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Abstract

Multiple classes of antihypertensive drugs inhibit components of the renin—angiotensin—aldosterone system (RAAS). The
primary physiological effector of the RAAS is angiotensin II (Angll) bound to the AT1 receptor (AT1-bound AnglIl). There
is a strong non-linear feedback from AT1-bound AnglI on renin secretion. Since AT1-bound Angll is not readily measured
experimentally, plasma renin concentration (PRC) and/or activity (PRA) are typically measured to indicate RAAS sup-
pression. We investigated the RAAS suppression of imarikiren hydrochloride (TAK-272; SCO-272), a direct renin inhi-
bitor currently under clinical development. We employed a previously developed quantitative system pharmacology (QSP)
model to benchmark renin suppression and blood pressure regulation with imarikiren compared to other RAAS therapies.
A pharmacokinetic (PK) model of imarikiren was linked with the existing QSP model, which consists of a mechanistic
representation of the RAAS pathway coupled with a model of blood pressure regulation and volume homeostasis. The PK
and pharmacodynamic effects of imarikiren were calibrated by fitting drug concentration, PRA, and PRC data, and trough
AT1-bound Angll suppression was simulated. We also prospectively simulated expected mean arterial pressure reduction
in a cohort of hypertensive virtual patients. These predictions were benchmarked against predictions for several other
(previously calibrated) RAAS monotherapies and dual-RAAS therapies. Our analysis indicates that low doses (5-10 mg)
of imarikiren are comparable to current RAAS therapies, and at higher doses (25-200 mg), RAAS suppression may be
equivalent to existing dual-RAAS combinations (at registered doses). This study illustrates application of QSP modeling to
predict phase II endpoints from phase I data.

Keywords Direct renin inhibitor - Quantitative systems pharmacology - Antihypertensive drugs - RAAS -
Renal physiology model

Introduction

Abnormal perturbations of the renin—angiotensin—aldos-
terone system (RAAS) are associated with cardiovascular
and renal complications. In particular, the RAAS is related
to essential and secondary forms of hypertension, making
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the RAAS pathway a major target for therapeutic inter-
vention. The enzyme renin is synthesized as prorenin in the
juxtaglomerular (JG) cells in the kidney, and secreted as
either renin or prorenin [1]. Although JG cells are the
primary renin producers, other tissues have been shown to
form prorenin as well [1, 2]. Renin cleaves angiotensino-
gen to form the biologically inactive peptide angiotensin I
(Angl). Angl is in turn hydrolyzed by angiotensin-con-
verting enzyme (ACE) and chymase to form angiotensin II
(Angll), the primary biologically active peptide of the
RAAS pathway. Other branches in the pathway lead to
formation of Ang (1-7), AnglV, and other angiotensins, as
recently reviewed [3], but the physiologic role of these
peptides is less well understood. Angll is a potent vaso-
constrictor that plays a critical role in blood pressure
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regulation through arterial vasoconstriction, sympathetic
nervous system stimulation, increased aldosterone secre-
tion, and altered renal sodium handling [4]. These actions
of Angll are primarily mediated through type 1 (AT1)
receptor binding [5]. Angll may also elicit action through
binding to the type 2 (AT2) receptors. These receptors may
counteract the effects of ATI1, for example by promoting
vasodilation or reducing inflammation [6], but the physi-
ological significance of AT2 receptors remains a topic of
investigation [7, 8].

Therapies that target various parts of the RAAS pathway
are vital in treating hypertensive disorders. Angiotensin
receptor blockers (ARBs) act downstream by inhibiting
AT1 receptors [9]. ACE inhibitors (ACEi) block the
pathway in the middle, inhibiting Angll formation by
blocking ACE. Direct renin inhibitors (DRIs) block the
pathway upstream by deactivating renin, preventing the
conversion of angiotensinogen to Angl that initiates the
RAAS cascade. ACEi or ARBs trigger a reactive feedback
mechanism that increases plasma renin activity [10],
causing a compensatory increase in Angl and/or Angll,
partially restoring downstream blockades of the RAAS
[10]. While renin inhibitors also elicit large increases in
renin secretion [11], the excess renin secreted is largely
inactivated, so that Angl and Angll remain suppressed
[12]. In addition, renin inhibition is attractive because of
the specificity of renin to its substrate (renin is highly
selective to angiotensinogen whereas, e.g., ACE binds to
bradykinin in addition to Angl [13]).

Among DRIs, aliskiren was the first orally bioavailable
DRI approved by the US Food and Drug Administration
(FDA). Imarikiren is another novel potent and orally active
DRI currently under development for treatment of diabetic
nephropathy and hypertension. Imarikiren is reported to
have better oral bioavailability in rats than aliskiren (25.2%
vs. 2.4%) [14]. The improvement in bioavailability is
thought to arise from better physiochemical characteristics
(such as molecular weight, topological polar surface area
and number of rotatable bonds) related to bioavailability
[14].

Since most known pathophysiological effects of ANGII
are mediated through ATI receptors, all of these drugs
primarily produce physiologic effects by suppressing AT1-
bound Angll (although there are potentially secondary
effects through Ang (1-7) and AT2-bound Angll). The
degree of ATI1-bound Angll suppression is expected to
determine the physiological effects, but AT1-bound Angll
cannot be measured directly. Measurements of circulating
Angl and AngllI peptides is also challenging due to assay
sensitivity to sample extraction and handling and assay
conditions [15]. Plasma renin activity (PRA) and plasma
renin concentration (PRC) can be measured with greater
precision (although in most assays there is lower limit of
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quantification for PRA that makes low level detection
challenging). However, when ATI1-bound Angll is sup-
pressed, there is a non-linear feedback on renin secretion,
making it more challenging to benchmark RAAS sup-
pression based on PRA and PRC directly.

We have previously published a mathematical model of
the RAAS pathway that includes the nonlinear feedback
between ATI1-bound Angll and renin secretion [16, 17].
The RAAS pathway model also feeds into a larger cardio-
renal QSP model of blood pressure regulation and fluid and
electrolyte homeostasis [17, 18]. The model has been
previously developed and validated for several classes of
antihypertensive agents targeting the RAAS pathway [17].
Here, we apply this model to the new orally bioavailable
renin inhibitor imarikiren. We show that the model is
capable of reproducing the observed temporal changes of
PRA and PRC arising from imarikiren administration. We
then benchmark the trough suppression of ATI-bound
Angll against other RAAS targeting agents, and predict
expected trough mean arterial pressure reduction.

Methods
Clinical data

As part of Phase I clinical study, single ascending doses of
5, 10, 25, 50, 100 and 200 mg imarikiren were adminis-
tered orally to healthy adult male volunteers (n = 8 for
each group except for 50 mg, where n = 20). A placebo
group (n = 12) was also included. For each dose, the
concentration—time profile of imarikiren were measured
initially every half hour and then at longer intervals
through day 7. Additionally, among others, plasma PRA
and PRC were measured at frequent intervals through day
7.

Mathematical model

We employed a previously developed QSP model [16-18]
that consists of three interlinked components, as illustrated
in Fig. 1: a pharmacokinetic/pharmacodynamics (PK/PD)
model, a model of the RAAS pathway, and a cardio-renal
model of blood pressure regulation and volume home-
ostasis. The pharmacokinetics of imarikiren drives changes
in renin activity in the RAAS pathway model, leading to
changes in AT1-bound Angll and MR-bound aldosterone,
which are linked to downstream physiological effects in the
cardio-renal model that leads to changes in blood pressure.
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Fig. 1 The QSP model consists of a mechanistic model of the RAAS
pathway coupled with a model of the cardio-renal system and blood
pressure regulation. A two-compartment PK model (left column, top)
dynamically drives renin inhibition and subsequent suppression of
downstream RAAS components (left column, bottom). AT1-bound

PK/PD model of imarikiren

A two-compartment PK model was used to characterize the
plasma concentration profile of imarikiren at all doses.
Nonlinear distribution and elimination terms, as described
for other renin inhibitors [19], were evaluated, but did not
significantly improve the model fit. Thus, first-order linear
terms were used.

The pharmacodynamic (PD) effect of imarikiren on
renin inhibition was described with a sigmoidal E,,,,
model. An effect compartment was used to account for
time lag between exposure and renin inhibition. The effect
compartment concentration [IMAR,y] was modeled as

d
= (IMAR.]) = ki (IMAR] — [IMAR 7)) (1)
where [IMAR] is the concentration of imarikiren in the

central compartment and kg, is the first order distribution
rate constant that determines the time lag for drug action.

Angll and aldosterone in the RAAS model trigger downstream
regulatory effects of vasoconstriction and tubular sodium reabsorption
(middle column), which in turn lead to blood pressure regulation
through the cardio-renal model (right column). The QSP model is
described in detail in Refs. [16-18, 20, 21]

The effect of imarikiren on PRA inhibition was then cal-
culated as

Enmax [IMAR 7

PRAimhipition = 1 — [IMAReﬁ‘:I + I1C50

(2)

where the model parameters E,,,, and IC50 are the maxi-
mum possible drug effect and the drug concentration pro-
ducing half maximum effect, respectively.

RAAS pathway model

The RAAS pathway submodel has been described in detail
previously [17]. The model was previously developed and
calibrated by fitting the trough PRA and PRC responses to
various monotherapies targeting the RAAS, and then val-
idated by simulating the trough PRA and PRC responses to
these drugs in combination. Key model equations that
describe the RAAS cascade are briefly described below.
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As mentioned above, Angl is formed by PRA, assuming
that its precursor angiotensinogen is available in excess and
the active plasma renin is the rate-limiting factor. Angl is
converted to Angll by the enzymes ACE and chymase, and
is degraded at a rate of K;4,g. The differential equation
describing the rate of change of Angl is expressed as

d|Angl
M = PRA — (Kuce + Kchymase) [Angl] — Ky ang1[Angl]

dt
(3)

Angll is formed from the action of ACE and chymase on
Angl at the rate Ky and Kchymase, respectively. The pep-
tide binds to either the AT1 or AT2 receptors at the rate
Kar1 and K7 respective, and is degraded at a rate of
Kganenr- The equation describing the rate of change of
Angll is given as

d|Angll
% = (Kace + Kchymase) [Angl]
—(Kar1 + Kar2)[Angll] — Ky angur[Angll|

(4)

The complex of Angll bound to the ATl receptor
(AT 1ppungAgnll) is the physiologically active entity within
the RAAS pathway, and is determined by the relation
dIAT pounaAngll
% = Kar1[Angll] — Kqar1[AT 1 pounaAngll]

(5)
where K471 is the degradation rate constant for ATI-
bound AnglI.

AT1-bound Angll also induces aldosterone secretion.

The aldosterone secretion rate Sec,g, and aldosterone
concentration are modeled as

Secaldo = Secaldo,O (1 + MAT1—aldo ( [AleoundAngII]

- [AleW,ldAngIIOD) (6)

d[Aldosterone)
dt

Secado,0 18 the nominal rate of aldosterone secretion.
[AT1-bound Anglly] is the nominal ATI1-bound AnglIl.
MAT a1do 1S @ linear fitting constant. Ky 44, is the aldos-
terone degradation rate constant.

= Secaido — Ka.aiao|Aldosterone] (7)

Renin secretion feedback mechanism ATI1-bound Angll
exerts a strong inhibitory effect on renin secretion, and
suppression of AT1-bound Angll stimulates large, nonlin-
ear increases in renin secretion. In addition, renin secretion
is altered by sodium flow through the macula densa. Renin
is assumed to be secreted at a nominal rate SEC,, 0 and is
modulated by feedback signals arising from sodium flow at
the macula densa (1,5 ,.ni,) as Well as a feedback signal
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tag arising from AT1 binding to Angll. As a result, the
renin secretion rate SEC,.,;, 1s expressed as

SECrenin = td—renintar1SECrenin 0 (8)

Circadian variation in renin secretion was not consid-
ered in this analysis.

We previously showed that the inhibitory effect of AT1-
bound Angll on renin secretion can be well characterized
by the relationship [17]

_ (AT VpungAngtn) \ =4 )
fam [AleoundAngII()]

The exponent At ren is a fitting constant.

The feedback signal due to macula densa sodium flow,
ond—renin 18 @ function of the macula densa sodium con-
centration ¢y, 4, Which is calculated in the cardio-renal
submodel, described later.

Hind—renin = exp(_Amd—ren (¢Na.md - qua,md,O)) (10)

®Namap 1S the normal macula densa sodium concentra-
tion under baseline conditions and A, _,., is a fitting
constant.

Under the conditions considered in this study, macula
densa sodium changes are relatively small, while changes
in AT1-bound Angll in response to RAAS blockade are
quite large. Thus, the feedback on renin secretion is dom-
inated by 7.

The rate of change of PRC is determined in terms of
renin secretion and degradation rate Ky yenin as:
d(PRC)

T = SECrenin - Kd,renin * PRC (1 1)

PRA is assumed to be linearly proportional to PRC with
a scaling factor k, and is modulated by drug-induced PRA
inhibition factor PRAnipision according to the relation

PRA =k * PRC * (1 — PRA;upibition) (12)

PRA upipirion 18 the pharmacodynamical effect of imarikiren
as described in Eq. 2.

Cardio-renal systems model for blood pressure
regulation

We employed a previously described cardio-renal systems
model [17] to link imarikiren administration and the
resulting RAAS suppression to the physiologic effects of
the RAAS, in order to predict the expected mean arterial
pressure response. The model describes the physiological
processes of volume and blood pressure regulation through
renal filtration, reabsorption, and excretion, including
multiple regulatory mechanisms. These regulatory
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mechanisms include intrinsic mechanisms like tubu-
loglomerular feedback (TGF) and neurohormonal mecha-
nisms like the RAAS cascade, for simultaneous control of
Na + homeostasis, stable cardiac output, mean arterial
pressure (MAP), glomerular pressure or glomerular filtra-
tion rate (GFR), and others. A detailed description of the
cardio-renal model and its feedback mechanisms along
with tubular Na + and water reabsorption processes are
described in Refs. [17, 18, 20, 21]. Here we present only
the links between the RAAS pathway submodel and its
physiologic effects.

For therapeutic agents that target the RAAS, the ulti-
mate consequence is suppression of ATI1-bound Angll.
AT1-bound Angll in turn has multiple physiologic effects,
including constriction of the efferent, preglomerular,
afferent, and systemic vasculature, sodium retention in the
proximal tubule, and aldosterone secretion. The model
captures each of these effects through feedback mechanism
that scales the physiologic effect by changes in AT1-bound
Angll according to the relation

1
Murpi=1 ; —0.
ar i =145 % AT TpoumaAngllo] — AT LpoaAngllly -
1+exp

MATLi

(13)

where i represents the effect on efferent, afferent, preaf-
ferent, or systemic resistance, proximal tubule sodium
reabsorption, or aldosterone secretion. The effect of drug-
induced changes in ATI-bound Angll on each of these
physiological variables results in blood pressure reduction
as described in detail by Hallow et al. [17, 18, 20, 21]. As
previously described [17], this portion of the model was
validated by simulating the trough mean arterial pressure
reduction observed in clinical studies of 4-8 weeks treat-
ment with ARBs (candesartan, irbesartan, losartan, and
valsartan), ACE inhibitors (enalapril, ramipril), aliskiren,
and the combination of aliskiren with valsartan or ramipril.
The model does not describe diurnal variations in mean
arterial pressure.

Parameter estimation

PK parameters were estimated by fitting the imarikiren
concentration clinical data using maximum likelihood
estimation. PK parameters were then fixed, and PD
parameters were estimated by fitting PRA and PRC lon-
gitudinal data. In addition, during this fitting, the parameter
AuT1 ren describing the feedback of ATI1-bound Angll on
renin secretion was re-estimated. All other parameters of
the RAAS submodule and larger cardio-renal model were
fixed to calibrated values obtained from prior work [17].

Genetic algorithm (GA) optimization was used to min-
imize the cost function arising from the sum of squared
residuals of PRA and PRC for all time points and doses. To
allow comparable contributions of the residuals from the
two biomarkers, log transformed PRC values were used.

Simulation of the blood pressure response
in hypertensive virtual patients

To evaluate the expected trough mean arterial pressure
response to imarikiren, and to benchmark it against other
RAAS-targeting therapies, a cohort of hypertensive virtual
patients were generated as described previously [17].
Treatment administration of each dose of imarikiren, as
well as approved doses of mono- and combination RAAS
therapies, were simulated for 8 weeks, and the change in
trough mean arterial pressure after 8 weeks was predicted.

Software

The model was implemented and parameter estimation was
conducted in R 3.1.2 using the package RxODE (https://
cran.r-project.org/web/packages/RxODE/index.html), a
package for simulating differential equation pharmaco-
metric models in R [22].

Results

Time profile of imarikiren and dose-dependent
renin inhibition

Estimated model parameters are given in Table 1. In order
to fit the data, no changes were required to the previously
developed RAAS pathway model structure. Apart from
drug-specific PD parameters IC50 and kg, only one
parameter was re-estimated: the parameter Az ren
describing the strength of the feedback of AT1-bound
Angll on renin secretion. This parameter was re-estimated
to be 0.79, slightly lower than previously estimated value
of 0.9.

Figure 2 shows the model fit to the observed PK, PRA,
and PRC responses to single doses of imarikiren at 5, 10,
25, 50, 100 and 200 mg. The model describes well both the
magnitude and time courses of the PK time profiles as well
as the PRA and PRC responses. The model captures the
rapid decline of PRA and concomitant rise in PRC with
rapid PRA inhibition. It also captures the progressive
increase in duration of PRA suppression with increasing
doses. Since circadian variation in renin secretion was not
modeled, the model is unable to reproduce the rise in PRA
at 6 h in the placebo group. Thus, the model may
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Table 1 Estimated model parameters. All other model parameters were fixed to previously calibrated values [16-18]

Parameter  Description Value %RSE
ka Oral absorption rate constant 3.57/h 14.5
k. Elimination rate constant 0.23/h 16.2
ki Intercompartmental rate constant 0.053/h 60.3
koy Intercompartmental rate constant 0.102/h 144
Veentral Volume of the central compartment 76.8 L 4.7
Kael Rate constant for time lag of drug action or biophase effect 0.169/h 17.5
1C50 Effective compound concentration that produces 50% of the maximum effect on PRA inhibition 2.5 ng/mL 18.8
AAT ren Exponent parameter defining the magnitude of the AT1-bound Angll-induced renin secretion feedback.  0.79 44.7

underestimate the degree of renin suppression during times
of circadian elevation. The aldosterone clinical data was
highly variable, but the small reduction in aldosterone
predicted by the model is consistent with the observed data.

Figure 3 further illustrates the clinically observed and
model-fitted exposure-response relationship. PRA is
clearly suppressed as imarikiren concentration increased
(Fig. 3, left), while PRC increases with exposure. There is
some hysteresis in the PRC response due to the delay
between exposure, renin inhibition, and renin secretion.
There was also a weak trend toward reduced aldosterone at
higher drug concentrations.

Prediction of dose-dependent imarikiren-induced
AT1-bound Angll reduction

Regardless of the mode of RAAS suppression, the physi-
ologic effects of RAAS suppression depend on the degree
to which ATI1-bound Angll is suppressed, since Angll
binding to the AT1 receptor drives the downstream effect
on the renal vasculature, tubular reabsorption, and aldos-
terone release. Figure 4 shows the simulated percent
reduction of AT1-bound Angll from baseline for 14 days
daily administration of imarikiren for all doses. For each
dose, AT1-bound AnglI falls rapidly and oscillates within a
narrow range. The lower panel of Fig. 4 shows the simu-
lated dose-response curve for day 14 trough AT1-bound
Angll suppression. The predicted degree of suppression
ranged from about 82-98% as dose increased from 5 to
200 mg, with little additional suppression as the dose
increased above 100 mg.

Benchmarking the PRA, PRC, and AT1-bound
Angll response to imarikiren with other RAAS
therapies

We previously showed that the model was able to repro-
duce the observed trough changes in PRA and PRC (as
placebo adjusted change from baseline, composite mean of
available published data for each therapy) in response to
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multiple RAAS monotherapies, and was able to predict the
response to dual-RAAS therapy [17]. All parameter values
for these therapies were taken from this previous publica-
tion, and were not reestimated here. In the present study,
we benchmarked trough changes in PRA and PRC with
imarikiren against other RAAS-blocking antihypertensive
agents studied in [17], as shown in Fig. 5. As expected,
PRA is reduced for renin inhibitors (aliskiren and imar-
ikiren) but increased with all other RAAS monotherapies.
PRC is increased with all treatments. The magnitude of the
rise in PRC with imarikiren is comparable to that of the
dual-RAAS combination of aliskiren 300 mg and valsartan
320 mg—the highest approved doses of these drugs.

Figure 6 shows the simulated degree of trough ATI-
bound Angll suppression with imarikiren, compared to
other RAAS monotherapies and dual-RAAS therapy.
Except for 5 mg dose, the simulated AT1-bound Angll
reduction with imarikiren was higher than any of the
monotherapies. For the 25 mg dose and higher, the pre-
dicted AT1-bound Angll suppression was comparable to
the combination of aliskiren 300 mg and valsartan at
320 mg.

Benchmarking the trough mean arterial pressure
response to imarikiren

Blood pressure reduction is a physiological consequence of
reduced vascular resistance and increased sodium excretion
resulting from AT1-bound Angll suppression. In the car-
dio-renal QSP model, the blood pressure response to AT1-
bound Angll suppression has previously been calibrated by
fitting the trough mean arterial pressure reduction observed
with RAAS monotherapies, and validated by simulating
these therapies in combination with other RAAS therapies,
with the diuretic hydrochlorothiazide, or with the calcium
channel blocker amlodipine [17]. Blood pressure reduction
with imarikiren in hypertensive patients has not yet been
reported. In this study, we used the cardio-renal QSP model
to predict the expected reduction in trough mean arterial
pressure with imarikiren at steady-state (after 8 weeks of
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Fig. 2 Plasma concentration—time profile of imarikiren for doses
ranging from 5 to 200 mg (top row). Pharmacodynamics response of
renin inhibition as shown by PRA (second row), PRC (third row), and
aldosterone (fourth row). Panel labels indicate the dose in mg. Solid

simulation time), based on the simulated RAAS suppres-
sion described above. As shown in Fig. 7, the model pre-
dicts that the steady-state MAP reduction with 10 mg
imarikiren will be comparable to that achieved with the
highest doses of other RAAS therapies (aliskiren, valsartan,
losartan, irbesartan, candeartan, enalapril). The higher
doses may achieve MAP reductions comparable to those of
dual-RAAS therapies.

blue curves represent model fit for the typical individual and filled
circles represent clinical data. The dashed gray curves in the
figure represent the 5 and 95% quantiles of the clinical data (Color
figure online)

Discussion

In this study, we used a model-based approach to quantify
RAAS suppression with the DRI imarikiren, and to
benchmark the degree of RAAS supression and model-
predicted blood-pressure regulation against other RAAS-
blocking therapies. PK and PD parameteres that are
specific to imarikiren, as well as the parameter defining the
magnitude of the feedback on renin-secretion AaTi ren
were estimated. The estimated IC50 for renin suppression
with imarikiren of 0.19 ng/mL was very similar to the
measured in vitro IC50 value of 0.113 ng/mL. AATq ren Was
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Fig. 4 Top two rows: Simulated percent reduction of ATI-bound
AnglI for daily administration of 5, 10, 25, 50, 100 and 200 mg doses
(as indicated at top of each plot) of imarikiren. Bottom row: model-

estimtaed to be 0.79, slightly less but similar to the value of
0.9 estimated in our previous study [17]. This small dif-
ference could be due to differences between study popu-
lations. Our previous calibration utilized data from both

@ Springer

predicted dose-response curve for 14-day trough AT1-bound Angll
suppression with imarikiren

healthy volunteers and hypertensive patients, while the
current study included only healthy volunteers. It is pos-
sible that hypertensive patients have an overactive feed-
back response, compared to healthy volunteers. No other
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Fig. 5 Simulated versus experimentally observed trough changes in
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antihyperthensive therapies. All data are placebo-adjusted change
from baseline to pre-dose on the final reported study day. Imarikiren
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Fig. 6 Comparison of model-predicted trough ATI-bound Angll
change from baseline with imarikiren and other RAAS therapies,
alone and in combination. Data for other therapies are based on

model parameters were changed, and the model was able to
describe both the magnitude and timecourse of the PRA
and PRC responses. Thus, this study provides additional
validation of the previous model.

Our results indicate that AT1-bound Angll suppression
with low doses (below 25 mg) of imarikiren is comparable
to that of the highest approved dose of aliskiren (300 mg)
as well as many other RAAS monotherapies. Medium to
high doses (25 mg/kg and above) of imarikiren suppressed
ATI1-bound Angll to a greater degree than other mono-
thrapies analyzed, and the degree of suppression for these
doses was comparable to that of dual-RAAS therapies.
Very little additional suppression was observed as the dose
of imarikiren increased from 100 to 200 mg.
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data are from this study. Data for other therapies are the composite
mean of available published data for each therapy as described in Ref.
[17]. The solid line in each panel is the 1:1 ratio line of perfect
agreement between observed and simulated responses

85%
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65%

previously published data [17]. Green bars: Imarikiren; blue solid
bars: other RAAS therapies (Color figure online)

Blood pressure reduction with imarikiren treatment in
hypertensive patients has not yet been reported, but we
utilized the model to predict the expected blood pressure
response in virtual hypertensive patients, and compared
this response to predictions with other RAAS therapies.
Lower doses of imarikiren were predicted to lower MAP
similar to other RAAS monotherapies, while the prediction
for doses of 50 mg or higher were predicted to be com-
parable to RAAS combination therapy.

In drug development, efficacy biomarkers obtained in
phase I studies are often used to infer expected efficacy and
to make dosing, go/no go, and other decisions for phase II.
This analysis demonstrates how a QSP model can be used
to make quantitive predictions of a phase II endpoint like

@ Springer



24

Journal of Pharmacokinetics and Pharmacodynamics (2019) 46:15-25

12

10

(o]

MAP Reduction (mmHg)
[e)]

2
0
¥ X X K S K K K K K& ¥ X X X S S
Q@ 0’5‘ & AT &S 6‘ <,§° K ST S S
NN NS 2N NN LS )@(\ ’@(\ {\\’1/ (g\r \/1;\/ PN (\'\ (\'\/ IS Q
S &F & F S F SRS EEEE
g\f\ \@p P P oc,'z’K zéb& &L & Qibé\ & > @’z} & & & F ¥
Vel v Q’b Q’b N \{0 \{O Gbc (J’bQ (/’b(\ 00((\ v\\ N \(0 \((\ \((\ \6@ \@/b
vg\”)

Fig. 7 Benchmarking imarikiren against other RAAS mono- and dual therapies: model-predicted reductions in trough mean arterial pressure at
steady-state with imarikiren, compared with preivously calibrated and validated model predicted reductions with other RAAS therapies [17]

blood pressure reduction utilizing phase I biomarkers like
PRA and PRC, and to benchmark efficacy of a new com-
pound against existing compounds. Although the predic-
tions must ultimately be validated with measurements in
clinical trials, these early predictions can help development
teams make more informed and objective decisions based
on the available data for both new and existing compounds.

Limitations

While the timecourse of RAAS suppression with imar-
ikiren was evaluated using detailed timecourse clinical
measures of imarikiren-induced changes, comparisons with
other RAAS blocking agents were made using trough
measures only, since PRA and PRC measurements in the
literature are most commonly reported using trough values.
It is possible that other RAAS monotherapies suppress the
RAAS to similar degrees but may not maintain the sup-
pression through trough, perhaps obscuring the degree of
suppression in some of these drugs. Similarly, in this study
we predicted the steady-state blood pressure reduction, but
did not attempt to account for the timecourse of reduction
or the daily blood pressure dynamics.

This analysis did not consider the chronobiology of the
RAAS [23-25]. Other have previously elegantly modeled
circadian dynamics of the RAAS [3]. However, the current
study lacked sufficient time resolution in the clinical data
to adequately capture circadian effects. Because the

@ Springer

primary goal was to benchmark trough RAAS suppression
and MAP reduction with existing therapies, we do not
expect that circadian effects would significantly impact the
conclusions. However, if this model were used to address
other questions such as the morning vs evening dosing or
differences in 24 h blood pressure control, circadian effects
would become important. For such questions, the current
model would need to be extended using an approach sim-
ilar to that of Mochel et al. [25].

Calibration and validation of other RAAS therapies were
based on data taken from a number of studies, and systematic
reviews like Cochrane were used when available, as described
previously [17]. Weighted composite means were calculated
when multiple studies are available. While a strength of QSP
modeling lies in the incorporation of data from multiple
studies into a single quantitative framework, it is also possible
that differences in study populations between studies may
influence the observed PRA, PRC, and blood pressure
responses, and thus may also influence the model calibration
and predictions. The model also was calibrated using median
data, and does not account for individual variability.

Conclusion

This study provides validation for our previously devel-
oped RAAS pathway model, and illustrates the application
of QSP modeling to predict phase II endpoints based on
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phase I data. Our analysis indicates that low doses of
imarikiren are comparable to current RAAS monothera-
pies, and that at higher doses, RAAS suppression may be
equivalent to that of existing dual-RAAS blockers.
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