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Introduction: Endothelin-1 (ET-1) regulates renal and vascular function, but the
clinical utility of selective ET, receptor antagonists has been limited due to
associated fluid retention. The mechanisms underlying fluid retention remain
poorly understood but could be a consequence of changes in ET-1 binding to the
unantagonized ETg receptor, either through increased ET-1 or non-selective ETg.

Methods: A mathematical model of ET-1 kinetics was developed to quantify effects of
ET, antagonist exposure and selectivity on concentrations of ET-1 and its complexes
with ET, and ETg receptors. The model describes ET-1 production, tissue and plasma
distribution, ET, and ETg receptor binding, and receptor-mediated clearance, and was
calibrated and validated with human ET-1 infusion studies.

Results: The model confirmed the significant role of ETg in ET-1 clearance. By
varying both drug ET, selectivity (Ki,/Kis) and concentration over a wide range,
simulations predicted that while selective ET, antagonist (selectivity >1) always
decreased [ET1-ET,], the change in [ET1-ETg] was more complex. It increased up
to 45% as drug concentrations approached and exceeded K;,, but the increase
was diminished as drug concentration increased further and fell below baseline at
high concentrations. The drug concentration required to cause a decrease in
[ET1-ETg] was lower as ET, selectivity decreased.

Discussion: This is the first mechanistic mathematical model of ET-1 kinetics that
describes receptor-mediated clearance, and the consequence of ETg blockade on
ET-1 concentrations. It provides a useful tool that can coupled with experimental
studies to quantitively understand and investigate this complex and dynamic system.

KEYWORDS
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1 Introduction

Endothelin-1 (ET-1) is an autocrine/paracrine regulator of renal and vascular function,
and antagonism of ET-1 effects has been pursued as a therapeutic target for cardiovascular
diseases. ET-1 antagonists have proven beneficial in treating pulmonary arterial
hypertension (PAH) (Correale et al,, 2018), and been shown to reduce proteinuria and
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FIGURE 1

Model Schematic. In brief, Big ET-1is assumed to be produced at a constant rate; ECE converts Big ET-1to ET-1in the tissue compartment; ET-1is
distributed between the tissue and plasma compartments; in each compartment, ET-1binds to ET, and ETg receptors to form receptor-ligand complexes
which are then cleared by internalization. Vp: Central compartment volume; Vt: Tissue compartment volume.

potentially improve outcomes in patients with diabetic kidney
disease (DKD) (de Zeeuw et al, 2014; Heerspink et al, 2019).
However, their utility in treating cardiovascular diseases has been
limited by adverse events related to fluid retention (Packer et al.,
2017; Waijer et al., 2021).The mechanisms underlying this effect
have proven difficult to fully understand, in part because of the
complex physiology of the endothelin system.

ET-1 is produced primarily in the kidney and lungs by
conversion of its precursor Big-ET through endothelin converting
enzyme (ECE) in endothelial cells. It elicits its physiological effects
by binding to two receptors: ET, and ETjy. It is also cleared by
receptor binding, primarily by ETj. Binding to ET, mediates
vasoconstriction, while ETp is thought to mediate vasodilation
and natriuresis. See Davenport et al. (2016) for a thorough
review of endothelin physiology.

Endothelin receptor antagonists vary in their selectivity for ET 5
and ETp receptors. Inhibiting one receptor can cause ET-1 to
increase (since clearance is reduced), and thus may increase
binding through the other receptor. Because ETy is largely
responsible for ET-1 clearance, ETy inhibition in particular may
result in a rise in ET-1 binding to ET, (Kelland et al., 2010).

Fluid retention effects of selective ET, antagonists have been
proposed to be related to non-selective inhibition of ETy at high doses
(Vercauteren et al., 2017; Battistini et al., 2006) or to incompletely
understand the pleiotropic effects of ET 4. A better understanding of
ET-1 kinetics and dynamics may aid in the identification of optimal
dosing of endothelin antagonists that could provide efficacy while
minimizing potential risk of adverse effects.

Understanding the physiological response to endothelin
antagonists depends on understanding the degree of inhibition
and/or activation of each receptor type. In this study, we
developed a mechanistic mathematical model of ET-1 kinetics
and blockade by selective or non-selective receptor antagonists.
We then utilized this model to quantify the effect of endothelin
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antagonist selectivity on concentrations of ET-1 to the ET , and ETg
receptors in the plasma and tissue compartments. This is a first step
in developing a more quantitative understanding of the mechanisms
underlying clinically observed responses to endothelin antagonism.

2 Methods
2.1 Model description

Figure 1 shows a schematic of the ET-1 kinetics model. Big ET-1,
the precursor to ET-1, is assumed to be produced endogenously at a
constant rate (Prodgiger), and is converted to ET-1 through the
action of endothelin converting enzyme (ECE).

d([BigET})
dt

Keat/Kny is the catalytic efficiency of ECE (Schweizer et al., 1997).

ET-1 exhibits saturable, high-affinity binding to ET, and ETp

receptors, with similar dissociation constant Ky for both receptor

types (Bacon et al, 1996). ET-1 is cleared by binding to and

internalization of these receptors, with most of the clearance

(1)

= PT‘OdB,‘gET -

Kca .
e " [BigET][ECE]

occurring through ETp. Total ET-1 concentration ([ET1]y,) is
the sum of concentrations of unbound ET-1 ([ET1]) and ET-1
bound to the ET, and ETy receptors ([ET1-ET,] and [ET1-
ETg],respectively). Because the dissociation constant is similar for
both receptors, we lump ET, and ETy receptors together as one
receptor concentration [ET1-R] for now. Later, we will revisit this
and distinguish between binding to the two receptor types.

[ET1],, = [ET1] + [ET1-ET ] + [ET1-ET3] = [ET1] + [ET1-R]
(2)
Similarly, the total receptor concentration ([R]y) is the sum of

free ET» and ETjy receptors concentration ([ET,] and [ETg]), and
the ligand-receptor complexes ([ET1-ET,] and [ET1-ETg]):
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[Rlsoe = [ET 4] + [ET1-ET 4] + [ET5] + [ET1-ET5]
= [R] + [ET1-R] (3)

Receptor binding is assumed to occur several orders of
magnitude faster than production, distribution, or internalization,
so that equilibrium between binding and dissociation is achieved
almost instantaneously, and the ligand, receptor, and ligand-
receptor complex are assumed to be in quasi-equilibrium (Mager
and Krzyzanski, 2005), so that:

Kos _ [RI*[ET1]

K= = TETLR] @
Combining Equations 2-4 gives:
Riot — ([ET1],, — [ET1]))*[ET1
x, = (Rea = (IET1],y ~ [ET1))[ET1] -

[ET1),,, - [ET1]

Unbound ET-1 can then be solved from Equation 5 in terms of
total ET-1 concentration, total receptor concentrations, and Kg, as
expressed in Equation 6.

(BT) = (5)[ (BT 1w = (Rl = K) # (BT (Rl ~ Ka)’ + 4Ka (BT, |
(6)

Combining Equations 2, 4 and rearranging, the receptor-ligand
complex concentration [ET1-R] is given by:

(Rl [ET1]

[ET1-R] = K, + [ET1] (7)
Most ET-1 production occurs in the lung and kidney, where the
highest concentrations of ECE are found (Hunter et al, 2017).
Studies of radiolabeled ET-1 have also shown that ET-1 is
rapidly cleared from the circulation and taken up in the lungs,
kidneys, and liver (Fukuroda et al., 1994; Parker et al., 1999). Thus,
ET-1 kinetics are modeled with 2 compartments-a plasma and a
tissue compartment. ET-1 production is assumed to be much larger
in the tissue than plasma compartment, so that plasma ET-1
production is negligible. For each compartment, the rate of
change of total ET-1 is the net sum of ET1 production (tissue
compartment only), distribution, and internalization by receptor
binding. Total ET-1 in each compartment (p denotes plasma and ¢

denotes tissue), is given by:

d([ET1
M = ProdET_l - Ktp [ETl]t + Kpt [ETI]P

dt
[R]tot,t [ETl]t
- inrm (8)
d( [ET
(ETiotar) _ Kip (BT, — K [ET1], - Ky D BTy o

dt Ki+ [ETI] P

At steady state, [ET1], is the normal plasma ET-1 concentration
([ET1]p). There are 7 unknown parameters: the intercompartmental
distribution rates Ky, and Ky, the receptor-ligand internalization rate
constant K, the receptor concentrations in each compartment
[Rliore and [R]ip BigET-1 production rate Prodgigpr, and the
concentration of endothelin converting enzyme [ECE].

Endogenous big-ET production is assumed to be constant, and
Prodp;ger as expressed in Equation 10, can be determined from the
steady-state constraint for Equation I:
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KCﬂ .
Prodgiger = K—‘ [BigET], *[ECE] (10)
The steady-state tissue concentration of ET-1 can be determined
from Equation 9 at steady-state:

[ET1)]
Kpt [ETI]pO + I<int [R]tat,p—po

Ka+[ET1] o
ET1],, = P
[ET1], %

(11)

Then, the total tissue receptor concentration (Equation 12),
which is assumed constant, can be determined from Equation 8
at steady-state and Equation 11.

Prodir; — Kip [ET 1,0 + Ky [ET1] 9

[Rlore = (ET1],0 (12)
P
Ki"f(Kd+[ET1]pv)
This leaves 5 parameters to be estimated by fitting

experimental data.

2.2 Parameter estimation

Unknown model parameters were estimated by simultaneously
fitting three different experimental studies. Each study provided
important pieces of information for parameter estimation.

Radiolabeled ET-1 clearance study: In Parker et al. (1999),
5 healthy human participants were administered a bolus venous
infusion of radiolabeled ET-1 over 5 minutes, and radiolabeled
plasma ET-1 was measured at 0, 1, 2, 3, 4, 5, 6, 8, 10, 12, 14, 16,
18, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 100, 120, 150, 180, 210 and
240 min after the start of the infusion. This study provided
information for constraining intercompartmental distribution and
receptor internalization rates. However, the ET-1 dose was unknown
and assumed tiny relative to plasma ET-1, so only relative
concentrations could be fit.

Infusion of increasing doses of ET-1: In Kaasjager et al. (1997),
6 healthy participants were administered an infusion of ET-1 at
increasing infusion rates. Participants received 0.5 ng/kg/min ET-1
for 60 min, followed by 1 ng/kg/min for 60 min, followed by a final
2.0 ng/kg/min for 60 min. Plasma ET-1 was measured before
infusion and at 75, 125, and 225 min after the start of the

infusion. This study provided further information for
constraining intercompartmental distribution and receptor
internalization rates, and also provided information for

constraining receptor concentration and compartment volumes.

Infusion of Big ET-1: In Hunter et al. (2017), 10 healthy human
participants were administered an infusion of Big-ET at increasing
infusion rates. Participants received 0.75 pmol/min for 30 min,
followed by 15 pmol/min for 30 min, followed by 300 pmol/min for
another 30 min. Plasma ET-1 was measured at baseline and at 30-
min intervals through 150 min. This study provided information for
quantifying ECE concentration, and further information for
constraining intercompartmental distribution rates, volumes, and
receptor concentration.

Fitting these three studies simultaneously provided sufficient
information to estimate all model parameters. The study protocol
for each study was simulated. Parameters were estimated by
minimizing the least square error between the observed and
model-predicted plasma ET-1 concentrations.
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2.3 Distinguishing ET, and ETg binding and
internalization

After estimating model parameters with lumped ET, and ETjp,
we then separated out the contributions of ET1, and ET1p.

Let f5 be the fraction of total receptors that are ETy receptors.
Then the fraction of total receptors that are ET, receptors, fa,
is 1 - fg.

Then, the concentration of each receptor (in the absence of an
inhibitor) can be determined, as given in Equations 13, 14:

[RB]tat = fB [R]tot
[Ralio = (1 - fB) (Rl

(13)
(14)

And concentration of the bound complex can then be expressed
as Equations 15, 16:

_ [RA]mt [ETl]

(ET1-Ra) = (ET1] =
_ [Ry) [ET1]

(ET1-Ra) = (1) (1o

The relative expression of ET, and ETjy receptors differ across
tissues. The density of ET is much higher than ET} in resistance
vessels. In the lung, which is the tissue with the highest overall
receptor concentration, the fraction of ETg is around 40%, while in
the kidney it is around 70%-80% (Davenport et al., 2016; Kuc et al.,
1995). Thus, we allow fg to be estimated separately for tissue and
plasma compartments.

Equations 8, 9 can be rewritten to Equations 17, 18 as:

w% = Prodgr-, = KipV [ET1], + KV, [ET1],
— KV ([RaLiors + [Relsors) % 17)
Vp@ - K,V [ET1], - KV, [ET1],
= KintV p( [Raliorp + [Relior,p) Kd[%;]ﬁ]},
(18)

2.4 Modeling competitive ET, and ETg
inhibition

Endothelin antagonists are competitive inhibitors with varying
degrees of selectivity for ET4 or ETp receptors. Let [I] be the
concentration of a competitive endothelin antagonist, with an
affinity K;, for ET, receptors and Kj, for ETy receptors. The
concentration of the ligand-receptor complex in the presence of
an antagonist can be expressed as Equations 19, 20 (see
Supplementary Material for derivation):

— [RA]tot [ETl]
[ET1-R4] = Ka(1+ L)+ [ET1) (19)
[ET1-Rg] = [Rplio [ET1] o0

Kd(l + 1%]7) +[ET1]
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It can further be shown that the concentrations of free ET, and
ETp receptors are:

[RA]tot
1 [ET1] + 1]

Kq Kiq

[RB]tat
[ET1] [1]
1+ K + Koy

[Ra] = 1)

[Rp] = (22)

Substituting Equations 21, 22 into Equation 2 gives ET1,, as
expressed in Equation 23.

ETY [ [Ralu [Rsliu
ETl,, = [ET1] + 23
w =B T\, e, ) Y

With some additional algebra, the concentration of free [ET1]
can be obtained by solving the resulting third order polynomial for
[ET1] (see Supplementary Material for full derivation).

2.5 Validation

To validate the model, a separate experimental study, not used in
model calibration, was simulated and compared with study results.

Validation Dataset: ET, or ETy inhibition followed by ET-1
infusion: In Bohm et al. (2003), 6 healthy, male participants were
studied on 3 different days separated by at least 1 week. Participants
were infused with either 0.9% saline (for 15 min), the ET, inhibitor
BQ123 (2.5-5 nmol/kg/min for 50 min), or the ETy inhibitor BQ788
(4 nmol/kg/min for 15 min). After 30 min, participants were also
infused with ET-1 (4 pmol/kg/min) for 20 min. Plasma ET-1 was
measured at 0, 15, 30, 40, and 50 min.

To model this study, binding affinities and selectivity of the
selective ET, antagonist BQ123 and selective ETp antagonist
BQ788 were set to previously reported values in human tissue
(BQ123: K;, = 0.78 nM, Ky, = 24.3 pM (Peter and Davenport,
1996); BQ788: Ki, = 1 uM, Ky = 9.8 nM (Russell and
Davenport, 1996)).

2.6 Sensitivity analysis

To evaluate which parameters contribute most to the
uncertainty in the model output, we computed the Sobol indices
using the sensobol package in R (Puy et al., 2022), a form of global
sensitivity analysis (IM SJMMCE, 1993). Assuming mutual
independence among the input parameters, the variance of the
output is decomposed into fractions which can be attributed
either to a single input parameter (first order Sobol indices) or to
a set of parameters (higher order Sobol indices). The total-order
index T; measures the first-order effect of a parameter jointly with its
interactions with all the parameters (Homma and Saltelli, 1996).

2.7 Model implementation

The model was implemented in R v4.1.2 using the RxODE
package (Wang et al., 2016). Optimization was performed using the
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Model Calibration: Model parameters were estimated by fitting:

(A), the response to radiolabeled ET-1 bolus (Parker et al., 1999); (B),
increasing doses of Big ET-1 infusion (Hunter et al., 2017); (C),
increasing doses of ET-1 infusion (Kaasjager et al.,, 1997).

L-BFGS-B method in the optim package. Model code is available at
https://bitbucket.org/cardiorenalmodel/endothelin-kinetics.

3 Results and discussion

3.1 Model calibration

As shown in Figure 2, the calibrated model reasonably
reproduced the observed magnitude and time-course of changes
in ET-1 following an ET-1 bolus (Figure 2A), increasing rates of
Big ET-1 infusion (Figure 2B), or increasing rates of ET-1 infusion
(Figure 2C). Estimated parameter values are given in Table 1. In
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order to simultaneously fit all three studies, it was necessary to
allow [ECE] to vary for each study. For all other estimated
parameters, the same estimated values allowed the model to
reasonably fit all studies simultaneously. Simultaneously fitting
all studies did require some trade-off in fit: each study could be fit
more precisely if parameters were estimated separately for each
study. However, the simultaneously fit parameters are more useful
than study-specific parameters in providing a general model of ET-
1 kinetics, and thus these parameters were used for the rest of
this analysis.

3.2 Model Validation

The calibrated model was able to reproduce the changes in
plasma ET-1 observed by Bohm et al. (2003) (Figure 3A). First, the
model reproduced the change in plasma ET-1 during ET-1 infusion
in the placebo arm, demonstrating that the ET-1 model can predict
ET-1 kinetics in a new experiment. Secondly, the model reproduced
the augmented rises in ET-1 with selective ET or ET}y antagonist,
resulting from reduced clearance when the receptors are inhibited.
Consistent with the experimental data, the rise in ET-1 with ETy
antagonism was much greater than with ET 4 antagonism, indicating
that the model recapitulates the dominant role of ETy in ET-
1 clearance.

For ETj antagonism, the model did overpredict the increase in
ET-1 during the period of ETy antagonism alone, prior to the start
of ET-1 infusion. While Bohm et al. reported no change in ET-1
during this period, other studies have found that ET-1 does
increase with similar doses of BQ788 (Okada and Nishikibe,
2002; Strachan et al., 1999), but this increase is delayed. This
could be due to a delay in BQ788 reaching ETy in peripheral
tissues. When a pharmacodynamic delay was introduced, the
model came closer to reproducing the observed ET-1 changes.
Because other studies have noted a rise in ET-1 with BQ788, we did
not want to overfit the model to this single datapoint in this single
study, and thus no further changes were made to force fit
this point.

3.3 Simulations

3.3.1 Effect of selective ET receptor antagonism on
non-antagonized receptor complex

Changes in ETy activation with selective ET, antagonists
have been proposed as a mechanism for fluid retention with ET s
receptor antagonists. On one hand, inhibition of ETy at high
doses of selective ET  receptor antagonists has been proposed to
cause fluid retention by blocking natriuretic/diuretic effects of
ETy (Battistini et al., 2006; Baltatu et al., 2012). On the other
hand, activation of ETy receptors as a consequence of elevated
ET-1 with ET, antagonism has been proposed to increase
permeability and redistribute
resulting in edema (Vercauteren et al., 2017). A first step in

vascular plasma volume,
understanding these possible mechanisms is to quantify how
the concentration of a selective antagonist affects plasma ET-1
and the formation of bound complex with the non-
antagonized receptor.
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TABLE 1 Model parameters.

10.3389/fphar.2024.1332388

Parameter  Definition Value Units Source
BigET(0) Normal plasma Big ET-1 concentration, initial condition 0.93 pmol/L Miyauchi et al. (2012)
[ET1],(0) Normal plasma ET-1 concentration, initial condition 32 pmol/L Kaasjager et al. (1997)
KeatKin ECE catalytic efficiency 2.64e-4 L/min/ Schweizer et al. (1997)
pmol
Ky ET-1 dissociation constant for ET, and ETp 400 pmol/L Bacon et al. (1996)
Vo Central compartment volume 81.6 (1.1%) L estimated
\'A Tissue compartment volume 2.64 (7%) L estimated
[ECE] Endothelin converting enzyme concentration Parker: 162.6 (2.5%)  nmol/L estimated
Hunter: 98 (4.6%)
Kaasjager: 27 (10.7%)
Kot ET-1 distribution rate from plasma to tissue 0.87 (18.5%) /min estimated
Ky ET-1 distribution rate from tissue to plasma 0.98 (2.3%) /min estimated
Kin Receptor-ligand internalization rate 0.0095 (0.4%) pmol/min estimated
Rotp Total receptor concentration in plasma compartment 460 (1.2%) pmol/L estimated
Riott Total receptor concentration in tissue compartment 7,738 pmol/L Calculated from steady-state
constraints
[ET1](0) Total (bound and unbound) concentration of ET-1, initial condition 88.3 pmol/L Calculated from steady-state
constraints
fi, Fraction of total receptors that are ETy receptors in tissue compartment | 0.65 (11%) — estimated
fpc Fraction of total receptors that are ETy receptors in plasma compartment | 0.8 (15%) — estimated

We first simulated a perfectly selective ET 4 antagonist by setting
Kj, to 1 and Kj, to 10*° (to approximate zero ETp antagonism). The
drug concentration was then varied from 0.001 to 1,000X Kj,, and
steady-state changes in the bound complexes [ET1-ET,] and [ET1-
ETj] were determined in the plasma and tissue compartments. This
was repeated for a perfectly selective ETy antagonist, with Kj, set to
10*° (to approximate zero ET 4 antagonism)and Ky, set to 1, and drug
concentration varied from 0.001 to 100,000X Kj,.

As shown in Figure 4A, as the concentration of a selective ET 5
antagonist was increased relative to Kj,, the formation of bound
complex [ET1-ETjg] increased up to 33% and 45% in the tissue and
plasma compartments, respectively, as bound complex [ET1-ET,]
suppression approached 100%. For selective ETp antagonism
(Figure 4B), as the concentration was increased relative to Ky,
the rise in ET1-ET, complex was quite large, increasing to more
than 200% and 500% in the tissue and plasma compartments,
respectively, as bound [ET1-ETg]
approached 100%.

complex suppression

In both cases, the rise in the complex of ET-1 with the non-
inhibited receptor occurred due to a compensatory rise in ET-1
concentration, since inhibiting either receptor reduced ET-1
clearance. Since ETpy is responsible for a larger portion of ET-1
clearance than ET 4, the rise in ET-1 with ETy antagonism was much
larger than with ET, antagonism. Consequently, the rise in [ET1-
ET,] with ETy antagonism was also much larger than the rise in
ET1-ETg with ET, antagonism.

If there were no change in ET-1 concentration, it would be
expected that when the drug concentration equals K; (when
logl0(conc/K;) = 1), the complex of ET-1 with the antagonized
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receptor would be reduced 50%. However, in both cases, the
concentration required to produce a 50% reduction was shifted
higher as a result of the rise in ET-1 concentration (See Equations 19,
20). This shift was much larger with ETy antagonism, due to the
larger rise in ET-1.

Sobol sensitivity analysis indicated that the uncertainty in
predicted changes in ET1-ET, or ET1-ETy was nearly completely
due to the choice of fz—fraction of total receptors that are ETp
receptors. To explore the effect of fz on the model predictions, we
repeated the simulations above when fg is set to 0.5 (a scenario of
equal concentrations of ET, and ETjy receptors, and thus equal
clearance through each receptor-inconsistent with (Bohm et al,
2003) and other studies (Fukuroda et al., 1994; Dupuis et al., 1996)),
or to 0.999 (a scenario in which ET receptors are 99.9% ETg and
0.1% ET,). In the first case, the rise in the non-antagonized receptor
complex was equal for selective ET 4 and ETy antagonists (i.e., ET1-
ETjy rise with ET, antagonism was the same as ET1-ET rise with
ETjp antagonism). The ET-1 concentration also rose equally. At the
other extreme, when fj is set to 0.999, there was no change in ET1-
ETg with ET, antagonism, but ET1-ET, increased more than 2000-
fold with ETy antagonism. However, in all cases, the shape of the
curves, and thus the dependency on K; and concentration, remained
the same. Only the magnitudes changed (Supplementary
Figures S1, S2).

3.3.2 Effect of antagonist selectivity on non-
antagonized receptor complex

We then investigated the effect of antagonist receptor selectivity
by varying both drug ET, selectivity (Ki,/K;,) and drug
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(A) Model Validation: The calibrated model reproduced experimentally observed changes in plasma ET-1 observed by Bohm et al. (2003) in response

to placebo, BQ123 (ET, antagonist 4 nmol/kg/min for 50 min), or BQ788 (ETg antagonist 4 nmol/kg/min for 15 min) followed by ET-1 infusion. Speed of
rise in plasma ET-1 with BQ788 is overpredicted; assuming a delay between plasma drug concentration and tissue inhibitory effect on ETg (light purple)
more closely reproduces the data (B) Model-predicted changes in the physiologically active bound complexes of ET1to ET, or ETg in the plasmaand
tissue compartments.
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(A) Effect of increasing concentration of a perfectly selective ET, antagonist. Simulation predicts that as the concentration of a selective ETp
antagonist increases, the formation of bound complex [ET1-ETg] increases up to 33% and 45% in the tissue and plasma compartments, respectively, as
bound complex [ET1-ETa] suppression approaches 100%; (B) Effect of increasing concentration of a perfectly selective ETg antagonist. Simulation
predicts that as the concentration of a selective ETg antagonist increases, the formation of bound complex [ET1-ETA] increases more than 200% and
500% in the tissue and plasma compartments, respectively, as bound complex [ET1-ETg] suppression approaches 100%.

concentration over a wide range. In Figure 5, all concentrations are
plotted relative to K, for consistency. [ET-1] increased with
increasing concentrations for all selectivity values, but the higher
the selectivity for ET 4, the higher the drug concentration (relative to
K;,) required to increase ET-1 (Figures 5A, B). Trends were the same
but concentrations were much higher in the tissue compared
to plasma.

The complex [ET1-ET,] always decreased with increasing
concentration of selective ET, antagonist (selectivity >1). For

Frontiers in Pharmacology

08

ETj selective antagonism (selectivity <1), [ET1-ET,] was non-
monotonic—for concentrations well below Kia, it increased, and
increased faster with increasing. However, as concentrations
approached and exceeded K;, (and thus also far exceeded Kj,),
the rise in [ET1-ET,] began to become smaller, and [ET1-ET,]
eventually began to decrease at concentrations well above Kj,
(Figures 5C, D).

The complex [ET1-ETg] always decreased with increasing
concentrations of ETg-selective antagonists (selectivity <I).
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FIGURE 5
Effect of antagonist selectivity on plasma and tissue changes in ET-1 (A, B), ET, activation by ET-1 (C, D), ETg activation by ET-1 (E, F). ETa

antagonism: selectivity >1, ETg antagonism: selectivity <1.

Interestingly, though, for ET -selective antagonists, the rise in [ET1-
ETg] was minimal at concentrations less than 0.1X K;,, then became
larger as concentrations approached and exceeded Kj,. After
reaching a maximum increase of around 45% (plasma) or 33%
(tissue), further increases in concentration did not further increase
[ET1-ETg]. Instead, as concentrations rose further, [ET1-ETj3]
began to fall and quickly became negative. The concentration
required to cause a decrease in [ET1-ETg] was higher as
selectivity increased (Figures 5E, F).

Thus, depending on the concentration, ET, antagonists can
increase (at low concentrations) or decrease (at high concentrations)
the activation of ETg. The higher the selectivity for ET 4, the higher
the concentration required to cause ETy to decrease.

Figure 6 shows the change in plasma [ET1-ETjg] for different
selective ET, antagonists, based on their reported selectivities
(Davenport et al,, 2016). For a relatively non-selective antagonist
like bosentan, [ET1-ETp] rise did not quite reach the maximum
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before falling, and became negative at concentrations around 100X
Kj,. However, for more selective ET 4 antagonists, the rise in [ET1-
ETg] tended to max out as concentrations rose. There was no
difference in the maximum rise between ambrisentan, atrasentan,
sitaxentan, and zibotentan. However, while ambrisentan causes
[ET1-ETg] to become negative at concentrations around 1,000x
K, [ET1-ETg] with
concentrations up to 100,000xKj,.

Several limitations should be noted. Receptor concentrations

remained  positive zibotentan  for

of ET4 and ETy vary across tissues and across species. This
analysis assumed a constant relative concentration of receptors,
but this could vary by tissue. Receptor concentration may also
change due to compensatory upregulation or downregulation due
to antagonism, and this was not considered. Nearly all of the
experimental data used to develop the model was collected in
males, and there are likely sex differences that could impact the
model’s predictiveness in females. Endogenous ET-1 production
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FIGURE 6
Effect of ET antagonists with varying degrees of selectivity on
ETg activation by ETL.

was assumed constant, but in reality its secretion changes in
response to physiological signals.

4 Conclusion

This is the first mechanistic mathematical model of ET-1 kinetics
that describes receptor-mediated clearance, and the consequence of
ETjy blockade on ET-1 concentrations. It provides a useful tool that
can coupled with experimental studies to quantitively understand and
investigate this complex and dynamic system. This analysis quantifies
effect of ET, antagonists on ETy activation, but does not describe the
physiological consequences of changes in ET , and ETy binding. This
is addressed in our sister paper.
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