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Many hypertensive adults still fail to achieve their recom-
mended blood pressure (BP) targets despite steady im-

provement in hypertension awareness, treatment, and control 
rates over the last 30 years.1 Therefore, novel antihypertensive 
drugs, especially those that can be combined with existing 
therapies, can be highly valuable.2

ET (endothelin)-1 is a potent vasoconstrictor peptide, a 
causative agent in endothelial dysfunction, a growth factor, 
and a stimulant of aldosterone synthesis and catecholamine 
release.3,4 Blockade of its receptors has demonstrated ef-
ficacy in numerous models of hypertension, especially in 
low-renin/salt-sensitive conditions.5,6 Orally administered 
ET receptor antagonists (ERAs) have been investigated in 
hypertension. While bosentan efficiently decreased BP in 
patients with hypertension,7 its hepatotoxic effects have 
impeded further development in this indication. Initially 
promising results with darusentan in patients with resistant 
hypertension8 have not been confirmed.9 Furthermore, 

ERAs have been associated with fluid retention in patients 
with renal and heart failure.10,11

Aprocitentan is a potent, orally active, dual endothelin A/
endothelin B (ETA/ETB) receptor antagonist with an ETA/
ETB inhibitory potency ratio of 1:16.6,12 Based on this, aproci-
tentan is positioned very close to the International Union of 
Basic and Clinical Pharmacology (IUPHAR)-reference dual 
ERA bosentan.13 Aprocitentan has a long half-life (44 hours) 
in humans.12 Unlike bosentan, but like macitentan,14 aproci-
tentan does not interfere with bile salt homeostasis and does 
not cause hepatotoxicity. Based on studies in rodents, dual 
blockade of ETA/ETB receptors appears to have a lower risk 
of fluid retention and vascular leakage than ETA-selective 
blockade, which, by overstimulation of ETB receptors, 
results in nonselective vasodilation and vasopressin release.15 
Furthermore, in animal models of hypertension, combining 
aprocitentan with renin-angiotensin-aldosterone system inhib-
itors or calcium channel blockers has additive or synergistic 
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effects on BP, suggesting that aprocitentan could be combined 
with other antihypertensives.6

The present study examined the dose-response relationship 
of aprocitentan monotherapy in patients with essential hyper-
tension. A unique feature of this dose-finding study was the use 
of unattended automated office BP (uAOBP) measurement.

Methods
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

Study Design
This was a randomized, double-blind, multicenter, placebo, and 
active comparator-controlled trial designed to evaluate the efficacy 
and safety of once-daily aprocitentan 5, 10, 25, and 50 mg in patients 
with grade 1 to 2 essential hypertension. Lisinopril 20 mg once daily 
served as a positive control.16

After initial screening, patients entered a 4- to 6-week sin-
gle-blind, placebo run-in period to eliminate the effects of any pre-
vious antihypertensive therapy. Eligible patients were then randomly 
assigned to placebo, aprocitentan, or lisinopril treatment groups. 
After 8 weeks of double-blind treatment, all patients entered a 2-week 
single-blind, placebo withdrawal period. Randomization was imple-
mented by Interactive Response Technology and performed using a 
central randomization list, unstratified and with a block size of 6, gen-
erated and kept by a group external to the study sponsor.

Patients
Patients were recruited from 99 sites in Canada, Israel, and the 
United States between December 2015 and December 2016. 
Before enrollment, all patients signed consent forms approved by 
regional institutional review boards. The protocol conformed to the 
Declaration of Helsinki.

Patients 18 to 75 years of age with a diagnosis of hypertension 
underwent randomization if their mean sitting diastolic BP (SiDBP) 
was ≥90 to <110 mm Hg as recorded by uAOBP and if compliance 
was ≥80% during the placebo run-in period.

Exclusion criteria included secondary hypertension, cardiovascu-
lar diseases, diabetes mellitus, renal impairment (estimated glomeru-
lar filtration rate <30 mL/(min·1.73 m2), elevated aminotransferases, 
hemoglobin <10 g/dL, and psychiatric disorders. Antihypertensive 
drugs or concomitant medications known to affect BP were not per-
mitted during the study.

Medication Dosing
Patients in the aprocitentan 5, 25, and 50 mg groups received one 
aprocitentan capsule and one placebo capsule matching lisinopril, 
whereas patients in the aprocitentan 10 mg group received two 5 mg 
capsules. Patients allocated to lisinopril received one lisinopril cap-
sule (20 mg) and one placebo capsule matching aprocitentan. The 
aprocitentan and lisinopril capsules were similar in appearance. 
Patients were instructed to take 2 capsules in the morning, except 
on the days of study visits when the medication was to be taken after 
clinical assessments were conducted.

Study Assessments
Unattended AOBP measurements were performed at all visits using 
an automatic, oscillometric sphygmomanometer (BpTRU; VSM 
MedTech, Canada).

BP readings were performed 6× at 1-minute intervals in the same 
arm after the patient was seated alone for 5 minutes. The mean of the 
last 5 uAOBP readings was used in the analyses. Every effort was 
made to ensure that the BP readings were taken 24 hours after the 
previous dose of study medication (ie, at trough) and before perform-
ing any procedures.

Ambulatory BP monitoring (ABPM) was performed for 24 
hours at baseline and at week 8 with a Mobil-o-Graph (IEM GmbH, 
Germany) recorder. Systolic BP (SBP) and diastolic BP (DBP) were 

measured every 20 minutes from 06:00 to 23:00 and every 30 min-
utes from 23:00 to 06:00. Monitoring was initiated between 06:00 
and 11:00.

Adverse events (AEs) and serious AEs were recorded throughout 
the study. Clinical laboratory data and vital signs were measured at 
all study visits.

Statistical Analyses
The primary end point was the change in mean trough SiDBP meas-
ured by uAOBP from baseline (ie, at randomization) to week 8. The 
main analysis was performed using the per-protocol set, which in-
cluded all randomized patients without protocol deviations inter-
fering with the primary end point (Table S1 in the online-only Data 
Supplement). A supportive analysis was performed in all randomized 
patients (using last observation carried forward to impute missing 
week 8 values, if applicable).

Multiple Comparison Procedure (MCP)–Modeling17,18 was used 
to model the dose-response relationship for the primary end point. 
This approach has been applied in various clinical settings, includ-
ing hypertension,19 and has been recognized as an efficient statistical 
methodology for dose-finding studies by regulatory agencies.20,21

In the MCP-Modeling approach, the presence of a dose-response 
signal is initially tested using a set of prespecified dose-response 
models (the MCP step at a 1-sided significance level of 0.025, ad-
justed for multiplicity). Then the dose-response curves are estimated 
(the Modeling step).

Six possible models were prespecified: linear, linear in log dose, 
Emax, sigmoidal Emax, logistic, and quadratic. These models as-
sume a monotone dose-response relationship, except for the quadratic 
model observed previously in hypertension.19 Model fit was assessed 
based on Akaike Information Criterion. The analysis was performed 
using the R-package DoseFinding.22

The analysis was also performed for the secondary end point, 
change from baseline to week 8 in mean trough sitting SBP (SiSBP).

Additionally, an ANCOVA was performed for the changes from 
baseline to week 8 in SiDBP and SiSBP, each with a factor for treat-
ment group and a covariate for baseline value. The Dunnett test was 
used to adjust for multiple comparisons.

The ABPM analyses were based on a subset of patients with a 
valid ABPM at baseline and week 8 (≥14 readings during the day 
[9:00–21:00] and ≥7 during the night [01:00–06:00]). Definitions 
of day and night were based on criteria proposed by the European 
Society of Hypertension.23

All ABPM readings recorded during the 24-hour monitoring pe-
riod were averaged per patient (24-hour mean) using the trapezoidal 
rule to account for unequal time intervals between measurements. 
Mean daytime and nighttime ABPM values were calculated similarly. 
The resulting data were analyzed using the ANCOVA described a-
bove, but without correction for multiplicity.

Changes from baseline to week 8 in hemoglobin were modeled 
in the same way as the changes from baseline in mean trough SiDBP 
and SiSBP. Changes from baseline in hematocrit, albumin, and es-
timated plasma volume (PV, based on changes in hemoglobin and 
hematocrit24) were evaluated descriptively.

Assuming a maximum difference versus placebo of 5 mm Hg and 
an SD of 9 mm Hg for the change from baseline in SiDBP, we calcu-
lated that 70 patients per group would provide 90% power to detect a 
dose-response with MCP-Modeling in the per-protocol set (420 pa-
tients). Accounting for 20% exclusion from the per-protocol set, 540 
patients were to be randomized. Following a prespecified blinded sam-
ple size reestimation (based on an overall SD=8.8 mm Hg observed 
in the first 119 patients), the size of the per-protocol set was reduced 
to 66 patients per group. Also accounting for less exclusion from the 
per-protocol set (17%), the sample size was reduced to 480 patients.

Results
Patients
Of 1659 initially screened patients, 996 were enrolled in the 
placebo-run-in period, and 490 were randomized (Figure 1). 
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The most common reason for exclusion before randomization 
was failure to meet the SiDBP inclusion criterion. A total of 
430 patients completed the 8-week treatment period. Patients 
were discontinued due to development of grade 3 hyperten-
sion defined as SiSBP≥180 or SiDBP≥110 mm Hg (2.4%–
3.7% in the aprocitentan groups, 3.7% for placebo, 1.2% for 
lisinopril), AEs (0%–2.4% aprocitentan, 3.7% placebo, 1.2% 
lisinopril), or lost to follow-up (1.2%–4.9% aprocitentan, 
2.4% placebo, 2.5% lisinopril).

Demographic and baseline characteristics were similar 
across the 6 treatment groups (Table 1 for the all randomized 
set, Table S2 for the per-protocol set). The randomized study 
population was predominantly male (61%), and the mean age 
was 55 years. The median duration of essential hypertension 
was 6.8 years. The mean uAOBP at baseline (SiSBP/SiDBP) 
was 149.8/97.8 mm Hg, and the mean baseline 24-hour BP 
was 141.6/91.1 mm Hg. Kidney function was normal at base-
line (Table 1, Table S2).

uAOBP Measurement
The uAOBP analyses were based on the per-protocol 
set (n=409). A clinically relevant decrease in trough BP 
occurred within 2 weeks in the aprocitentan 10, 25, and 50 
mg groups and was maintained up to week 8 (Figure 2A 
and 2B, Table 2). BP returned to placebo levels during the 
withdrawal period, suggesting the absence of a rebound 
effect. Of note, the percentage of patients with a SiDBP 
below 90 mm Hg at week 8 was 44.1%, 52.1%, 64.2%, and 
57.4% for aprocitentan 5, 10, 25, and 50 mg, respectively, 
versus 33.3% and 55.1% for placebo and lisinopril 20 mg, 
respectively.

The dose-response relationship for the change in mean 
trough SiDBP from baseline to week 8 was statistically signif-
icant (P<0.001 for all 6 prespecified dose-response models). 
A quadratic model (Figure 3A) fitted the data best (Table S3). 
According to this model, the maximum effect (versus pla-
cebo) is reached at a dose of 31 mg (95% bootstrap confidence 

Figure 1. Disposition of patients during the trial. *For protocol deviations see online-only Data Supplement.
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interval: 28–37 mg), and half of this effect is reached at a dose 
of approximately 10 mg.

These results were confirmed by the analysis of the 
change from baseline to week 8 in mean trough SiSBP 
(Figure 3B) and by the analysis performed for all random-
ized patients (Figure S1).

Overall, BP reductions from baseline were greater in 
white patients (P=0.0084 and P=0.037, for SiSBP and SiDBP, 
respectively) but did not reach statistical significance for fe-
male versus male patients (P=0.18 and P=0.27, for SiSBP and 
SiDBP, respectively; Table S4a and S4b). However, treatment 
by subgroup interactions was not statistically significant.

Ambulatory BP Monitoring
The ABPM analyses were based on a subset of the per-proto-
col set with a valid ABPM at baseline and at week 8 (n=281). 
As compared to placebo, aprocitentan doses of 10, 25, and 50 
mg lowered mean 24-h SBP/DBP from baseline by 3.99/4.04, 
4.83/5.89, and 3.67/4.45 mm Hg, respectively (Table 3). 

Similar trends were observed for daytime and nighttime mean 
SBP/DBP (Table S5).

Safety and Tolerability
Aprocitentan was generally well tolerated (Table S6); the 
incidence of AEs (ranging from 22.0% to 40.2% in the 
various dose groups) was similar to that reported for pla-
cebo (36.6%). Overall, the most common events were hy-
pertension, headache, and nasopharyngitis. None of the 3 
serious AEs were considered to be related to treatment. 
Numerically fewer patients reported AEs leading to discon-
tinuation in the aprocitentan groups (1.2%–3.7%) than in 
the placebo group (6.1%; P=0.14), with 3.7% in the lisino-
pril group (P=0.65).

Mild-to-moderate peripheral edema was reported in 4 
patients (2 each in the 25 mg and 50 mg groups) and led to 
permanent discontinuation from treatment in 2 patients (in the 
50 mg group). One of these 2 patients had a history of ankle 
edema. Among the 4 patients with edema, 3 had a weight 
change of 0.0 to 1.1 kg and hemoglobin reductions of 0.5 to 

Table 1. Demographic and Other Baseline Characteristics (All Randomized Set, N=490)

Characteristics

Placebo

Aprocitentan

Lisinopril5 mg 10 mg 25 mg 50 mg

n=82 n=82 n=82 n=82 n=81 n=81

At screening

    Age 53.5 (9.1) 54.1 (8.5) 55.3 (9.8) 55.1 (10.0) 54.2 (9.3) 56.0 (9.0)

    <65 y 74 (90.2) 74 (90.2) 64 (78.0) 67 (81.7) 69 (85.2) 68 (84.0)

    Sex

     Male 55 (67.1) 48 (58.5) 51 (62.2) 45 (54.9) 53 (65.4) 45 (55.6)

    Race

     Black 31 (37.8) 28 (34.1) 26 (31.7) 35 (42.7) 26 (32.1) 32 (39.5)

     White 48 (58.5) 54 (65.9) 53 (64.6) 46 (56.1) 55 (67.9) 46 (56.8)

     Other 3 (3.7) 0 3 (3.7) 1 (1.2) 0 3 (3.7)

    Weight, kg 92.0 (18.9) 88.6 (16.9) 90.1 (18.3) 91.1 (16.9) 87.5 (15.8) 87.0 (17.2)

    BMI, kg/m2 30.6 (5.1) 30.1 (4.6) 30.7 (4.5) 31.0 (4.2) 30.2 (4.6) 30.4 (4.6)

    Previous antihypertensive treatment 57 (69.5) 56 (68.3) 45 (54.9) 49 (59.8) 54 (66.7) 56 (69.1)

    Country

     Canada 3 (3.7) 1 (1.2) 6 (7.3) 4 (4.9) 2 (2.5) 5 (6.2)

     Israel 4 (4.9) 6 (7.3) 2 (2.4) 5 (6.1) 4 (4.9) 5 (6.2)

     United States 75 (91.4) 75 (91.5) 77 (90.3) 73 (89.0) 75 (92.6) 71 (87.6)

At baseline (randomization)

    SiSBP/SiDBP, mm Hg 149.0/97.9 148.2/97.4 150.5/97.8 152.0/98.4 149.3/98.4 149.7/96.8

(13.5/5.6) (14.6/5.2) (12.3/4.2) (13.6/5.0) (13.1/5.2) (13.7/4.6)

    Hemoglobin, g/dL 14.3 (1.2) 14.1 (1.5) 14.2 (1.5) 14.2 (1.5) 14.2 (1.4) 13.9 (1.4)

    Hematocrit, % 44.2 (3.6) 43.1 (4.0) 43.5 (4.3) 43.6 (4.1) 43.5 (3.8) 42.7 (4.3)

    Albumin, g/L 44.5 (2.3) 43.9 (2.6) 44.1 (2.5) 43.7 (2.8) 44.2 (2.1) 43.3 (2.5)

    Estimated glomerular filtration rate, 
mL/(min·1.73 m2)

93.5 (15.4) 92.7 (16.8) 94.7 (18.9) 93.1 (20.8) 94.6 (19.6) 94.7 (19.1)

Values are means (SD) for continuous variables; n (%) for categorical variables. BMI indicates body mass index; and SiSBP/SiDBP, sitting systolic/diastolic blood 
pressure.
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1.4 g/ dL, suggesting minimal fluid retention and hemodilu-
tion and possible fluid redistribution. The fourth patient had 
an initial weight of 123.8 kg, which increased by 3.9 kg dur-
ing the screening and run-in period. The patient had a fur-
ther weight increase of 5.5 kg during treatment, accompanied 
by an increase in hemoglobin of 1 g/dL and thus no sign of 
hemodilution.

Liver aminotransferases >3× the upper limit of the normal 
range occurred in 1 patient receiving placebo and 1 patient re-
ceiving aprocitentan 5 mg.

Hemoglobin and Estimated PV
All aprocitentan doses lowered hemoglobin, hematocrit, 
and albumin from baseline to week 8, and there was a dose-
dependent increase in estimated PV from baseline (Table S7). 
However, there was little or no change in body weight (–0.04 
to +0.41 kg in aprocitentan groups versus +0.33 and –0.28 kg 
in the placebo and lisinopril groups, respectively).

The dose-response analysis for hemoglobin differed from 
the analyses for BP in that a linear in log dose model fitted the 

data best (Figure 3C); every doubling of the aprocitentan dose 
resulted in a fixed decrease in hemoglobin of ≈0.125 g/dL.

Of note, serum urate decreased in a dose-dependent man-
ner in the aprocitentan groups (Table S7; P<0.001).

Discussion
Principal Findings
This is the first clinical trial conducted with the dual ETA/
ETB receptor antagonist aprocitentan in essential hyper-
tension. Two novel aspects of this study were the use of 
uAOBP in a dose-response hypertension study and the use 
of MCP-Modeling to model the dose-response relationship. 
Aprocitentan 10, 25, and 50 mg once daily lowered BP in a 
clinically relevant, dose-dependent manner as measured by 
uAOBP and ABPM. In line with previous results from Gomez 
et al,16 a reduction in BP was also observed with lisinopril. 
These findings suggest that the difference in treatment effect 
between the 25 mg dose of this new ERA compared with an 
angiotensin-converting enzyme inhibitor at its currently pre-
scribed dose is approximately –5/–3 mm Hg. The absolute 
BP reductions with aprocitentan are in the ranges previously 

Figure 2. Change in unattended automated 
office blood pressure. Mean change from 
baseline in (A) sitting diastolic blood pressure 
(SiDBP) and (B) sitting systolic blood pressure 
(SiSBP) over time (per-protocol set, n=409).
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established as a surrogate for reduction in cardiovascular mor-
bidity and mortality in patients with hypertension.25

The time course of the reduction in BP with aprocitentan 
showed that most of the antihypertensive effect was achieved 
within week 2 and that the prolonged, 24-hour duration of the 
antihypertensive effect supports a once-daily dosing regimen. 
In addition, the long half-life of aprocitentan (44 hours12) is 
advantageous as it should maintain a decrease in BP follow-
ing a missed dose.26 There were no clinically important differ-
ences in the incidence of AEs between the aprocitentan doses 
and placebo or lisinopril in this 8-week trial.

Primary End point and Analysis
We chose uAOBP measurements for the primary end point 
as they are less variable than routine office BP measurements 
due to reduced white-coat effect and provide a better estimate 
of an individual’s BP status than routine office BP measure-
ments.27,28 Mean systolic uAOBP measurements are compa-
rable to the mean awake ambulatory BP, 7 mm Hg lower than 
office BP in research studies, and 14 mm Hg lower than read-
ings obtained in routine clinical practice.29

The placebo effect of SiDBP measured with uAOBP 
(–4.9 mm Hg) was smaller than that observed with office BP 
in similar studies (eg,–8.6 mm Hg in an aliskiren multicenter 
trial30). Nonetheless, the placebo effect was still fairly large, 
probably because uAOBP was used for inclusion. SiDBP is 
also likely to decrease in the placebo group because of re-
gression to the mean.31

ABPM was used as a secondary end point. One advantage 
of using ABPM compared with office BP is that the placebo 

effect is usually smaller.32 Therefore, ABPM has been sug-
gested as the preferred device for clinical therapeutic trials.33 
In this phase 2 study, exploratory analyses based on ABPM 
resulted in dose-response curves with a similar shape as for 
uAOBP. However, uAOBP is less burdensome and can be per-
formed at each visit, thus providing more information for a 
dose-finding study.

Another novel aspect of this trial was the use of a model-
based approach. A quadratic model was most appropriate 
for the BP data and showed that the maximum effect was 
reached at a dose of ≈30 mg, and half of the effect at ≈10 
mg. We have no explanation for the apparent reduction in 
efficacy at the 50 mg dose; it may reflect a plateauing of the 
dose-response between 25 and 50 mg. Although aprocitentan 
has vasodilator properties, and other vasodilators have been 
shown to induce counter-regulatory neurohumoral activation 
at high doses in patients with hypertension,34 aprocitentan, 
like other dual ERAs, has not been shown to activate the 
neurohumoral system.7

Safety and Tolerability
The favorable effects of aprocitentan on BP are further sup-
ported by the known safety profile of the dual ERA bosentan 
that is based on its extensive use in pulmonary arterial hy-
pertension.35 In this population, the most relevant AE associ-
ated with this drug class is fluid retention.11 The present study 
reported only 4 cases of peripheral edema. Dose-dependent 
reductions in hemoglobin and hematocrit and an increase in 
estimated PV were observed with aprocitentan as early as 

Table 2. Change From Baseline to Week 8 in Unattended Automated Office BP (Per-Protocol Set, n=409)

Unattended Automated Office BP

Placebo

Aprocitentan

Lisinopril5 mg 10 mg 25 mg 50 mg

n=66 n=68 n=71 n=67 n=68 n=69

Sitting systolic BP at trough, mm Hg

    Baseline 149.2 149.4 149.8 151.2 148.6 149.8

(13.1) (13.9) (12.7) (13.7) (12.8) (14.2)

    Change from baseline to week 8 –7.7 –10.3 –15.0 –18.5 –15.1 –12.8

(18.8) (15.3) (14.5) (15.0) (11.8) (16.0)

     Placebo-corrected … –2.45 –7.05 –9.90 –7.58 –4.84

     95% CI* … –8.44 to 3.54 –12.98 to –1.12 –15.92 to –3.88 –13.58 to –1.59 –10.49 to 0.82

     P value*  0.707 0.014 <0.001 0.008 0.093

Sitting diastolic BP at trough, mm Hg

    Baseline 97.5 97.8 97.7 97.8 98.2 96.8

(5.4) (5.5) (4.3) (4.8) (5.3) (4.6)

    Change from baseline to week 8 –4.9 –6.3 –9.9 –12.0 –10.0 –8.4

(11.1) (8.9) (8.7) (8.2) (7.9) (9.6)

     Placebo-corrected … –1.31 –4.93 –6.99 –4.95 –3.81

     95% CI* … –5.10 to 2.49 –8.68 to –1.17 –10.80 to –3.19 –8.75 to –1.15 –7.26 to –0.37

     P value*  0.812 0.005 <0.001 0.006 0.030

Values are means (SD) unless otherwise stated. BP indicates blood pressure.
*Dunnett correction for testing multiple aprocitentan doses vs placebo.
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week 2. Changes were concurrent with the fall in BP and per-
sisted until week 8.

It is important to distinguish between fluid retention due to 
increases in sodium versus hemodilution due to changes in PV. 
The absence of a change in body weight was not consistent with 
sodium and fluid retention. The small increase in PV of 5.1% to 
6.9% observed with aprocitentan 10 to 25 mg, corresponding to 
a decrease in hemoglobin of 0.27 to 0.38 g/dL, can be produced 
by a minimal amount of vasodilation and volume redistribu-
tion.36 These small changes may be unlikely to increase the risk 

of heart failure due to fluid retention.10,11,35 Nevertheless, further 
investigation of aprocitentan in larger trials is warranted.

Dose Selection
As for any new antihypertensive drug, clinical development of 
aprocitentan requires the estimation of the minimum effective 
dose and maximum tolerated dose.37,38 The maximum effect on 
BP was observed at 25 mg (difference versus placebo –9.90/–
6.99 mm Hg), with an associated hemoglobin decrease of 0.38 g/
dL and a PV increase of 6.9% (versus +0.22 g/dL and –0.3% with 

Figure 3. Results from multiple comparison 
procedure - modeling analysis. Change from 
baseline to week 8 in (A) sitting diastolic 
blood pressure (SiDBP) and (B) sitting systolic 
blood pressure (SiSBP)–quadratic model; (C) 
hemoglobin-linear in log dose model.
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placebo). Aprocitentan 50 mg did not decrease BP further but 
increased the effects on hemoglobin (–0.67 g/dL) and PV (9.5%). 
Although we do not have a maximum tolerated dose, there are 
signs that we may have effect on fluid retention with 50 mg. A 
dose of 10 mg provided 50% of the maximum effect, with a he-
moglobin decrease of 0.27 g/dL and PV increase of 5.1%. Based 
on our data, we estimated that the minimum clinically effective 
dose is approximately 10 mg. Doses between 10 and 25 mg 
should be investigated further for the treatment of hypertension.

Other Findings
One interesting observation was the dose-dependent effect of 
aprocitentan on serum urate levels. In the absence of hypo-
natremia and sign of excess antidiuretic hormone, the most 
likely explanation for the reduction in serum urate levels was 
a reduction in renal proximal tubule reabsorption of urate due 
to an increase in the effective renal circulating volume linked 
to ET blockade. A similar effect on urate excretion has been 
reported with other ERAs.39,40

Limitations
Although the monotherapy setting may seem a limitation 
of the study, the effects of antihypertensives targeting dif-
ferent pathways are expected to be additive, meaning dose 
selection can be performed independently of the setting. 
The fact that aprocitentan-like and lisinopril-like capsules 
are similar but not the same may be another study limita-
tion, although it is unlikely that investigators were able to 
identify one group (aprocitentan 10 mg) as being different 
from the others.

Perspectives
By targeting the ET system, aprocitentan may offer a new ther-
apeutic option for patients with difficult-to-control hypertension. 
In the present study, monotherapy with aprocitentan produced 
a clinically relevant reduction in BP in untreated patients with 
mild-to-moderate hypertension without causing any serious AEs.

The potential benefits of aprocitentan in combination 
with other agents to treat patients with difficult-to-con-
trol (ie, resistant) hypertension is currently being investi-
gated (https://www.clinicaltrials.gov; Unique identifier: 
NCT03541174).
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Table 3. Change from Baseline to Week 8 in 24-Hour Mean Ambulatory BP (Per-Protocol Set Restricted to Patients With Valid Measurement at Baseline and Week 8, 
n=281)

Ambulatory BP

Placebo

Aprocitentan

Lisinopril5 mg 10 mg 25 mg 50 mg

n=44 n=49 n=47 n=47 n=51 n=43

24-h mean systolic BP, mm Hg

    Baseline 140.6 (14.5) 141.0 (15.3) 143.4 (16.7) 142.2 (13.6) 141.0 (15.1) 141.4 (15.9)

    Change from baseline –3.6 –2.8 –8.4 –8.9 –7.4 –7.2

(8.1) (9.8) (11.2) (10.2) (9.1) (15.4)

     Placebo-corrected … 0.87 –3.99 –4.83 –3.67 –3.43

     95% CI* … –3.58 to 5.32 –8.49 to 0.52 –9.33 to –0.33 –8.08 to 0.73 –8.30 to 1.44

     P value*  0.968 0.098 0.031 0.130 0.165

24-h mean diastolic BP, mm Hg

    Baseline 90.8 90.6 91.9 88.8 92.4 90.8

(10.4) (10.1) (11.7) (9.7) (10.2) (9.6)

    Change from baseline –2.5 –3.4 –6.9 –7.8 –7.4 –6.2

(6.6) (6.2) (7.1) (7.9) (6.4) (9.9)

     Placebo-corrected … –0.97 –4.04 –5.89 –4.45 –3.66

     95% CI* … −4.09 to 2.16 –7.20 to –0.88 –9.05 to –2.72 –7.56 to –1.35 –6.96 to –0.36

     P value*  0.859 0.007 <0.001 0.002 0.030

Values are means (SD) unless otherwise stated. BP indicates blood pressure.
*Dunnett correction for testing multiple aprocitentan doses vs placebo.



964  Hypertension  April 2020

References
 1. Whelton PK, Carey RM, Aronow WS, Casey DE Jr, Collins KJ, 

Dennison Himmelfarb C, DePalma SM, Gidding S, Jamerson KA, Jones DW, 
et al. 2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/
NMA/PCNA guideline for the prevention, detection, evaluation, and 
management of high blood pressure in adults: a report of the American 
College of Cardiology/American Heart Association task force on 
clinical practice guidelines. Hypertension. 2018;71:e13–e115. doi: 
10.1161/HYP.0000000000000065

 2. FDA. Hypertension: Conducting studies of drugs to treat patients on a 
background of multiple antihypertensive drugs guidance for industry. 
2018. Available at:https://www.fda.gov/regulatory-information/search-
fda-guidance-documents/hypertension-conducting-studies-drugs-treat-
patients-background-multiple-antihypertensive-drugs. Accessed July 
16, 2019.

 3. Yanagisawa M, Kurihara H, Kimura S, Tomobe Y, Kobayashi M, 
Mitsui Y, Yazaki Y, Goto K, Masaki T. A novel potent vasoconstrictor pep-
tide produced by vascular endothelial cells. Nature. 1988;332:411–415. 
doi: 10.1038/332411a0

 4. Iglarz M, Clozel M. At the heart of tissue: endothelin system and 
end-organ damage. Clin Sci (Lond). 2010;119:453–463. doi: 
10.1042/CS20100222

 5. Schiffrin EL. Role of endothelin-1 in hypertension and vascular di-
sease. Am J Hypertens. 2001;14(6 pt 2):83S–89S. doi: 10.1016/s0895- 
7061(01)02074-x

 6. Trensz F, Bortolamiol C, Kramberg M, Wanner D, Hadana H, Rey M, 
Strasser DS, Delahaye S, Hess P, Vezzali E, et al. Pharmacological charac-
terization of aprocitentan, a dual endothelin receptor antagonist, alone and 
in combination with blockers of the renin angiotensin system, in two mod-
els of experimental hypertension. J Pharmacol Exp Ther. 2019;368:462–
473. doi: 10.1124/jpet.118.253864

 7. Krum H, Viskoper RJ, Lacourciere Y, Budde M, Charlon V. The 
effect of an endothelin-receptor antagonist, bosentan, on blood 
pressure in patients with essential hypertension. Bosentan hy-
pertension investigators. N Engl J Med. 1998;338:784–790. doi: 
10.1056/NEJM199803193381202

 8. Weber MA, Black H, Bakris G, Krum H, Linas S, Weiss R, Linseman JV, 
Wiens BL, Warren MS, Lindholm LH. A selective endothelin-receptor an-
tagonist to reduce blood pressure in patients with treatment-resistant hy-
pertension: a randomised, double-blind, placebo-controlled trial. Lancet. 
2009;374:1423–1431. doi: 10.1016/S0140-6736(09)61500-2

 9. Bakris GL, Lindholm LH, Black HR, Krum H, Linas S, Linseman JV, 
Arterburn S, Sager P, Weber M. Divergent results using clinic and ambu-
latory blood pressures: report of a darusentan-resistant hypertension trial. 
Hypertension. 2010;56:824–830. doi: 10.1161/HYPERTENSIONAHA. 
110.156976

 10. Kaoukis A, Deftereos S, Raisakis K, Giannopoulos G, Bouras G, 
Panagopoulou V, Papoutsidakis N, Cleman MW, Stefanadis C. The role of 
endothelin system in cardiovascular disease and the potential therapeutic 
perspectives of its inhibition. Curr Top Med Chem. 2013;13:95–114. doi: 
10.2174/1568026611313020003

 11. Mann JF, Green D, Jamerson K, Ruilope LM, Kuranoff SJ, 
Littke T, Viberti G; ASCEND Study Group. Avosentan for overt diabetic 
nephropathy. J Am Soc Nephrol. 2010;21:527–535. doi: 10.1681/ASN. 
2009060593

 12. Sidharta PN, Melchior M, Kankam MK, Dingemanse J. Single- and 
multiple-dose tolerability, safety, pharmacokinetics, and pharmacody-
namics of the dual endothelin receptor antagonist aprocitentan in healthy 
adult and elderly subjects. Drug Des Devel Ther. 2019;13:949–964. doi: 
10.2147/DDDT.S199051

 13. Maguire JJ, Davenport AP. Endothelin@25 - new agonists, antagonists, 
inhibitors and emerging research frontiers: IUPHAR Review 12. Br J 
Pharmacol. 2014;171:5555–5572. doi: 10.1111/bph.12874

 14. Treiber A, Äänismaa P, de Kanter R, Delahaye S, Treher M, 
Hess P, Sidharta P. Macitentan does not interfere with hepatic bile 
salt transport. J Pharmacol Exp Ther. 2014;350:130–143. doi: 
10.1124/jpet.114.214106

 15. Vercauteren M, Trensz F, Pasquali A, Cattaneo C, Strasser DS, Hess P, 
Iglarz M, Clozel M. Endothelin ETA receptor blockade, by activating 
ETB receptors, increases vascular permeability and induces exagger-
ated fluid retention. J Pharmacol Exp Ther. 2017;361:322–333. doi: 
10.1124/jpet.116.234930

 16. Gomez HJ, Cirillo VJ, Sromovsky JA, Otterbein ES, Shaw WC, 
Rush JE, Chrysant SG, Gradman AH, Leon AS, MacCarthy EP. Lisinopril 

dose-response relationship in essential hypertension. Br J Clin Pharmacol. 
1989;28:415–420. doi: 10.1111/j.1365-2125.1989.tb03521.x

 17. Bretz F, Pinheiro JC, Branson M. Combining multiple comparisons and 
modeling techniques in dose-response studies. Biometrics. 2005;61:738–
748. doi: 10.1111/j.1541-0420.2005.00344.x

 18. Pinheiro J, Bornkamp B, Glimm E, Bretz F. Model-based dose finding 
under model uncertainty using general parametric models. Stat Med. 
2014;33:1646–1661. doi: 10.1002/sim.6052

 19. Villa G, Le Breton S, Ibram G, Keefe DL. Efficacy, safety, and tolera-
bility of aliskiren monotherapy administered with a light meal in elderly 
hypertensive patients: a randomized, double-blind, placebo-controlled, 
dose-response evaluation study. J Clin Pharmacol. 2012;52:1901–1911. 
doi: 10.1177/0091270011426432

 20. EMA. Qualification opinion of MCP-Mod as an efficient statistical meth-
odology for model-based design and analysis of phase II dose finding 
studies under model uncertainty. 2014. Available at: https://www.ema.
europa.eu/en/documents/regulatory-procedural-guideline/qualification-
opinion-mcp-mod-efficient-statistical-methodology-model-based-design-
analysis-phase II_en.pdf. Accessed July 16, 2019.

 21. FDA. Qualification of the MCP-Mod procedure. 2015. Available at: 
https://www.fda.gov/downloads/Drugs/DevelopmentApprovalProcess/
UCM508702.pdf. Accessed July,16 2019.

 22. Bornkamp B, Pinheiro J, Bretz F. Dosefinding: Planning and analyzing 
dose finding experiments. 2018. Available at: https://cran.r-project.org/
web/packages/DoseFinding. Accessed July 16, 2019.

 23. O’Brien E, Parati G, Stergiou G. Ambulatory blood pressure measure-
ment: what is the international consensus? Hypertension. 2013;62:988–
994. doi: 10.1161/HYPERTENSIONAHA.113.02148

 24. Strauss MB, Davis RK, Rosenbaum JD, Rossmeisl EC. Water di-
uresis produced during recumbency by the intravenous infusion 
of isotonic saline solution. J Clin Invest. 1951;30:862–868. doi: 
10.1172/JCI102501

 25. Desai M, Stockbridge N, Temple R. Blood pressure as an example of a 
biomarker that functions as a surrogate. AAPS J. 2006;8:e146–e152. doi: 
10.1208/aapsj080117

 26. Burnier M, Brede Y, Lowy A. Impact of prolonged antihypertensive du-
ration of action on predicted clinical outcomes in imperfectly adherent 
patients: comparison of aliskiren, irbesartan and ramipril. Int J Clin Pract. 
2011;65:127–133. doi: 10.1111/j.1742-1241.2010.02616.x

 27. Myers MG, Godwin M, Dawes M, Kiss A, Tobe SW, Kaczorowski J. 
Measurement of blood pressure in the office: recognizing the problem 
and proposing the solution. Hypertension. 2010;55:195–200. doi: 
10.1161/HYPERTENSIONAHA.109.141879

 28. Muntner P, Shimbo D, Carey RM, Charleston JB, Gaillard T, Misra S, 
Myers MG, Ogedegbe G, Schwartz JE, Townsend RR, et al. Measurement 
of blood pressure in humans: a scientific statement from the American 
Heart Association. Hypertension. 2019;73:e35–e66. doi: 10.1161/HYP. 
0000000000000087

 29. Roerecke M, Kaczorowski J, Myers MG. Comparing automated office 
blood pressure readings with other methods of blood pressure measure-
ment for identifying patients with possible hypertension: a systematic 
review and meta-analysis. JAMA Intern Med. 2019;179:351–362. doi: 
10.1001/jamainternmed.2018.6551

 30. Pool JL, Schmieder RE, Azizi M, Aldigier JC, Januszewicz A, 
Zidek W, Chiang Y, Satlin A. Aliskiren, an orally effective renin inhib-
itor, provides antihypertensive efficacy alone and in combination with 
valsartan. Am J Hypertens. 2007;20:11–20. doi: 10.1016/j.amjhyper. 
2006.06.003

 31. Messerli FH, Bangalore S, Schmieder RE. Wilder’s principle: pre-
treatment value determines post-treatment response. Eur Heart J. 
2015;36:576–579. doi: 10.1093/eurheartj/ehu467

 32. Mancia G, Omboni S, Parati G, Ravogli A, Villani A, Zanchetti A. 
Lack of placebo effect on ambulatory blood pressure. Am J Hypertens. 
1995;8:311–315. doi: 10.1016/0895-7061(94)00250-F

 33. O’Brien E. The value of 24-h blood pressure monitoring to assess the 
efficacy of antihypertensive drug treatment. Hot Topics Hypertens. 
2011;4:7–23.

 34. Grossman E, Messerli FH. Effect of calcium antagonists on plasma 
norepinephrine levels, heart rate, and blood pressure. Am J Cardiol. 
1997;80:1453–1458. doi: 10.1016/s0002-9149(97)00722-4

 35. Kohan DE, Cleland JG, Rubin LJ, Theodorescu D, Barton M. Clinical 
trials with endothelin receptor antagonists: what went wrong and 
where can we improve? Life Sci. 2012;91:528–539. doi: 10.1016/j. 
lfs.2012.07.034



Verweij et al  Dose-Response of Aprocitentan in Hypertension  965

 36. Bauer JH, Jones LB, Gaddy P. Effects of prazosin therapy on BP, 
renal function, and body fluid composition. Arch Intern Med. 
1984;144:1196–1200.

 37. EMA. Report from dose finding workshop december 2014. 2015. 
Available at: https://www.ema.europa.eu/en/documents/report/report-
european-medicines-agency/european-federation-pharmaceutical-
industries-associations-workshop-importance-dose-finding-dose_en.pdf. 
Accessed July 16, 2019.

 38. Menard J, Bellet M, Brunner HR. Clinical development of antihy-
pertensive drug. In: Laragh JH, Brenner BM, eds. Hypertension: 

Pathology, diagnosis and management. New York: Raven Press Limited; 
1995:3049–3063.

 39. Dhaun N, Johnston NR, Goddard J, Webb DJ. Chronic selective endo-
thelin A receptor antagonism reduces serum uric acid in hyperten-
sive chronic kidney disease. Hypertension. 2011;58:e11–e12. doi: 
10.1161/HYPERTENSIONAHA.111.175646

 40. Dhaun N, Vachiery JL, Benza RL, Naeije R, Hwang LJ, Liu X, 
Teal S, Webb DJ. Endothelin antagonism and uric acid levels in pulmo-
nary arterial hypertension: clinical associations. J Heart Lung Transplant. 

2014;33:521–527. doi: 10.1016/j.healun.2014.01.853

What Is New?
•	This is the first clinical trial conducted with the dual endothelin recep-

tor antagonist aprocitentan in patients with essential hypertension. Two 
novel aspects of this study were the use of unattended automated of-
fice blood pressure (BP) in a dose-response hypertension study and the 
use of Multiple Comparison Procedure–Modeling to model the dose-
response relationship.

What Is Relevant?
•	 This study demonstrated that monotherapy with aprocitentan reduces BP 

in a dose-dependent manner without producing serious adverse effects 
with limited but dose-dependent variation in plasma volume. Aprocitentan 
doses of 12.5 and 25 mg were selected for further clinical development.

Summary

Aprocitentan, a dual endothelin receptor antagonist, was evalu-
ated in a dose-response study examining its effects on BP in 490 
patients with mild-to-moderate hypertension. Changes in BP were 
evaluated using unattended automated office BP and 24-hour am-
bulatory BP monitoring. Significant decreases in BP were noted at 
doses of 10, 25, and 50 mg once daily with the optimum antihyper-
tensive dose being 10 to 25 mg. Aprocitentan was well tolerated in 
each treatment group.

Novelty and Significance




