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Abstract

Aprocitentan is a novel, potent, dual endothelin receptor antagonist that recently demonstrated efficacy in the treatment
of difficult-to-treat (resistant) hypertension. The aim of this study was to develop a population pharmacokinetic (PK)
model describing aprocitentan plasma concentration over time, to investigate relationships between subject-specific factors
(covariates) and model parameters, and to quantify the influence of the identified covariates on the exposure to aprociten-
tan via model-based simulations, enabling judgment about the clinical relevance of the covariates.

PK data from 902 subjects in ten Phase 1, one Phase 2, and one Phase 3 study were pooled to develop a joint popula-
tion PK model. The concentration-time course of aprocitentan was described by a two-compartment model with absorption
lag time, first-order absorption and elimination, and reduced relative bioavailability following very high doses of 300 and
600 mg.

The population PK model described the observed data well. Volume and clearance parameters were associated with
body weight. Renal function as reflected by estimated glomerular filtration rate (¢GFR), hepatic impairment, and sex were
identified as relevant covariates on clearance.

The subject-specific characteristics of body weight, eGFR, hepatic impairment, and sex were shown to influence expo-
sure parameters area under the concentration-time curve and maximum concentration in steady state to a limited extent,
i.e., not more than 25% different from a reference subject, and therefore do not warrant dose adjustments.
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Introduction

Aprocitentan (ACT-132577) is a once-daily, orally active,
dual endothelin (ET) receptor antagonist that recently demon-
strated efficacy in the treatment of difficult-to-treat (resistant)
hypertension [1, 2]. The compound targets a different patho-
physiological pathway than current treatments, as it inhibits the
binding of endothelin, a potent vasoconstrictor peptide, to ET,
and ETy receptors [3—5]. Blocking this pathway could there-
fore represent a new mode of action to lower blood pressure
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in patients who do not achieve blood pressure control with the
currently available treatments. Aprocitentan decreased blood
pressure without affecting heart rate in different animal models
of hypertension with various renin levels and demonstrated an
effect in renin-salt-sensitive models in which it also improved
renal hemodynamics and cardiac remodeling [6]. In humans,
orally administered aprocitentan at doses of 10, 25, and 50 mg
produced clinically meaningful reduction in blood pressure in
patients with mild to moderate hypertension [7] and at doses
of 12.5 and 25 mg o.d. in difficult-to-treat (resistant) hyperten-
sion in subjects who concomitantly received at least three other
drugs of various drug classes in the recently completed Phase 3
PRECISION study [1].

Aprocitentan was found safe and well tolerated in male
and female subjects without hypertension, showing favorable
pharmacokinetic (PK) properties for once-daily dosing based
on a half-life of 44 h [8]. Aprocitentan is primarily eliminated
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via urine (52%) and feces (25%), with metabolism mostly via
glucosidation and hydrolysis [9]. Subjects with severe renal or
moderate hepatic impairment were found to have lower clear-
ance, leading to 32% and 22% higher exposure (area under the
curve over a dosing interval) with no need for dose adjustments
[10, 11].

Aprocitentan has no active metabolites and no known rel-
evant interactions with other drugs [9], including CYP3A and
BCRP substrates [12, 13]. After multiple dosing, accumulation
at steady state was 3-fold, and only minor differences in expo-
sure between females and males were observed [8]. Addition-
ally, no clinically relevant PK differences were found between
Japanese and Caucasian subjects, and therefore no significant
differences in PK are anticipated in other ethnicities [ 14]. These
pharmacokinetic properties support use in a resistant hyperten-
sive patient population in which adherence to antihypertensive
medications, a key component to control blood pressure levels,
has proven difficult [15]: with the long half-life and moderate
accumulation at steady state, missed doses are not expected to
immediately impact exposure to aprocitentan.

The Phase 1 program included a safety study in subjects on
a high-sodium diet, investigating whether aprocitentan may
cause fluid retention and edema as these are concerns with ET
receptor antagonists. Only a moderate body weight increase
without obvious sodium retention was observed and PK were
similar as observed in other studies in subjects not receiving a
high sodium-diet [16]. As anticipated for ET receptor antago-
nists, edema or fluid retention was the most common adverse
event reported with aprocitentan within 4 weeks of treatment in
the PRECISION study, though this was clinically manageable
with the addition or up-titration of diuretic therapy [1].

To date, PK data following oral aprocitentan administra-
tion have been collected in ten Phase 1 studies [8—14, 16—18],
one Phase 2 dose-finding study [7], and one Phase 3 study
[1]. The objective of this study was to develop a population
PK model describing aprocitentan plasma concentration over
time, to investigate the relationship between subject-specific
factors (covariates) and model parameters, and to quantify
the influence of identified covariates on the PK of aprociten-
tan via model-based simulations, enabling judgment about
the clinical relevance of the covariates and guiding of dosing
recommendations.

Methods

Data

PK data following oral aprocitentan administration were
pooled from ten Phase 1 studies, a Phase 2 dose-finding

study in subjects with essential hypertension, and a Phase
3 study in subjects with resistant hypertension. The doses
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administered ranged from 5 mg to 600 mg (single dose) and
100 mg (multiple doses). Ethics approval for each study
was obtained from the respective local ethics committee(s),
and all subjects gave written informed consent. The Phase
1 studies included a three-part single ascending dose and
multiple ascending dose (SAD/MAD) study including
assessment of the effect of age and food on PK; a mechanis-
tic study in subjects on a high sodium diet; two drug-drug
interaction (DDI) studies with the CYP3A4 substrate mid-
azolam and the BCRP substrate rosuvastatin; an absorption,
distribution, metabolism, and excretion study; two special
population studies in subjects with severe renal function
impairment (eGFR 15-29 mL/min/1.73 m?) and moderate
hepatic impairment; an ethnic sensitivity study in Japanese
compared to Caucasian subjects; a thorough QT study; and
a bioequivalence study with two aprocitentan tablet formu-
lations in which the active pharmaceutical ingredient had
different drug particle size distributions. Eight Phase 1 stud-
ies collected data in a dense sampling scheme with at least
12 PK samples per subject and two studies collected data
sparsely. The Phase 2 and 3 studies provided 1-7 samples
per subject taken at steady-state trough times (Table S1).

In the population PK modeling, measurements below the
lower limit of quantification (LLOQ) were set to the LLOQ
of 5 ng/mL and treated as censored with simulation from a
distribution restricted to the range 0.05 - LLOQ, as per M4
method [19]. Records with missing information including
time of measurement or dosing event, drug concentration, or
amount of dose were discarded. Missing continuous covari-
ates were imputed by the population median, and missing
categorical covariates were imputed by the most frequent
category. Subjects with no creatinine measurement avail-
able were excluded based on a predefined protocol devia-
tion specification.

Given the wealth of data, a conservative approach was
taken regarding inclusion of data. Highly implausible mea-
surements were excluded from the analysis, following pre-
specified criteria. These included PK data from subjects for
whom concentration measurements were below the LLOQ
with no indication of non-compliance or dosing interruption
in the dosing history and PK measurements from subjects
that were low at time points at which concentrations were
expected to be high, e.g., at the time when the maximum
plasma concentration (t,,,) is usually reached. These data
originated mostly from the Phase 2/3 studies. Additionally,
PK measurements from subjects excluded from PK analy-
sis due to predefined protocol deviations including missing
creatinine data and data collected on days at which subjects
received comedication in the DDI studies were not included.
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Model development

Population PK modeling was performed using nonlin-
ear mixed effects modeling with Monolix 2021R1 [20].
The Stochastic Approximation Expectation-Maximization
(SAEM) algorithm was used for parameter estimation [21].
The population PK model was developed in a stepwise man-
ner. (1) Selection of the structural model that best described
aprocitentan plasma concentration over time based on data
from Phase 1 studies with dense PK sampling. Evaluated
structural models included zero- and first-order absorption
with lag time, one-, two-, and three-compartment distribu-
tion, and first-order elimination. (2) Combination of all PK
data, i.e., data from all Phase 1 studies as well as Phase 2
and Phase 3 studies in subjects with essential hypertension
and resistant hypertension, respectively, and re-estima-
tion of model parameters. If re-estimation was inaccurate
when combining all data, absorption rate and lag time were
to be fixed to the estimates from subjects with dense PK
data (Step 1), assuming that dense well-controlled single-
center PK data from Phase 1 studies would be suited best
to characterize the absorption phase. (3) Covariate analy-
sis was conducted in three steps. First, body size measures
including body weight, body mass index (BMI), lean body
weight, and fat mass were assessed as covariates for volume
and clearance parameters. BMI, lean body weight and fat
mass were only to replace allometric scaling based on body
weight if the model fit would improve.

Next, the candidate covariates for clearance and volume
parameters (age, sex, race, disease) and for clearance only
(renal impairment, creatinine clearance, eGFR as defined
by the MDRD formula' [22, 23] (Modification of Diet in
Renal Disease Study), hepatic impairment, diabetes) were
investigated with an automated covariate search algorithm,
COSSAC, using a forward-backward methodology with
thresholds of p<0.05 for inclusion and p<0.01 for back-
ward deletion [24].

Third, time-varying covariates were evaluated as covari-
ates for absorption rate and lag time separately after
automated covariate search for technical reasons. These
covariates were food status (fed, fasted, uncontrolled) and
formulation. The formulations were capsule and film-coated
tablets A and B containing drug substance with different
particle size distributions.

The categorical covariates food status and formulation
and their respective model parameters were included into
the model if the parameter estimate for at least one category
was statistically significantly different from 0.

I eGFR=186*CR™ 113 * age=0203 % |
concentration in serum (mg/dL), F
sex male, and F

sex ¥ Frace With CR creatinine
sex = 0.742 for sex female and 1 for
= 1.210 for race black and 1 otherwise.

race

Categorical covariate-parameter terms were imple-
mented as power relationships, i.e., Parameter=0 *
exp(Bg coy) Where 0 is the population parameter for the ref-
erence covariate category, and By ., is the covariate effect
parameter. Categorical covariates were investigated versus
a specified reference category, typically the most frequent.

Continuous covariate-parameter terms were included
in the model as power relationships, i.e., Parame-
ter=0*(cov/reference,,,)Pocov where 0 is the population
parameter for the reference covariate value, and B, is
the parameter estimate for the covariate effect. Reference
values for centering were chosen as round values close to
observed medians.

The model was evaluated based on the precision of
the parameter estimation using relative standard errors
(%RSE), goodness-of-fit plots of observations vs. predic-
tions, and residuals vs. time and vs. predictions. Predictive
model performance was assessed based on visual predictive
checks (VPCs) stratified by dose group. In addition, a statis-
tical criterion, the corrected Bayesian Information Criterion
(BICc) was used as the preferred measure for the goodness
of fit of the model to the data [25]. The BICc is a composite
of log-likelihood and penalty terms for the complexity of
the model, i.e., the number of fixed-effect and random-effect
parameters. Lower values indicate a better fit with respect to
balancing goodness of fit vs. model complexity, i.e., number
of parameters.

Simulations

Based on the final PK model, population-typical predic-
tions were performed to visualize the impact of covariates
on exposure parameters including steady-state maximum
plasma concentrations within a dosing interval (C,,,, s5) and
area under the plasma concentration-time curve for a steady-
state dosing interval (AUC, gs). These predictions included
varying covariate scenarios, with 10th and 90th percentiles
compared to the median value for continuous covariates
and each category compared for categorical covariates, and
an anticipated high clinical exposure scenario (with each
covariate contributing to increased aprocitentan concentra-
tions) compared to a reference subject with body weight of
87 kg (median of all subjects), eGFR of 90 mL/min/1.73 m?
(close to the overall median of 89 mL/min/1.73 m?) female,
in fasted state, and without hepatic impairment. Predictions
were performed in Berkeley Madonna version 10.2.8 [26,
27].

R versions 3.6.1 and 4.0.4 [28] with additional R pack-
ages were used for data processing and exploratory analyses
and visualization of results, respectively.
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Results
Data

A total of 902 subjects was included in the PK modeling
data set, of which 251 subjects participated in Phase 1, 226
subjects with essential hypertension in Phase 2, and 425
subjects with resistant hypertension in Phase 3 studies. The
modeling data set comprised of 8450 concentration mea-
surements, of which most (7413, 87.7%) were collected in
the Phase 1 program. 498 records (5.6%) were excluded
from the analysis based on predefined criteria. Subjects had
a median (10th-90th percentile) age of 55 (30-71) years,
body weight of 87 (67-120) kg, eGFR of 89 (59—-122) mL/
min/1.73 m?, included males (63%) and females (37%), and
were predominantly Caucasian (75%), Black or African
American (20%), or Asian (4%). More details are provided
in the Supplementary Information (Tables S2 and S3).

Dose-normalized concentrations vs. time indicated dose
proportionality up to 100 mg (Fig. 1). Lower dose-normal-
ized concentrations over the dosing interval were observed
following administration of 300 mg or 600 mg such that
dose-dependent absorption models for rate and time lag
were explored.

Fig. 1 Dose-normalized aproci-

Model development

Aprocitentan concentration-time data were best described
by a two-compartment model with absorption lag time t;,,,
first-order absorption k, and first-order clearance CL for
doses up to 100 mg. In absence of data following intrave-
nous administration, the model was parameterized in terms
of apparent volume of distribution and apparent clearance.
A parameter for relative bioavailability (F) was introduced,
fixed at 1 with estimated interindividual variability (II'V) to
allow estimation of differences in F between subjects. F was
estimated to be lower following administration of 300 and
600 mg and included as covariate for these two dose levels
only.

Estimation of inter-individual variability based on only
6 subjects per dose indicated high uncertainty (3026% and
1501% for F and 9126% and 126,157% for t,,, for 300 and
600 mg, respectively) such that model development was
continued with fixed parameter estimates without inter-indi-
vidual variability for F and no separate estimation of t,,, for
the highest doses. The estimated parameters for F were 0.78
and 0.56 for doses of 300 and 600 mg, respectively (21.7%
and 43.6% lower than for doses up to 100 mg, respectively).
Due to the high parameter uncertainty, covariate analysis
was not conducted for these model parameters.

A continuous E_,, function to capture F as function of
dose was explored and rejected due to instability in param-
eter estimation.

tentan concentration vs. time by
dose. A subset of the modeling
data set is visualized: data from 0.15-
subjects with a dense sampling
scheme, in fasted state, without 5
renal or hepatic impairment, and 2
not on a high-sodium diet fol- 1y
lowing a single dose or the first
day. of multiple doseg ina study _El a 5mg
period. Open bullets indicate < 0104
individual measurements, lines g © o 8 25 mg
a nonparametric regression line c 8 o o © | g —— 50mg
(dose groups are indicated by g g § 8¢9 a b g
colors) o 8 S g8 g === 100 mg
= 8 H H -] B o
8 | Figad ¢ 5 5 === 300 mg
— =} =
g E ] o 600 mg
0.051 g S
3 g - 3
B g = < -
[} 4 ==
4 g ] o
0.00- 88 o 8
0 4 8 12 16 20 24
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Allometric scaling adequately captured the relationship
of body weight to clearance and volume parameters. Includ-
ing lean body weight and fat mass as covariates instead
of allometric scaling based on body weight resulted in a
slightly better model fit, however, the estimated effects on Q
and V,, were approaching 0, indicating no pronounced rela-
tionship, and were estimated with low precision reflected by
high RSEs (38.3% and 34.4%, respectively).

Diabetes was found to not have any impact on aprociten-
tan PK. The COSSAC approach identified race as covari-
ate on V_, and eGFR, hepatic impairment, disease status,
and sex as covariates on clearance. Of these, eGFR, hepatic
impairment, and sex were retained. Race on V was consid-
ered physiologically implausible, and the impact of disease
was more likely to be attributed to study design with sparse
sampling vs. dense sampling or to the expected lower com-
pliance in Phase 2/3 studies compared to a controlled Phase
1 setting rather than disease status. Compared to subjects
without hepatic impairment and without hypertension, sub-
jects with moderate hepatic impairment had a 20.7% lower
clearance, and male subjects had a 3.5% lower clearance
than females (all other characteristics remaining identical).

Lastly, inter-occasional variability (IOV) was introduced
to evaluate the time-varying covariates formulation and
food status (data from cross-over studies) on t,, and k,.
The covariate effect estimates for formulation approached
0, indicating limited impact on t,,, and k,, and were asso-
ciated with high RSEs indicating that inclusion did not
improve the model fit. Food status was included, with most
pronounced differences observed between fasted and fed
status (t,, increased from 0.593 h [36 min] to 1.61 h, and
k, decreased from 0.657 /h to 0.484 /h). Only minor dif-
ferences were observed in subjects with uncontrolled food
status (t},, and k, of 0.700 h [RSE 136%] and 0.586 /h [RSE
164%], respectively), but parameters in these groups were
estimated with low precision as reflected by the high RSEs.

Food status was included into the model as covari-
ate on t,, and k,. Clearance and volume parameters were
found to increase with body weight, and clearance was also
impacted by eGFR, hepatic impairment, and, to a smaller
extent, sex. Aprocitentan clearance for a female subject vs.
a male reference subject of 87 kg, without hepatic impair-
ment and eGFR of 90 mL/min/1.73 m? were estimated as
0.342 and 0.354 L/h, respectively. Parameter estimates of
the final model are displayed in Table 1 and show high pre-
cision (low RSEs). Most RSEs were below 25%, indicating
good precision of parameter estimates. RSEs above 25%
were observed for the impact of Food status on k, (96%
and 164% for fed and uncontrolled, respectively), food on
tiae (136% for uncontrolled), sex on clearance (68.8%), and
hepatic impairment on clearance (45.2%).

Inclusion of the covariates was evaluated visually, indi-
cating the model adequately captured the variability between
subjects (Figure S5). Most RSEs were below 25% indicat-
ing good precision of parameter estimates. Exceptions were
RSEs for the impact of food status on k, (RSE 96% and
164% for fed and uncontrolled, respectively) and on t,,
(RSE 136% for uncontrolled), and the impact of sex and
hepatic impairment on clearance (RSE 68.6% and 45.2%,
respectively). The residual error was low (14.6%).

The model was evaluated graphically with observations
vs. predictions (Fig. 2) and a Visual Predictive Check (Fig-
ures S1 and S2), indicating the model described aprociten-
tan concentrations well in subjects from Phase 1 studies
without hypertension and subjects with essential and resis-
tant hypertension (from studies in Phases 2 and 3).

Simulations

Population-typical predictions based on the final popula-
tion PK model were employed to enable judgment about the
clinical relevance of the covariates identified in the model
development process. Aprocitentan concentration-time pro-
files were derived from model predictions and compared
to a reference subject of 87 kg with an eGFR of 90 mL/
min/1.73 m?, female, and without hepatic impairment.
Higher body weight corresponded to lower aprocitentan
concentrations, lower eGFR corresponded to higher con-
centrations, moderate hepatic impairment corresponded to
higher concentrations, and male sex corresponded to similar
but slightly lower concentrations compared to the reference
subject (Fig. 3).

The largest effects on exposure were seen in sub-
jects with low eGFR (AUC, g5 23% and 35% higher and
Cinaxss 19% and 30% higher for 30 and 17 mL/min/1.73
m?, respectively) and moderate hepatic impairment (22%
higher AUC,_ g5 and 19% higher C,, s5). Only minor dif-
ferences in PK parameters between subjects with different
body weight, hepatic impairment, food status, or sex were
observed (median less than 25% change compared to the
reference subject). There was low variability in t,,, 0of 4.3 h,
except for subjects in fed state (6.2 h). Compared to fasted
state, a slightly higher t_,. of 4.7 h was observed in subjects
with food status uncontrolled, of which most subjects were
in Phase 2 and 3 programs with sparse PK sampling and in
particular no samples around t,,..

For the high clinical exposure scenario, for a subject with
a low body weight of 67 kg, in fed state, with moderate HI,
and renal function impairment reflected by an eGFR of 17
mL/min/1.73 m?, steady state was achieved later, and expo-
sure was higher, with a relative AUC, g 0f 2.18 and C
of 2.05 (Fig. 4).

max,SS
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Table 1 Parameter estimates in
the final PK model

(-) Unitless. AS: Allometric
scaling is included with refer-
ence body weight 70 kg. eGFR:
estimated glomerular filtration
rate, HI: hepatic impairment,
I1V: inter-individual variability,
IOV: inter-occasion variability,
PK: pharmacokinetic, RSE: rela-
tive standard error

Apparent clearance in an
individual subject is 0.291 x
(WT/70)%7 x (eGFR/90)%222 x
6_0‘232 [if moderate HI] % e0,0343 [if
male] with body weight WT in kg,
and eGFR in mL/min/1.73 m?

Fig.2 Observed vs. popula-

tion- and individual-predicted
concentrations, on log-log scales,
stratified by subjects without
hypertension (all Phase 1 data)
and subjects with hypertension
(Phase 2 and 3 data)

Discussion

Parameter Description Population v

parameters
Estimate %RSE Estimate

tiag () Absorption lag time 0.593 33 0.171 394
IOV on ty,, Inter-occasion variability 0.446 6.9 - -
Food status on tj,, Covariate effect (fed) 1.00 21.9 - -

Covariate effect (uncontrolled) 0.166 136 - -

k, (1/h) Absorption rate constant 0.657 4.8 0.445 13.0
IOV on k, Inter-occasion variability 0.530 7.3 - -
Food status on k, Covariate effect (fed) -0.305 96 - -

Covariate effect (uncontrolled) -0.114 164 - -
F(-) Relative bioavailability 1 fixed - 0.168 4.5
Dose 300 mg on F (-) Covariate effect -0.245 - - -
Sfixed
Dose 600 mg on F (-) Covariate effect -0.572 - - -
Sfixed
VJ/F (L) Apparent volume of distribu-  16.2 0.4 0.024 15.3
tion, central compartment
Body weight on V /F (-) Covariate effect (AS) 1 fixed - - -

CL/F (L/h) Apparent clearance 0.291 1.9 0.290 3.7
Body weight on CL/F (-) Covariate effect (AS) 0.75 fixed - - -
eGFR on CL/F (-) Covariate effect 0.222 15.3 - -
Moderate HI on CL/F (-) Covariate effect -0.232 45.2 - -
Sex on CL/F (-) Covariate effect 0.0343 68.6 - -

Q/F (L/h) Intercompartmental drug 0.512 16.6 1.77 8.8

transfer
Body weight on Q/F (-) Covariate effect (AS) 0.75 fixed - - -
V,/F (@) Apparent volume of distribu- 3.1 24 0.175 12.9
tion, peripheral compartment
Body weight on V/F () Covariate effect (AS) 1 fixed - - -

Residual error terms
a; Constant error 0.1 fixed
b, Proportional error 0.146 0.9

Healthy subjects

Observations

Population ;’;wdxchons

Individual predictions

In this study, the first PK model describing aprocitentan
concentration over time was developed based on a robust
dataset pooling data from 902 subjects from 12 clinical
studies. The large number of subjects with a wide age and
body weight range, including males and females, subjects
without hypertension, or subjects with (essential or resis-
tant) hypertension allowed for identification of covariates
and evaluation of the impact of these subject characteristics

@ Springer

Subjects with hypertension

Individual predictions

Population predictions

on aprocitentan PK. The model described the aprocitentan
concentration data well across the dose range from 5 to
600 mg as indicated by observations vs. predictions (Fig. 2)
and simulations from the model that were similar to the
observed data (Figure S1 and S2). A future step could be
linking PK to PD outcomes in subjects with and without
hypertension.

Parameter estimates of the PK model based on this
pooled dataset with all aprocitentan data available to date
were in agreement with previously reported PK parameters
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Body weight Food status eGFR
4.
3.
2.
1 -
-
£
=
)]
= 07
s —— 0 24 48 72 96 120 144 168 192 216 240
] Hepatic impairment Sex
2
‘c
S 4+
a
< — Body weight: 67 — eGFR: 17
3+ — Body weight: 87 eGFR: 30
— Body weight: 120 — eGFR: 45
24 — Food status: Fasted — eGFR: 60
— Food status: Fed — eGFR: 90
14 — Food: Uncontrolled — eGFR: 120
— Sex: female — HI: None
0 — Sex: male — HI: Moderate

0 24 48 72 96 120 144 168 192 216 240

Fig.3 Impact of covariates on aprocitentan concentration-time profiles
following administration of 25 mg aprocitentan o.d. for 10 days. Lines:
model-prediction of aprocitentan concentration vs. time for a reference

from non-compartmental analyses based on individual
study data (included in the pooled data set). The population
model-based CL/F of 0.291 L/h for a 70 kg subject is similar
compared to the previously reported CL/F of 0.293 L/h [10]
and 0.309 L/h [11] and the population model-based appar-
ent volume of 19.3 L (Vc+ Vp) is similar compared to the
previously reported Vz/F of 20.0 L [10] and 21.5 L [11]. The
simulated time to reach steady state (Fig. 3) was in agree-
ment with the previously reported results of the MAD study
with steady state being reached by Day 8 [8].

The parameters were all estimated with reasonable
accuracy as judged by the RSE. Food status uncontrolled
is presumably a mixture of fed and fasted, i.e., a bimodal
distribution. The high RSE might therefore just reflect the
inhomogeneity of the category.

The RSEs for food status fed were 29.1% for t,,, and 96%
for k,, supported by p-values of <0.001 and 0.125 using a
correlation test. This finding despite the low number of sub-
jects, 5, is possibly due to the well-controlled clinical Phase
1 environment.

The effect of hepatic impairment on clearance is simi-
larly based on only 8 subjects in a dedicated Phase 1 study,

0 24 48 72 96 120 144 168 192 216 240
Time (h)

subject with different body weight, food status, estimated glomerular
filtration rate (¢éGFR), hepatic impairment (HI), and sex

resulting in an RSE of 45.2% and a p-value of 0.007. The
high RSE for estimating the effect of sex on CL appears to
be driven by the estimated small effect that is possibly only
significant due to the large number of observations and the
fact that RSE as the ratio of uncertainty and parameter esti-
mate becomes large with a small nominator.

The relative change in PK parameters was compared to
a female reference subject of 87 kg, with an eGFR of 90
mL/min/1.73 m?, and without hepatic impairment. Overall,
the impact of the identified covariates is of limited clinical
relevance. Even a combination of covariates leading to the
anticipated high clinical exposure scenario resulted in only
approximately doubling the exposure: a 25 mg dosing regi-
men in the extreme scenario would yield exposure equiva-
lent to 50 mg, a dose found to be safe and well tolerated
in the Phase 2 study. This scenario includes the very low
eGFR value of 17 mL/min/1.73 m?. It is noted though that
the population of treatment-resistant hypertension includes
subjects with diabetes and renal failure and eGFR as low
as 15 mL/min/1.73 m? at times. A clinically more realistic
eGFR level of 30 mL/min/1.73 m? results in even smaller
differences in exposure.
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Fig. 4 Visualization of reference

and anticipated high clinical 8-
exposure scenarios for aprociten-
tan concentration-time profiles
following administration of

25 mg aprocitentan o.d. for 20
days. Green dashed line: predic-
tion of aprocitentan concentration
over time for a reference female
subject of 87 kg, in fasted state,
without HI, and an eGFR of

90 mL/min/1.73 m%. Red solid
line: prediction of aprocitentan
concentration over time for the
anticipated high clinical exposure
scenario in a female subject of
67 kg, in fed state, with moder-
ate HI, and an eGFR of 17 mL/
min/1.73 m?

eGFR =estimated glomerular
filtration rate; HI =hepatic

Aprocitentan (ug/mL)
N

impairment; o.d. = once daily 01
0 2 4 6 8 10 12 14 16 18 20
Time (days)
— High clinical exposure scenario ---- Reference scenario

In comparison to the unexplained random II'V, the impact
of covariates is small. As aprocitentan is developed for the
treatment of difficult-to-control (resistant) hypertension, an
indication that typically includes older patients with several
comorbidities and multiple concomitant medications, the
low variability in PK and the previously reported absence of
effect of other drugs on aprocitentan [9] is favorable.

To account for the relatively lower concentrations fol-
lowing the highest doses of 300 and 600 mg (Fig. 1), dose
was included as categorical covariate on relative bioavail-
ability. A continuous function with an exponential relation-
ship led to a worse fit, and an E,,, model correlating dose
with relative bioavailability was found to be not identifiable.
Once parameters for E,,, and the Hill factor were fixed to
1, the estimated EDy, still had a very high RSE and was
therefore not preferred over a categorical covariate for doses
of 300 and 600 mg only (i.e., substantially higher than the
therapeutic dose and of limited clinical relevance).

The absorption component of the model showed that
presence of food corresponded to delayed and slower
absorption (higher t,,, and lower k,). The parameters t,,, and
k, for uncontrolled food status were estimated between the
parameter estimates for fed and fasted, i.e., showing con-
sistency. Estimation precision was low, in particular for the
uncontrolled food status that was presumably a mixture of
fed and fasted such that low precision can be expected.

The final model included a lag time of 0.593 h (36 min).
To account for the absorption delay, a transit compartment

@ Springer

model with estimated mean transit time and transit rate was
evaluated as well, showing improvement in BICc, however
not in the goodness-of-fit plots and VPCs. Additionally, this
model was numerically less stable, and both models (lag
time and transit compartments) resulted in similar param-
eter estimates for clearance and volume parameters and
therefore inclusion of a lag time was preferred.

In the automated search with the COSSAC algorithm
[24], eGFR was identified as categorical covariate. How-
ever, to allow simulations across a wide range of eGFR
values, eGFR was also evaluated as continuous covariate
which improved the fit and was therefore preferred. Addi-
tionally, race as covariate on V, was considered physiologi-
cally implausible, based on limited data (Table S3), and
body weight was already included accounting for body size.

Conclusions

A population PK model for aprocitentan was developed
with subject-specific characteristics of body weight, eGFR,
hepatic impairment, sex, and food status included as covari-
ates. These covariates were shown to influence PK param-
eters AUC, g5 and C,,, 5 to a limited extent, i.e., not more
than 25% different from a reference subject and approxi-
mately twice as high in a high clinical exposure scenario
(e.g., female, low body weight, low eGFR, and moderate HI
all contributing to an increased aprocitentan concentration).
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The clinical implications of differences in aprocitentan con-
centration between subjects with different characteristics
are therefore practically negligible, which is favorable for
a chronic treatment to be used for patients who frequently
have several comorbidities and are treated with multiple
concomitant medications.

Supplementary Information The online version  contains
supplementary material available at https://doi.org/10.1007/s10928-
024-09902-1.
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