant apoptosis, cell proliferation and extra-
cellular matrix formation appear to contribute to PAH pa-
thology [22–24].
It is of note that the response of 6MWD to sildenafil
showed a flat dose–response, with little additional effect
above 20 mg three times daily, the licensed dose of
sildenafil for treatment of PAH. Of interest, the compari-
sons with placebo and active treatment were only signif-
icant above 20 mg three times daily sildenafil, suggesting
the dose–response may extend to higher doses for the
renal effects.

Study limitations include the post hoc nature of these
analyses, the lack of validation of the Modification of Diet
in Renal Disease equation in PAH patients, and the lack of
direct measures of renal or cardiac function. In addition,
the observed trend in survival may be attributable to a small
number of deaths on study. N-terminal pro-brain natriuretic
peptide values, to allow assessment of an interaction
between biomarkers and outcomes, were not obtained in
these studies.

In conclusion, sildenafil treatment in patients with
PAH improved kidney function assessed by sCr and eGFR
and improved kidney function was associated with im-
proved 6MWD, functional class, reduced risk of clinical
worsening and a trend towards reduced mortality. Fur-
ther studies are needed to elucidate the utility of sCr
and eGFR as prognostic factors, the mechanism of renal
impairment in PAH, and the role of each treatment mo-
dality in modifying renal function and prognosis.
Br J Clin Pharmacol / 80:2 / 239



Figure 4
Kaplan–Meier analysis of (A) time to clinical worsening and (B) time to all-cause mortality by serum creatinine (sCr) status from baseline to week 12; (C)
time to clinical worsening and (D) time to all-causemortality by change in estimated glomerular filtration rate (eGFR) status from baseline to week 12. A–B ,
patients with no change or improvement in sCr; , patients with worsening sCr. C–D , patients with no change or improvement in eGFR; , patients
with worsening eGFR.

Figure 5
Kaplan–Meier analysis of survival for patients having estimated glomer-
ular filtration rate (eGFR) <60 or ≥60 ml min–1 1.73 m–2 by study treat-
ment (placebo or sildenafil [all doses combined]). , sildenafil eGFR
< 60; , sildenafil ≥ 60; , placebo < 60; placebo ≥ 60 ml
min–1 1.73 m–2
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