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Vascular Effects of Endothelin Receptor Antagonists
Depends on Their Selectivity for ET, Versus ETg Receptors
and on the Functionality of Endothelial ETg Receptors

Marc Iglarz, PharmD, PhD, Pauline Steiner, MSc, Daniel Wanner, Markus Rey, Patrick Hess, BM,
and Martine Clozel, MD

Introduction: The goal of this study was to characterize the
role of Endothelin (ET) type B receptors (ETg) on vascular func-
tion in healthy and diseased conditions and demonstrate how it
affects the pharmacological activity of ET receptor antagonists
(ERAS).

Methods: The contribution of the ETg receptor to vascular relax-
ation or constriction was characterized in isolated arteries from
healthy and diseased rats with systemic (Dahl-S) or pulmonary
hypertension (monocrotaline). Because the role of ETg receptors is
different in pathological vis-a-vis normal conditions, we compared
the efficacy of ETx-selective and dual ETA/ETg ERAs on blood
pressure in hypertensive rats equipped with telemetry.

Results: In healthy vessels, ETg receptors stimulation with sarafo-
toxin S6c¢ induced vasorelaxation and no vasoconstriction. In con-
trast, in arteries of rats with systemic or pulmonary hypertension,
endothelial ETg-mediated relaxation was lost while vasoconstriction
on stimulation by sarafotoxin S6¢c was observed. In hypertensive
rats, administration of the dual ET,/ETg ERA macitentan on top
of a maximal effective dose of the ET s-selective ERA ambrisentan
further reduced blood pressure, indicating that ETg receptors block-
ade provides additional benefit.

Conclusions: Taken together, these data suggest that in pathology,
dual ETA/ETg receptor antagonism can provide superior vascular
effects compared with ET s-selective receptor blockade.
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INTRODUCTION

Endothelin (ET)-1, a 21-amino acid peptide produced
by endothelial and other cells, is considered one of the most
potent vasoconstrictors known. ET-1 binds to 2 G protein—
coupled receptors, ET, and ETg. In physiological conditions,
ET, receptors predominate on vascular smooth muscle cells
and mediate vasoconstriction, whereas endothelial ETg recep-
tors may mediate vasodilation through nitric oxide (NO)
release and hemodilution."” In certain pathological condi-
tions, including systemic and pulmonary hypertension (PH),
ETg receptors are upregulated in the media of blood vessels,
and both ET 4 and ETy receptors contribute to the detrimental
effects of ET-1.>7°

These observations suggest that the vascular function of
the ETp receptor may vary, depending not only on cell type
(eg, vasoconstricting ETg on smooth muscle cells vs. vaso-
dilatory ETg on endothelial cells) but also on the status of the
vessel (healthy vs. pathology). This change of function of the
ETg receptor could have a differential impact on the response
to ET receptor antagonists (ERAs) harboring different selec-
tivity profiles toward this receptor. We hypothesized that in
pathological conditions, endothelial ETg receptors cannot
mediate NO-dependent vasorelaxation because of endothelial
dysfunction, whereas smooth muscle ETg receptors could trig-
ger vasoconstriction. This might suggest that ET-selective
ERAs may be less efficacious in antagonizing the deleterious
effects of ET-1 in pathology than dual ERAs. To compare
whether the dual ET/g ERA macitentan may be more effec-
tive than the ET,-selective ERA ambrisentan, we designed
a study in which conscious hypertensive rats were given a sin-
gle maximal effective dose of ambrisentan corresponding to
maximal blockade of ET 4 receptors, followed by a single max-
imal effective dose of macitentan, to observe the effect of
additional blockade of ETg receptors.

The goal of this study was to investigate the contribu-
tion of ETy receptors to vascular reactivity in physiology and
disease (PH and systemic hypertension) and demonstrate how
it can affect the hemodynamic response to ERAs with differ-
ent selectivity toward this receptor type.

METHODS

Animals
Two-month-old Wistar rats were ordered from Harlan
(Venray, The Netherlands). All rats were maintained under
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identical conditions in accordance with the guidelines of the
Swiss Animal Protection Law under licenses 164 and 185.
The monocrotaline rat model was developed as follows: after
an acclimatization period of 7 days, rats were allocated for
monocrotaline injection. Monocrotaline (MCT; Sigma-Al-
drich, St. Louis, MO) was dissolved in 1 N HCI at
a concentration of 200 mg/mL, neutralized with 1 N NaOH
and diluted with sterile 0.9% saline at 20 mg/mL. MCT was
injected at a dose of 60 mg/kg subcutaneously 3 mL/kg. Rats
were killed by pentobarbital administration (intraperitoneally)
4 weeks after monocrotaline injection.

In Vitro Vascular Reactivity

Rings of left pulmonary arteries or thoracic aortas
(2 mm in length) were mounted in organ baths under
isometric conditions and bubbled with the following respec-
tive gas mixtures: CO, 5%, O, 16%, N, 79% or CO, 5%, O,
95%. After a recovery period, vessels were stretched (2 X
0.5 g or 4 x 0.5 g for aortas and pulmonary arteries, respec-
tively) and depolarized twice with KCI 60 mM. Endothelium-
dependent relaxations were obtained with cumulative doses of
acetylcholine (107° to 10> mol/L) after precontraction with
norepinephrine corresponding to c.a. 80% of the contraction
to KClI 60 mM. After a 45-minute recovery period,
endothelium-independent relaxations were achieved with
cumulative doses of sodium nitroprusside (Sigma-Aldrich,
1071% to 10~° mol/L). Endothelium-dependent relaxation to
sarafotoxin S6¢ (Sigma-Aldrich), an ETg receptor agonist
was assessed after in precontracted vessel by adding sarafo-
toxin S6¢ 10~° mol/L in presence or absence of NO syn-
thase inhibitor L-NAME (0.1 mM; Sigma-Aldrich;
30 minutes preincubation) or endothelium. Smooth muscle
constriction to sarafotoxin S6¢c was assessed by performing
a dose-response curve (1072 to 3.10~7 mol/L) in nonpre-
contracted vessels without endothelium.

In Vivo Hemodynamics and Add-on Protocol

Two-month-old Dahl salt-sensitive (Dahl-S) rats were
administered with 1% NaCl in drinking water. Five to 6
weeks after starting salt administration, a telemetry trans-
mitter was implanted. Under sterile conditions, rats were
instrumented microsurgically with a telemetry pressure trans-
mitter implanted in the peritoneal cavity. The pressure
catheter was inserted into the aorta, below the renal artery
pointing upstream. The abdomen was closed and the trans-
mitter sutured to the abdominal musculature. Blood pressure
was collected continuously using the Dataquest ART Gold
acquisition system (version 3.01). Systolic, mean, and
diastolic arterial pressures and heart rate (HR) were collected
at 5-minute intervals during the entire experiment, resulting in
a series of 1152 data points per day for each animal. For both
blood pressure and HR, each rat served as its own control, by
using the data of the last 24 hours before drug or vehicle
administration. An area between curves (ABC) was calculated
for mean arterial pressure (MAP) versus time curves of the
control and treatment periods (integrated differences between
predose and postdose curves over time).

First, dose—response curves of each ERA were con-
structed in Dahl-S rats to determine the maximal effective
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dose and T, (time of observed maximal effect) of each
ERA. Pharmacological effects on MAP and HR were mea-
sured up to 120 hours after a single gavage at doses ranging
from 1 to 30 mg/kg for both compounds. To determine
whether macitentan could provide superior pharmacological
activity versus ambrisentan, we designed a study in which
(1) macitentan was administered on top of the maximal
effective dose of ambrisentan established by the dose—
response curve (Table 1) and (2) the maximal effective dose
of ambrisentan was administered on top of the maximal
effective dose of macitentan. The maximal effective dose
of the second compound was administered at T, of the
first tested compound. As each compound had a relative
rapid onset of action and the plateau effect lasted for around
6 hours, these pharmacodynamic characteristics enabled us
to check whether an additive pharmacological activity of
a first compound could be observed during the T, of a sec-
ond compound.

Test Compounds

Macitentan and ambrisentan were supplied by Actelion
Pharmaceuticals Ltd. Gelatin 7.5%, administered at 5 mL/kg,
was used as vehicle for oral administration of the compounds
by gavage.

Statistics

All results are presented as mean * SEM. Area
between the MAP versus time curves (ABC) is expressed
in mm Hg-hour, MAP in mm Hg and HR in beats
per minute. Differences between groups were analyzed
using an unpaired Student’s ¢ test or one-way analysis of
variance followed by Newman—Keuls for multiple compar-
isons test when required. Statistical significance was defined
as P < 0.05.

RESULTS

ETg-mediated Vasodilation in Healthy Vessels
Is NO and Endothelium Dependent

In left pulmonary arteries and aortas from healthy rats
precontracted with phenylephrine, selective ETg receptor
stimulation with sarafotoxin S6¢ 10~° mol/L induced a relax-
ation that was inhibited by NO synthase blocker L-NAME or
removal of the endothelium (Fig. 1).

TABLE 1. Maximal MAP Decrease After Oral Administration of
Vehicle, Macitentan, or Ambrisentan in Dahl-S Rats

AMAP, mm Hg 1 mg/kg 3mg/kg 10mg/kg 30 mgkg
Vehicle (gelatin 7.5%) -3=*3 2+4 -1*x2 1+3
Macitentan -17x4 —19*x4 223 —35=*4*
Ambrisentan 113 -13*x3 -14=*x3 —-17*x2

Data are expressed as mean = SEM (n = 6 per group).
*P < 0.01 versus 30 mg/kg dose of ambrisentan.
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Response to sarafotoxin S6¢c 1 nM

Pulmonary artery Aorta
FIGURE 1. Response to ETg agonist )
sarafotoxin S6c 1 nM in (A) left * * * ) + + * - Endothelum
pulmonary arteries (n = 8 per group) - i * i3 - + + +  sarafotoxin S6¢c 1nM
and (B) aortas from healthy Wistar i - - sl - 0 - - + - L-NAMEO.1 mM
rats (n = 4-10 per group) precon- & 9
tracted with phenylephrine (60%- ¢ 20 T 20
80% of max KCl). The vaso- 2 40 2 40
relaxation observed in intact vessels & g, - 8 60
was lost in the presence of nitric & =L
oxide synthase inhibitor L-NAME 0.1 80 80
mM or after removal of the 100 100
endothelium. A

ETg-mediated Vasodilation Is Lost in Rats
With Pulmonary or Systemic Hypertension
and Turns Into Vasoconstriction

Although precontracted aorta and left pulmonary ar-
teries from Wistar rats showed ETg-mediated vasorelaxation
to sarafotoxin S6¢ (1072 mol/L), no vasoconstriction to this
peptide was obtained in resting healthy vessels. In left pul-
monary arteries from PH rats and aorta from Dahl-S rats, no
relaxation to sarafotoxin S6¢ (107° mol/L) was observed
(Fig. 2), whereas sarafotoxin S6c induced vasoconstriction
in resting vessels (Fig. 3). In PH and Dahl-S rats, vascular
dysfunction was observed: In PH rats, selective endothelial
dysfunction was present as evidenced by impaired response to
acetylcholine (Fig. 4A), whereas in Dahl-S rats impaired
response to acetylcholine and NO donor sodium nitroprusside
indicated both endothelial and smooth muscle cell dysfunc-
tion (Fig. 4B).

Blockade of ET, and ETg Receptors Is More
Effective Than ET,-selective Blockade in
Hypertensive Rats

Dahl-S rats developed an increase of MAP of approx-
imately 180 mm Hg. Acute oral administration of macitentan
and ambrisentan dose-dependently decreased MAP without
affecting HR (Table 1). At a dose of 30 mg/kg macitentan, the
maximal decrease in MAP was 35 = 4 mm Hg, about 24
hours after administration (T,,,). This effect was superior

Pulmonary artery

Wistar rat

(P < 0.01) to that observed with the maximal effective dose
of 30 mg/kg ambrisentan that decreased MAP by 17 = 2 mm
Hg (Table 1), with a Ty, around 6 hours.

Based on these data, the maximal effective dose of 30
mg/kg of macitentan and ambrisentan was selected for the
add-on study. These maximal effective doses were confirmed
using the add-on protocol: ambrisentan 30 mg/kg adminis-
tered orally when the maximal effect of a previous dose of
ambrisentan 30 mg/kg was reached, did not show an
additional MAP decrease compared with vehicle on top of
ambrisentan, and the maximal MAP decrease were 30 £ 3
and 25 = 5 mm Hg, respectively (Fig. 5A). Oral administra-
tion of macitentan 30 mg/kg to Dahl-S rats, when the maxi-
mal effect of ambrisentan 30 mg/kg had been reached,
induced an additional MAP decrease by 17 mm Hg compared
with vehicle administered on top of ambrisentan 30 mg/kg.
The maximal decrease induced by macitentan on top of am-
brisentan was —42 = 3 mm Hg (vs. —25 = 5 mm Hg for
vehicle P < 0.05) (Fig. 5B). Conversely, ambrisentan, admin-
istered orally at 30 mg/kg, when the maximal effect of maci-
tentan 30 mg/kg had been reached, did not induce an
additional MAP decrease compared with vehicle administered
on top of macitentan 30 mg/kg (Fig. 5C).

DISCUSSION

The vascular ET system plays a modest role in the
maintenance of vascular tone in physiological conditions as

Response to sarafotoxin S6¢c 1 nM

FIGURE 2. Vasorelaxation to ETg
agonist sarafotoxin S6¢c 1 nM in (A)
left pulmonary arteries from healthy

AN

Wistar rats (left) and diseased PH
monocrotaline rats (right) precon-
tracted with phenylephrine (n = 8
per group) and (B) aortas from
healthy Wistar rats and diseased
Dahl-S rats (n = 4-10 per group).
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Response to sarafotoxin S6¢
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FIGURE 3. Dose-response curves to 3 201 2 204
ETg agonist sarafotoxin S6c in rest- ® ©
ing (A) left pulmonary arteries from ‘g’ 101 £ 10;
healthy Wistar rats and diseased PH O S
monocrotaline rats (n = 8 per group) 0- 0-
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rats and diseased Dahl-S rats (n = 8 10 10 10 10° 10 107 10°
per group). A Sarafotoxin S6¢ (M) B Sarafotoxin Séc (M)

demonstrated by the moderate or absence effect of ERAs on
blood pressure in healthy animals®® and human volunteers.’
Conversely, in pathological conditions associated with a vas-
cular activation of the ET system, ERAs are expected to exert
a stronger blood pressure lowering effects than normotensive
conditions. Indeed, dysregulation of the vascular ET system
leads to endothelial dysfunction and vascular remodeling.'%!!
This feature of the system is of interest when considering the
blockade of the ET receptor as a therapeutic strategy because
the pharmacological activity of the antagonists will be driven
by the local dysregulation of the ET system. This is especially
the case for PH where the pulmonary vascular ET system is
dysregulated and patients present increased mean pulmonary
arterial hypertension without systemic hypertension. In the
monocrotaline rat model of PH, administration of an ERA
to conscious animals equipped with a double telemetry sys-
tem has been shown to selectively decrease mean pulmonary
arterial pressure without affecting mean arterial blood pres-
sure and HR." In patients with PH, the incidence of

hypotension observed with ERAs seems to be lower than with
nonselective vasodilators such as guanylate cyclase activators
or calcium channel blockers.'*'* Therefore, vascular response
to ERAs depends on the level of vascular ET system
activation.

The choice of the selectivity profile of an ERA is
a strategic decision that must be taken based on understanding
of the ET system not only in physiological but also in
pathological situations. It is commonly assumed that the
endothelial ETg should not be blocked as it plays a role in
vasodilation through production of NO. Our findings regard-
ing the vasorelaxing role of ETy receptors in left pulmonary
arteries and aortas from healthy animals are in line with pre-
vious publications demonstrating their endothelial localiza-
tion and involvement of NO.'>'® Other groups reported
a loss of endothelial ETy relaxation'” or development of
ETs vasoconstriction'® in disease conditions (eg, salt-
sensitive hypertension and diabetes, respectively). Several
studies have shown that in pathological situations such as
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FIGURE 4. Dose-response curves to % 80 el c % 8o anesrats
. N o ®© S w©
acetylcholine (top panel) and nitric £ 5 60 BE 60
oxide donor sodium nitroprusside & § 88
. < o 40 o o 40
(bottom panel) in (A) left pulmonary e« § © 5
arteries from healthy Wistar rats and x 20 s 20
diseased monocrotaline (PH) rats o 0
(n = 4 per group) and (B) aortas ' " . ; . ; . - . .
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FIGURE 5. Superior pharmacologi-
ambrisentan in conscious Dahl-S vehicle
rats. Although addition of am-
brisentan 30 mg/kg on top of am-
brisentan 30 mg/kg did not induce
further MAP reduction, confirming
that a plateau of effect had been
reached with ambrisentan (A),
addition of macitentan 30 mg/kg on
top of ambrisentan 30 mg/kg fur- -40
ther decreased blood pressure by 17
mm Hg, *P < 0.05 versus vehicle
(B). Conversely, addition of am-
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brisentan 30 mg/kg on top of macitentan 30 mg/kg did not induce further blood pressure reduction (C) (n = 6 per group).

hypertension, diabetes mellitus, and hypercholesterolemia,
endothelial ETg expression is downregulated, whereas ETg
expression is upregulated in smooth muscle cells where it
mediates vasoconstriction.? In addition to a decrease in endo-
thelial ETg receptor expression, impairment of endothelial
function can be a cause of the loss of ETz-mediated relaxa-
tion: increased generation of reactive oxygen species in path-
ological conditions such as obesity lead to a decrease of NO
bioavailability and endothelial dysfunction and hence,
together with our findings, could contribute to a loss of func-
tion of the endothelial ETg/NO pathway.'® Therefore, for
pathological vessels, a selective ET 5 blockade strategy might
not benefit from unblocked endothelial ETg receptors and
may miss to block the upregulated smooth muscle ETg re-
ceptors. Using isolated pulmonary arteries, we showed that
ETg-mediated relaxation is dependent on endothelial function
as it can be abolished either by removal of the endothelium or
NO synthase inhibition. In pulmonary vessels from PH rats or
aorta from hypertensive rats both associated with severe
endothelial dysfunction, no ETg-dependent relaxation was
found. In patients with cardiovascular pathologies such as
atherosclerosis® or type II diabetes mellitus,>' ETg-mediated
vasodilation is lost as well. These data suggest that preserva-
tion of endothelial vasodilatory ETg function by use of ETs-
selective ERAs is not relevant in pathology, including PH,
where decreased NO production, a marker of endothelial cells
integrity, was observed.”? For instance, a study by Liang
et al”* showed that only combination of an ET,-selective
ERA but not of a dual ETA,/ETg ERA with a phosphodiester-
ase 5 inhibitor allowed a synergism between endothelial ETg-
derived NO and inhibition of NO second messenger cyclic
guanosine monophosphate. Interestingly, this effect was abol-
ished in absence of endothelium confirming that beneficial
endothelial ETg-dependent effects are unlikely to occur in
pathology. Besides endothelium, smooth muscle ETg recep-
tors contribute to vasoconstriction in pathology as evidenced
here in monocrotaline and Dahl-S rats. We confirmed in vivo
that dual blockade of ET receptors was able to achieve a supe-
rior effect on blood pressure reduction. We also showed that
dual blockade of ET receptors was able to further decrease
blood pressure when administered on top of the maximal
ET s-selective receptor blockade. This was demonstrated by
comparing the effect of the maximal effective doses of each

336 | www.jcvp.org

compound administered on top of the maximal effective dose
of the other one as previously described.?* In pathologies like
essential hypertension or insulin resistance, ETg receptors
have indeed been demonstrated to contribute to vasoconstric-
tion as forearm vasodilation achieved by dual ET,/ETg ERAs
was superior to ET s-selective agents.>>® In PH, smooth mus-
cle ETy receptors are upregulated®’ suggesting a contribution
to deleterious vascular effects as evidenced in our PH rats that
developed ETg-dependent vasoconstriction.

The differences of hemodynamic changes observed after
acute administration of ERAs in this study could also translate
on sustained effects on blood pressure reduction and tissue
remodeling. Several chronic studies in models of hypertension
demonstrate that ERAs can contribute to a sustained decrease
in blood pressure by improvement of renal®® and endothelial
function,” decrease of sympathetic activity,>® and vascular re-
modeling.?**° Beyond control of vascular tone, one should
keep in mind that in addition of ET,, ETg receptors are also
involved in cell proliferation.’’ As a consequence, chronic
blockade of both receptors was shown to lead to a superior
effect on vascular remodeling versus selective blockade of ET 5
receptors.”” More generally, chronic dual ET receptor blockade
could confer an advantage over ET,-selective blockade on
remodeling processes and hence on long-term benefit as sug-
gested by improved survival in preclinical models of PH and
chronic heart failure.’*** Safety might possibly also be
improved with dual ERAs, as chronic stimulation of unan-
tagonized ETy receptors may explain some secondary effects
of ET s-selective antagonists, such as aggravation of cell pro-
liferation®* or more fluid retention compared with dual
ERAs.*>3¢ Clinical trials in idiopathic pulmonary fibrosis
showed increased clinical worsening in patients treated with
an ET,-selective antagonist but not in patients treated with
dual ERAs.3™° In addition, less side effects related to fluid
retention (eg, edema) are observed in PH patients treated with
dual® than with ET s-selective ERAs.*! Although no head-to-
head clinical trial is available, these observations may suggest
that dual ET, and ETg receptor blockade favors a better effi-
cacy and safety profile.

In conclusion, our data demonstrate that vascular ETg
receptors have different activities in physiological versus
pathological situations. In healthy vessels, endothelial ETg
receptors can contribute to vasorelaxation, whereas in
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pathology, endothelial ETg-mediated relaxation is lost and
smooth muscle ETg-mediated constriction appears. This func-
tional shift has important consequences regarding the vascular
response to ERAs with different selectivity profile toward the
ETg receptor.
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