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Endothelin ET, receptor antagonist did not affect
development of tolerance to glyceryl trinitrate in rat
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Abstract

Glyceryl trinitrate (GTN), extensively used for the treatment of cardiovascular disorders, is associated
with rapid development of tolerance. The exact mechanism responsible for tolerance development
to GTN is still not known. Recently, it has been demonstrated that GTN tolerance is associated with
increased expression of endothelin (ET). This study was carried out to determine the effect of ET,
receptor antagonist, BMS182874, on the development of tolerance to GTN in urethane-anaesthetized
rats. Diastolic blood pressure (DBP), systolic blood pressure (SBP) and heart rate (HR) were continu-
ously recorded in vehicle- and BMS182874 (3mgkg ™, i.v.)-treated rats. GTN was infused at the rate
of 10 ugmin—", intravenously for 4h. Tolerance to GTN was determined using challenge doses of GTN
(10, 30 and 90 ug, i.v.). GTN produced a fall in DBP, SBP and an increase in HR. In vehicle-treated rats,
the fall in SBP before induction of GTN tolerance was 28+ 2, 43 +4 and 52 +4 mmHg with 10, 30 and
90 ug GTN, respectively. However, following GTN infusion (10 ugmin—", i.v. for 4h) a rapid develop-
ment of tolerance was observed and the fall in SBP was 1+ 1, 9+ 4 and 15+ 4mmHg with 10, 30 and
90 ug GTN, respectively. Similarly, in BMS182874-treated rats the fall in SBP in non-tolerant rats was
28 +4, 42 +4 and 48 +5mmHg with 10, 30 and 90 ug GTN, respectively. In BMS182874-treated rats
following GTN infusion (10 ug min—", i.v. for 4h) a rapid development of tolerance was observed and
the fall in SBP was 4+3, 10+ 2 and 13+4mmHg with 10, 30 and 90ug GTN, respectively. The
decrease in DBP and SBP in vehicle- and BMS182874-treated GTN-tolerant rats was statistically
similar. These results suggest that ET, receptor antagonist BMS182874 did not affect development
of tolerance to GTN in rats.

Introduction

Glyceryl trinitrate (GTN) has been extensively used in the treatment of ischaemic heart
disease. However, the usefulness of organic nitrates is limited by tolerance, which
develops shortly after onset of treatment. This imposes a major limitation of efficacy
on nitrate therapy for stable angina pectoris, congestive heart failure and acute
myocardial infarction. The mechanisms responsible for tolerance remain controversial.
Multiple hypotheses have been proposed (Parker & Parker 1998). The major proposed
mechanisms are either impaired nitrate bioconversion resulting in decreased nitric
oxide (NO) release (Agvald etal 1999) or increased NO clearance mediated by the
incremental generation of superoxide (O,7) (Munzel etal 1995a). It has been shown
that vascular O, production was increased only in blood vessels of animals treated
in-vivo with GTN but not in vessels treated in-vitro, even with high concentration of
GTN (Munzel etal 1995b). Down regulation of the target enzyme, vascular smooth
muscle soluble guanylate cyclase, as a mechanism of GTN tolerance has also been
proposed (Axelsson & Andersson 1983; Waldman etal 1986). Recent experimental and
clinical studies suggest that concomitant treatment with high doses of angiotensin
converting enzyme (ACE) inhibitors prevents nitrate tolerance (Katz etal 1991;
Munzel & Bassenge 1996). Losartan, an angiotensin (AT;) receptor blocker, was
also found to prevent nitrate tolerance (Kurz etal 1999), indicating that the angioten-
sin system may be involved. However, it has also been demonstrated that nitrate
tolerance is associated with increased expression of endothelin (ET)-1 in the vascular
media (Munzel etal 1995b) and it has been found that a high dose of non-selective ET-1
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receptor antagonist, bosentan, modestly improved GTN-
induced relaxations (Kurz etal 1999). Losartan was found
to be much more effective than bosentan in preventing
nitrate tolerance (Kurz etal 1999). If losartan was acting
through the endothelin system, then bosentan should have
been equally effective as losartan, suggesting that the angio-
tensin and endothelin systems may be acting independ-
ently of each other. Bosentan is a non-specific endothelin
antagonist and blocks both ET, and ETp receptors
(Clozel etal 1994). Studies suggest that most of the cardi-
ovascular effects of endothelin are mediated through ET,
receptors (Gulati etal 1995; Kumar etal 1997; Bagnall &
Webb 2001; Wimalasundera etal 2002). Therefore, we
selected an ET, receptor antagonist to determine the
involvement of ETa receptors in GTN tolerance. We
propose that inhibition of ET, receptors will attenuate
GTN tolerance. This study was conducted to determine
the effect of specific ET4 receptor antagonist BMS182874
on GTN tolerance in rats.

Materials and Methods

Animals

Male Sprague-Dawley rats (Harlan, Indianapolis, IN)
were housed three per cage in a room with controlled
ambient temperature (23 £1°C), humidity (50=£10%)
and 12-h light—dark cycle (0600—1800 h). Food and water
were freely available. Experiments were carried out after
the rats had been acclimatized to this environment for at
least 4 days. Studies were approved and were carried out
according to the guidelines established by the Animal
Care Committee of University of Illinois at Chicago.

Drugs

BMS182874 (Tocris Pharmaceuticals Inc., Ellisville, MO)
was dissolved in dimethyl sulfoxide DMSO (20%) and
administered intravenously. GTN (50mg/10 mL vials;
American Regent Laboratories Inc., Shirely, NY) was
diluted in dextrose saline and injected intravenously.

Surgical preparations

Male Sprague-Dawley rats, 330-370 g, were used in the
study. Rats were anaesthetized with urethane (1.5 gkg ",
i.p.). The left femoral vein was cannulated (PE 50 tubing)
for drug administration. The left femoral artery was can-
nulated (PE 50 tubing) and connected to a Gould P23 ID
pressure transducer for recording the blood pressure
(BP) on a Grass P7D polygraph (Grass Instrument Co.,
Quincy, MA) through a 7PI preamplifier. Heart rate (HR)
was recorded through a 7P4B Grass tachograph (Grass
Instrument Co., Quincy, MA) triggered from BP signals.
The right femoral vein was cannulated to infuse GTN at the
rate of 10 pgmin ' for 4 h using an infusion pump (Model
22; Harvard Apparatus, South Natick, MA). The rate of
infusion was kept at 0.5mLh™", so that the total amount
infused over 4 h was 2.0 mL. To keep the blood pO,, pCO,

and pH constant, and to avoid the effect of respiration
on BP and HR, rats were kept on constant-rate arti-
ficial respiration by inserting an endotracheal cannula
connected to a rodent ventilator (Model 683; Harvard
Apparatus Inc., South Natick, MA).

Experimental design

Rats were divided into two groups: group 1 received vehi-
cle (ImLkg ', i.v., n =5); group 2 received BMS182874
(3mgkg ', iv.; n =5).

GTN was infused at the rate of 10 ugmin™, intrave-
nously, for 4 h after baseline measurement of systolic BP
(SBP), diastolic BP (DBP) and HR responses to intravenous
doses of 0, 10, 30 and 90 ug GTN (Wang etal 2002).
Tolerance to GTN was determined by measuring SBP,
DBP and HR responses to 0, 10, 30 and 90 ug of intra-
venous GTN before and after GTN infusion. Modification
of tolerance with BMS182874 was measured by changes
in SBP, DBP and HR in response to GTN challenge doses
in vehicle- and BMS182874-treated rats.

1

Data analysis

The data is presented as the mean +s.e.m. and was ana-
lysed by Student’s r-test. Data were compared with the
baseline values and the values obtained following 4h of
GTN infusion. The number of rats in each group was 5
and a value of P < 0.05 was considered significant.

Results

Effect of GTN infusion on development
of tolerance in vehicle-treated rats

In non-tolerant rats, GTN 10, 30 and 90 pg (i.v.) produced a
fall of —2.2%, —31.4% and —37.3%, respectively, in DBP
and —18.1%, —26.8% and —30.9%, respectively, in SBP.
However, in tolerant vehicle-treated rats, GTN 10, 30 and
90 ng (i.v.) produced a change of 0.79%, —9.16% and
—14.7%, respectively, in DBP and —0.75%, —7.0% and
—11.4%, respectively, in SBP (Figures 1 and 2). In non- toler-
ant rats GTN 10, 30 and 90 pg (i.v.) increased HR by 4.5%,
6.2% and 9.2%, respectively, whereas in tolerant vehicle-
treated rats GTN 10, 30 and 90 ug (i.v.) increased HR by
1.2%, 2.8% and 3.2%, respectively (Figure 3)

Effect of GTN infusion on development
of tolerance in BMS182874-treated rats

In non-tolerant rats, GTN 10, 30 and 90 pg (i.v.) produced
a fall of —23.3%, —35.4%, and —41.9%, respectively, in
DBP and —17.7%, —27.1% and —33.2%, respectively, in
SBP. However, in tolerant BMS182874-treated rats, GTN
10, 30 and 90 g (i.v.) produced a fall of —1.9%, —10.3%
and —15.9%, respectively, in DBP and —3.1%, —7.1% and
-9.9%, respectively, in SBP (Figures 1 and 2). In non-
tolerant rats, GTN 10, 30 and 90 ug (i.v.) increased HR
by 5.1%, 8.1% and 11%, respectively, whereas in tolerant
BMS182874-treated rats GTN 10, 30 and 90 pug (i.v.)
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Figure 1 Change in DBP (mmHg) with vehicle (1 mLkg ™", i.v.;

upper panel) and BMS182874 treatment (3mgkg ', i.v.; lower
panel) in GTN-tolerant and non-tolerant rats. Tolerance to GTN
was determined by measuring DBP responses to 10, 30 and 90 ug
(i.v.) of GTN before, and 4 h after, GTN infusion (IOMgminfl,
i.v. for 4h). Values are mean+s.e.m.; n=5. *P < 0.05 compared
with non-tolerant GTN response.

increased HR by 0.48%, 0.55% and 1.8%, respectively
(Figure 3).

The decrease in DBP in GTN-tolerant rats was similar in
vehicle-treated (—14.7%) and BMS182874-treated (—15.9%)
rats. Similarly, decrease in SBP in GTN-tolerant rats
was statistically similar in vehicle-treated (—11.4%) and
BMS182874-treated (—9.9%) rats.

Discussion

We proposed that inhibition of ET receptors would attenu-
ate GTN tolerance. In accordance with our hypothesis
we anticipated that an ET, receptor specific antagonist,
BMS182874, would attenuate the development of GTN tol-
erance. But, we found that BMS182874 (Webb etal 1995)
did not affect GTN tolerance in rats. GTN tolerance was
induced in rats by constant infusion of GTN at a rate of
10 g min " for 4h. A dose—response effect of GTN (10, 30
and 90 pg) on blood pressure was obtained before, and 4 h
after, GTN infusion. The fall in BP induced by GTN was
significantly attenuated following GTN infusion.

The development of GTN tolerance was tested by
measuring DBP and SBP responses to 10, 30 and 90 ug
GTN in rats that received continuous infusion of
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Figure 2 Change in SBP (mmHg) with vehicle (ImLkg™', i.v.;

upper panel) and BMS182874 treatment (3mgkg ', i.v.; lower
panel) in GTN-tolerant and non-tolerant rats. Tolerance to GTN
was determined by measuring SBP responses to 10, 30 and 90 pg (i.v.)
of GTN before, and 4 h after, GTN infusion (10 ug min~', i.v. for 4 h).
Values are mean+ts.em.; n=5. *P < 0.05 compared with non-
tolerant GTN response.

10 pgmin~" of GTN for 4h. This method produces a
high degree of tolerance to GTN in rats within 1h
(Wang etal 2002). In another study using in-vitro left
coronary arteries of Japanese monkeys, tolerance to
GTN was induced by 1h of treatment with GTN
(Omura etal 2001).

Tolerance to GTN was first documented in 1867
(Marsh & Marsh 2000) as a clinical condition associated
with a serious impairment of nitrovasodilator function
due to its continuous administration. GTN tolerance has
been associated with decrease in systemic and pulmonary
arterial pressure and decreased cardiac preload and after-
load (Abrams 1987). Several mechanisms have been pro-
posed to account for the development of tolerance to
GTN, including depletion of essential thiols (Needleman
etal 1972), decreased biotransformation of GTN to NO
(Chung & Fung 1993), desensitization of soluble guanylate
cyclase (Waldman etal 1986), enhanced phosphodiesterase
activity (Bohyn etal 1991) and production of vascular
superoxide (Munzel etal 1995a).

Recent reports indicate involvement of AT; and
endothelin in the development of tolerance to GTN. It
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Figure 3 Change in HR (beats/min) with vehicle (1 mL kgfl, iv.;
upper panel) and BMS182874 treatment (3 mgkg ', i.v.; lower panel)
in GTN-tolerant and non-tolerant rats. Tolerance to GTN was
determined by measuring HR responses to 10, 30 and 90 ug (i.v.) of
GTN before, and 4 h after, GTN infusion (10 ug min~", i.v. for 4h).
Values are mean+s.e.m.; n=5. *P < 0.05, compared with non-
tolerant GTN response.

was found that losartan, an AT, receptor blocker, signifi-
cantly prevented the development of tolerance to GTN
(Kurz etal 1999). It is known that human myocardium
expresses all three ET isoforms. Both ET, and ETp recep-
tors are found in smooth muscle of human coronary
vessels (Davenport etal 1993). ET-1 is known to promote
chronotropy (Ishikawa etal 1988a) and inotropy in the
heart (Ishikawa etal 1988b). A non-selective (ETA/ETg)
endothelin receptor antagonist, bosentan, has also been
shown to moderately improve GTN tolerance (Kurz et al
1999). Ratz etal (2000), however, found that the non-
selective endothelin antagonist, ZD 2574, had no effect
on the chronic development of GTN tolerance.
Nevertheless, ETo and ETg receptors could be differen-
tially involved in the development of GTN tolerance. It is
possible that ETA receptors could act in an opposing
manner to ETp receptors in the development of GTN
tolerance. An increase in ETa-receptor-mediated vaso-
constriction could attenuate GTN’s pharmacological
actions. BMS182874, an ET4 receptor specific antagonist,

has been shown to decrease blood pressure (Bird et al 1995a,
b; Holm etal 1998; Mercier etal 2002). It has also been
shown to decrease pulmonary artery pressure (Snapper
etal 1998). We did not measure pulmonary artery pressure
in this study but focused on systemic pressure, which is
commonly measured for GTN tolerance. The dose of
BMS182874 (3mgkg ', i.v.) used in this study has been
shown to attenuate the pressor response to ET-1 by blocking
ETA receptors (Webb etal 1995). This study, using this
selective ET receptor antagonist, shows lack of effect on
GTN tolerance in rats. Our results show that ET4 receptors
do not play any role in the development of GTN tolerance.
However, it is possible that ETg receptors might play a role.
The haemodynamic response to ET-1 is mediated by ETg
receptors and ET, receptors. ETy receptors mediate an
initial transient decrease in systemic pressure, which is then
followed by a sustained increase in blood pressure mediated
by ETa receptors. Both ET4 and ETg receptors are present
in blood vessels. ET 4 receptors are usually located on vas-
cular smooth muscle cells and are responsible for vasocon-
striction (Gulati et al 1995), while ETy receptors are usually
located on vascular endothelial cells and are predominantly
responsible for vasodilatation (Karaki etal 1993; Schilling
etal 1995; Rai & Gulati 2003). Itis clear from our results that
ET4 receptors are not involved in GTN tolerance. However,
it has also been found that some ETjg receptors may also be
located on vascular smooth muscle cells (Gellai etal 1996;
Mickley etal 1997; Pierre & Davenport 1998) and are
capable of producing vasoconstriction. Since bosentan, a
non-selective (ETA/ETg) endothelin receptor antagonist,
attenuated tolerance development while BMS182874, an
ETA receptor antagonist, did not affect development of
tolerance to GTN, it could be possible that ETg receptors
located either on vascular smooth muscle cells or on endo-
thelial cells may be involved in GTN tolerance. Therefore,
further studies on the role of ETp receptors in the develop-
ment of GTN tolerance need to be done.

In summary, this study indicates that an ET, receptor
antagonist did not affect the development of tolerance to
GTN in rats.
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