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Introduction

Endothelin-1 (ET-1) is a vasoactive peptidethat is pro-
duced by the vascular endothelium. ET-1 through 2 princi-
pal endothdin receptors, ET,, and ETg, exertsapivota rolein
cardiovascular regulation™. The ET, receptor isbeieved to
induce proliferation of vascular smooth muscles and myo-
cardial hypertrophy?, whereas the activation of the endot-
helial ETg receptor causesvasodilation viaarelease of nitric
oxide and/or prostacyclin from theendothelia cells, and re-
sultsin antithrombotic and antiproliferative effects?. Further,
pulmonary ETg receptors are important for the clearance of
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Abstract

Aim: Toinvestigate whether theendothelin ET , receptor blocker provides similar
benefit on cardiac remodeling and survival in ahypertensiverat model of chronic
heart failure (CHF). Methods: Male stroke-prone spontaneously hypertensive
(SHR-SP) rats were subjected to permanent ligation of the | eft coronary artery and
weretreated for 6 weeks with the endothelin ET , receptor blocker LU 135252 (30
mg-kg™-d?) starting 24 h after ligation or untreatment. Sham-operated rats served
asnormal controls. Themean arterial blood pressure (MAP), heart rate (HR), | ft
ventricular end-diastolic pressure (LVEDP), left ventricular contractility (LV
dp/dt,..), left ventricular inner diameter (LVD) and circumference (LVC), septal
thickness, left ventricular intergtitial collagen content (ICC) and heart weight (HW)
were measured at the end of the treatment. Results Compared with the untreated
group, LU 135252 tended to increase HW (1.43 £0.03 vs 1.38 £0.04 g; P>0.05),
increased LVD (7.65+0.24 mm vs6.58+0.14 mm; P<0.05), markedlyincreased LVC
(30.11£0.83 mm vs 24.82+0.85 mm; P<0.01) and reduced left ventricular ICC
(3.79%+0.09% vs6.71%+0.11%; P<0.01), dightly lowered MAP (132+6 mmHg vs
142+4 mmHg; P>0.05), reduced LVEDP (14 4 mmHg vs 27+4 mmHg; P<0.05) and
improved LV dp/dt,,, (4230+450 mmHg/svs 1950+400 mmHg/s; P<0.05); surviva
was hat prolonged significantly (13% vs 11%; P=NS). Conclusion: In thishyper-
tensverat model of CHF, chronicendothelin ET, receptor blockadewith LU 135252
improves cardiac hemodynamics, however, it does not affect long-term survival
and worsens cardiac remodeling. Thus, endothelin ET , receptor antagonists are
unlikely to have an important role in the management of patientswith CHF.

ET-1.

Theplasmalevel of ET-lisraised in patientsand animals
with chronic heart failure (CHF), particularly in more ad-
vanced CHF®, Theincrease of plasma ET-1 is correlated
with the extent of hemodynamicimpairment and isa strong
independent predictor of mortality®. Like angiotensin-con-
verting-enzyme inhibitors and B blockers, in experimental
CHF, endothelin blockade prevents left ventricular (LV) re-
modeling and prolongs survival in rabbits with pacing-in-
duced CHF? and in rats with myocardial infarction (MI)-
induced CHF®?, However, the clinical trials from the
Endothelin Antagonism Bosentan for Lowering Cardiac
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Eventsin Heart Failure (ENABLE) study™ and from the
Endothelin A Receptor Antagonist Trial in Heart Failure
(EARTH) trial™, both non-sdl ectiveand selective endothelin-
receptor antagonistsdid not improve cardiac remodeling and
clinical symptoms or reduce morbidity and mortality in
patientswith CHF.

Why did the good news in the experimental study
become bad news after clinically effective therapy? Normo-
tensive animal models, which were used in most experimen-
tal protocols investigating the effects of endothelin block-
ade on CHF, might not fully represent the gradually deterio-
rated and complex clinical situation of heart failure. This
could be one explanation for the contrary data from experi-
mental and clinical use. Ischemic and hypertensive heart
diseases are commonly associated pathophysiological pa-
rametersof heart failurein humans. Stroke-prone spontane-
ously hypertensive (SHR-SP) rats, a genetic model of
hypertension, combined these 2 parameters. This study there-
fore was performed to determine whether the ET, receptor
antagonist LU 135252 prevents cardiac remodeling and im-
provessurvival in SHR-SPmodel of MI-induced heart failure.

Materials and methods

Animalsand model of CHF MaleSHR-SPratsweghing
280-300 g were used for theexperiments. Theanimalswere
housed in individual cages under constant humidity and
temperature, and exposed toa 12 h light/dark cycle with free
accessto agtandard chow (Ssniff Spezial didten GmbH, Soest,
Germany) anddrinking water. All experimentswereapproved
by the German governmental office dealing with animal pro-
tection and conformed to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes
of Health (NIH publication No 85-23, revised 1996) and per-
formed in accordance with the German law on animal protec-
tion asreleased in the new version in 1993.

The present study employed amode of MI-induced CHF.
M1 was induced by permanent ligation of the left descend-
ing coronary artery as previously described™. The mortal-
ity rate was about 40% within thefirst 24 h. Of the 250 rats
that had undergone left coronary artery ligation, 98 died.
Sham-operated controls (n=12) underwent the same surgical
procedure except that the suture around the coronary artery
was not tied.

Dosedeter mination sudy In order to determinethedoses
of LU 135252, under chloral hydrate (400 mg/kg, ip)
anaesthesia, polypropylenetubes wereinserted into theright
femoral artery and vein and exteriorized at the nape of the
neck in 6rats. Forty eight hours later, thebasal mean arterial
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blood pressure (MAP) was recorded for 30 min, then an
intravenous administration of ET-1, 250 nmol, sufficient to
increase MAP by 20 mmHg or morewas applied. After this
initial pressor test, the other 24 SHR-SP rats were randomly
assigned to 1 of 4 groupsto receive oral LU 135252 10, 30,
and 50 mg-kg™-d™* or no treatment (controls) for 4 weeks. At
the end of treatment, the MAP was recorded and the pressor
responses to exogenous ET-1 were then repeated. There-
sults showed that the pressor response was suppressed and
theMAPwas 165 mmHg in LU 135252 30 mg-kg™ -d* and 185
mmHg in the control group, respectively. This degree of
suppression of the pressor response was considered a
surrogate to sufficient systematical blockade of the ET,
receptor. On the basisof these data, thedosesof LU 135252,
30 mg- kg*-d*, were chosen for the study.

Experimental protocol Thesurviving Ml rats(152) were
divided randomly into the untreated group (n=80) and the
ET, recgptor antagonist LU 135252 treated group (30 mg- kg™d™?,
n=72). Untreated sham-operated rats (n=12) were used as
controls. LU 135252 {[+]-5-2-[4, 6-dimethoxy-pyrimidin-2-
yloxy]-3-methoxy-3,3-diphenyl-propionicacid} wasprovided
by Knoll AG (Ludwigshafen, Germany) and wasdissolvedin
the drinking water according to the manufacturer’s
instructions; treatment was started 24 h after M| and contin-
ued for up to 6 weeks post MI. At the end of the treatment
period, arterial, venous and LV catheters were chronically
implanted. Twenty-four hours later, hemodynamic signals
were recorded in the conscious rats. At the end of the
recording, therats were sacrificed and the hearts were taken
out for morphological examinations.

Hemodynamic studies Under chloral hydrate (200
mg/kg, ip) anaesthesia, polypropyl enetubes (Portex, London,
UK) were inserted into the right femoral artery and vein and
aspecially constructed pig-tail catheter consisting of PP 10
and PP 50 polypropyl ene tubes viatheright common carotid
artery were introduced in the left ventricle. The catheters
then were exteriorized and anchored at the posterior neck
region.

Blood pressure, heart rate (HR) and LV pressure were
recorded 24 h after catheterization in the consciousrats. The
arterial and LV catheters were connected to pressure trans-
ducers (DTX/Plus, Spectramed Inc, Oxnard, CA, USA), and
all hemodynamic signals were processed by 2 pressure pro-
cessors (Gould Inc, Valley View, OH, USA). Theoutput sig-
nals (MAP, HR and LV pressure) from these pressure pro-
cessorswere recorded on apen recorder (Gould Series 2000,
Gould Inc) and analysed by a computer-based recording and
analyzing system (MEGA). Therats were allowed to get
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acquainted to therecording circumstancesfor 30 min before
hemodynamic measurements.

Left ventricular end-diastolic pressure (LVEDP) and the
maximum rateof riseof LV pressure(LV dp/dt,,,) werecalcu-
lated offline from the LV pressure signal by the MEGA
program. MAP, HR, LVEDPand LV dp/dt,., were averaged
over a5 min period to be used in the statistical analysis.

Car diac mor phological examinations After therecord-
ing of the hemodynamic signals, the heart was arrested in
diastole by an intravenousinjection of 1% KCIl solution un-
der ether anaesthesia. The heart was excised and the atria
and large vessels removed. The heart was cleaned and
weighed, placed in 4% phosphate-buffered formalin (0.15
mol/L NaCl) for at least 24 h and then cut transversely into 5
sections of approximately identical thickness from the apex
tothe base. These sectionsweretransferred into 10% phos-
phate-buffered formalin and were kept overnight. After
dehydration, the sections were embedded in paraffin and
cutinserial 7-um-thick slices. Thediceswere mounted onto
glass dides and were then stained with picrosirius red.

Measured morphological parameters were total heart
weight (HW), infarct size, septal thickness, |eft ventricular
circumference (LVC), left ventricular inner diameter (LV D)
and interstitial collagen content (ICC). For these measure-
ments, acomputerised morphometric system (Quantimet 570,
Leca, Cambridge, UK) was used.

Survival After theinitiation of LU 135252 treatment, the
cages wereinspected daily for dead ratsin order to calculate
the survival rate. The hearts of the dead animalswerere-
moved and fixed in formalin solution for subsequent deter-
mination of infarct size.

Satigical analysis All dataareexpressed asmean+SEM.
Comparisons among sham-operated, M1 untreated and Ml
LU 135252-treated groupswere performed by one-way analy-
sisof variance (ANOVA) followed by a post hoc Bonferroni
test. Mortality was compared between the treated and un-
treated groups using the Kaplan-Meier analysis of survival
followed by the Log-rank test (Cox-Mantdl). Valuesof P<0.05
were considered to be statistically significant.

Results

Characteristics of untreated infarct rats Six weeks
after induction of M| in the untreated M1 SHR-SP group, the
HW and HW to body wei ght ratio (HW/BM) were still dightly
higher compared to the age-matched sham-operated SHR-
SP, indicating that reactive hypertrophy occurred in remain-
ing myocardium despite 40.7% of the LV myocardium being
replaced by scar tissue (Tables 1, 2). In addition, in the

Table 1. Effect of LU135252 on body weight and heart weight.
Mean+SEM.

Infarcted rats

Sham Untreated LU135252

(n=12) (n=80) (n=72)
Body weight (g) 330+34 326+3 32719
Heart weight (g) 1.35+0.05 1.38+£0.04 1.43+0.03
Heart weight/Body 3.97+0.12 4.11+0.11 4.41+0.14

weight (mg/g)

Sham, sham-operated group; untreated, untreated M| group; LU
135252, MI LU 135252 treated group.

Table 2. Effect of LU135252 on cardiac morphological parameters.
Mean+SEM. °P<0.01 vs sham-operated group. 'P<0.01 vs M| control

group.

Infarcted rats

Sham Untreated LU135252
(n=12) (n=80) (n=72)
Septal thickness (mm) 2.79+0.08 2.43+0.10 2.59+0.09
Left ventricular inner 4.28+0.21 6.58+0.14°  7.65+0.24*
diameter (mm)
Left ventricular 20.85+0.50 24.82+0.85° 30.11+0.83
circumference (mm)
Interstitial collagen- 5.22+0.07 6.71£0.11°  3.79+0.09<

content (%)

Sham, sham-operated group; untreated, M| control group; LU 135252,
MI LU 135252 treated group.

untreated M| rats, the | CC of the non-infarcted myocardium
significantly increased, the LVD and LV C were enlarged (all
P<0.01), while septal thickness dightly decreased, indicat-
ing the development of LV dilation in SHR-SPwith CHF 6
weeks after MI.

In the untreated M| animals, MAPfell by 32 mmHg, LV
dp/dt,., decreased by 80% and LVEDP significantly in-
creased compared to the sham-operated controls (all P<
0.00).

These dataindicated that 6 weeks after coronary artery
ligation, the untreated animals devel oped severe CHF, evi-
denced by an augmented LVEDP and LV cavity dilation, as
wel as deterioration of LV functions assessed by cardiac
hemodynamics (Tables 2, 3).

Survival Six weeks after M1 or sham surgery, the sur-
vival of the sham-operated group was 85%, with 10 of 12 rats
staying alive. MI markedly decreased the survival; the sur-
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Table 3. Effect of LU135252 on hemodynamic parameters.
Meant SEM. °P<0.05, °P<0.01 vs sham-operated group. ®P<0.05 vs
untreated M1 group.

Infarcted rats

Sham Untreated LU135252
(n=12) (n=80) (n=72)
Mean arterial blood 174+3 142+5° 132+6°
pressure (mmHgQ)
Heart rate (beats/min) 42347 398+15 366+23
Left ventricular 2.6+0.7 27+4° 144
end-diastolic pressure
(mmHg)
dp/dt,,(mmHg/s) 10160+470 1950+400°  4230+450%

Sham, indicates sham-operated group; untreated, untreated Ml
group; LU 135252, MI LU 135252 treated group.

viva of theuntreated M1 group wasonly 11% (n=9/80, sham
vsuntreated; P<0.01). LU 135252 treatment trended towards
no effect on survival with respect to the untreated M1 group
(n=9/72, 13%vs11%; P=NS).

Infarct size Infarct size was measured in all animals.
None of the sham-operated rats showed evidence of MI by
grossinspection; the coronary ligation animal s showed clear
mi croscopic evidence of transmural infarction.

In the present study, the size of theinfarct area was ex-
pressed as a percentage of thetotal circumference of the left
ventricle. Threeanimalswith aninfarct s ze of lessthan 30%
were excluded from the study. Theinfarct size was 40.7%+
3.0% in the untreated M1 group and 41.2%+2.8%in the LU
135252-treated group. No significant differencesin the
infarct size of the 2 groups were detected.

Heart mass Heart mass was eval uated by determining
the HW and the HW/BM ratio. Although 40.7% the of LV
myocar dium was replaced by paper-thin scar tissue, HW and
HW/BW were still slightly higher in the untreated infarct
group compared to the sham-operated animals, suggesting
that reactive hypertrophy had occurred in the remaining
myocardium. LU 135252 treatment trended toincrease HW
and HW/BW compared to the untreated M| group (Table 1).

LV sze TheLVD and thecircumference LV C of the left
ventricle served as markersfor left LV dilation.

In the untreated M1 group, the LVD increased by 60%
compared tothesham-operated controls (P<0.01). LU 135252
treatment significantly increased LV D compared to the un-
treated MI group (P<0.05; Table 2).

The circumference of the LV C increased by 20% in the
untreated M| group compared to sham-operated controls
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(P<0.01). LU 135252 treatment markedlyincreased LV C com-
pared to the untreated MI group (P<0.01; Table 2).

In the untreated MI group, septal thickness decreased
compared to the sham-operated controls. Thedifferencesin
septal thicknessbetween the LU 135252-treated and untrested
MI groups did not reach statistical significance (Table 2).

ICC When compared to the age-matched sham-oper-
ated SHR-SP, the untreated M| rats showed a significant
increasein ICC (P<0.01). ThelCC significantly decreasedin
the LU 135252 treatment group compared to the untreated
MI group (P<0.01; Table 2).

Systemic hemodynamics Six weeks after induction of
MlI, the MAPwas lowered by 32 mmHg in the untreated M
group compared to the sham-operated controls (P<0.01), and
was dightly further lowered in the LU 135252 treated group
(Table3).

TheMI and LU 135252 treatment tended to reduce HR,
but the differences between the groups did not reach statis-
tical significance (Table 3).

Car diac hemodynamics LVEDPsignificantly increased
in the untreated M| group compared to the sham-operated
controls (P<0.01). LU 135252 treatment decreased LVEDP
(P<0.05). LV dp/dt,, asamarker of LV myocardial contrac-
tility was severely impaired in the untreated MI group com-
pared to the sham-operated controls (P<0.01). LU 135252
therapy improved myocardial contractility compared to the
untreated MI group (P<0.05; Table 3).

Discussion

The primary purpose of this study was to el ucidate why
the endothelin receptor blockade failed to improve the out-
come of CHF in the ENABLE study™ and EARTH trial™,
but gave promising data in the experimenta studies. To
address this question, we used the SHR-SP rat model of
infarct-induced heart failure.

The compound LU 135252 has been investigated as a
selective ET, receptor antagonist with good oral bioavail-
ability and along duration of action!™®. TheK;is 1.4 nmol/L
for the ET , receptor and 184 nmol/L for the ET receptor™,
Thus, LU 135252 has a 130-fold higher affinity tothe ET,
receptor than to the ET receptor.

Effectsof LU 135252 on car diac mor phology Thepresent
study showsthat the chronic administration of an endothelin
ETA receptor antagonist, LU 135252, did not prevent cardiac
hypertrophy, markedly reduced interstitial collagen deposi-
tion and caused further dilation of the left ventricle. These
results arein agreement with a study by Mulder et al™® who
observed that chronic oral treatment with LU 135252 over 10
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weeks beginning 7 d after M1 in normotensive rats reduced
LV collagen density, but did not prevent cardiac hypertrophy.

Cardiac hypertrophy is associated with 2 remodeling
events: an increasein cardiac muscle mass and an abnormal
accumulation of fibrillar collagen. The myocardium iscom-
posed of cardiac myocytes and non-myocytes including
fibroblasts, vascular endothelial cells, vascular smooth
muscle cells and macrophages. Soon after birth, cardiac
myocytes |ose the ahility to proliferate, and the heart grows
by increasing the size of myocytes and increasing the num-
ber of non-myocytes. Although cardiac myocytes make up
most of the adult myocardial mass, they comprise only 30%
of thetotal cell number present in the heart; therest iscom-
posed of non-myocytes, and more than 90% of them are
fibroblasts. Inresponsetoinjury or infarction of myocardium,
the growth of fibroblastsis stimulated. Fibroblasts express
both endothelin ET, and ETg receptor subtypesin nearly
equal proportions, and ET-1 increases the synthesis of type
I and I11 collagens™*®. In the present study, treatment with
the ET, receptor blocker LU 135252 for 6 weeks decreased
ICC indicating that the incidence of myocardial fibrosisin
SHR-SPmay be partly mediated by the activation of the ET,
receptor localized on cardiac fibroblasts.

LU 135252 treatment did not diminish cardiac hyper-
trophy. Thisfindingisnot limited tothe selective ET , recep-
tor blockade because Mulder et al'*” reported that the non-
selective ET receptor blocker, bosentan, similarly failed to
prevent cardiac hypertrophy in MI-induced CHF in Wistar
rats. Thelack of effect of LU 135252 on cardiac hypertrophy
could be dueto an incompl ete blockade of ET , receptorsin
cardiac tissues. The dose of LU 135252 used in the present
study (30 mg-kg™-d™*) was chosen after pilot experiments,
because more than 50% of pressor responses of ET-1 50
ng/kg iv were suppressed. This degree of suppression of
the pressor response is considered a surrogate to sufficient
systematical blockade of the ET, receptors. Accordingly,
the present dose of 30 mg-kg™*-d* was considered to suffi-
ciently antagonize the local paracrine ET system of the
myocardium. Furthermore, in the present study LU 135252
reduced blood pressure confirming effective receptor
blockade. Thus, inadequate dosing is unlikely to account
for the effects of the drug.

In addition, it was observed that LU 135252 treatment
significantly increased LVD and LV C compared to the un-
treated M1 rats indicating that the LV was further dilated.
The exact mechanism still remainsto be further eucidated.
However, LU 135252 treatment decreased the ICC. The
marked LV dilation in theLU 135252-treated animal scould be
due to an “over-suppression” of ICC. An appropriate

increase of myocardial collagen content after M1 might be
beneficial to a certain degree sinceit isan adaptive mecha-
nism of the myocardium to maintain functiond elasticity and
strength. ET blockade could lead to a sustained suppres-
sion of this adaption of the myocardial collagen network.
Several studies have demonstrated that the LV dilation after
M1 is one of the strongest predictors of morbidity (eg pro-
gression to heart failure) and mortality'. Therefore, thesur-
vival of theLU 135252-treated rats was not improved.

Aspreviously mentioned, the ET receptors arelocalized
on the vascular endothelium and mediate vasorel axation by
increasing theformation of prostacycin and nitric oxide (NO)
aswell asthe clearance of circulating ET-1. The ETg recep-
tors are present on smooth muscle cells as well where they
also mediate vasoconstriction. ETjg receptor inhibition re-
ducesET-1 clearance and NO-mediated vasodilatation. ETg
receptor inhibition may abrogate the beneficial effects of the
ET, receptor blockade. Therefore, the lack of effect of
LU 135252 on cardiac remodeling cannot exclude therol e of
ETg receptor inhibition. However, Mulder et al'® reported
that LU 135252 used at a dose of 30 mg/kg per day blocked
theET ,-mediated vasoconstrictor response without modify-
ing theETz-mediated dilator response.

Effectsof LU 135252 on hemodynamics Theresults of
the present study indicatethat treatment with the ET , recep-
tor antagonist LU 135252, leads to an improvement of LV
function in SHR-SP with MI-induced CHF. The hemody-
namic regponseto LU 135252 is characterized by an increase
of myocardial contractility and areductionin LVEDP. The
present resultsarein accordance with the results of Sakai et
al®™ who reported that the long-term administration of ET,
receptor antagonist BQ123, improved LV dp/dt,,,, and de-
creased LVEDP. They are also in agreement with those of
Spinale et al” who demonstrated improvementsin myocyte
contractilefunction and LV fractional shortening after chronic
treatment with ET , receptor antagonist PD 156707 in arabbit
model of pacing-induced CHF.

ET-1 isa posgitive inotropic agent on theintact LV and
isolated cardiac myocytes from normal animals*®. Thisef-
fect islargely mediated by the ET ,receptor™. Plasmaand
myocardial ET-1 levelsareincreased in CHF, and the effect
of ET-1 on normal myocardial contraction may beateredin
pathological states. Sakai et al'® reported that after M1 in
rats, the elevated plasma and myocardial ET-1 levels were
associated with adeclinein LV myocardial contractility, and
the ET, receptor blockade increased LV dp/dt,,,, and im-
proved myocardial contractility. The present study con-
firmstheir findingsin the SHR-SPmodel of MI-induced CHF.

LU 135252 decreases LVEDP and arteria blood pressure,
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indicating a decreasein cardiac preload and afterload. This,
together withthe limitation of LV remodelling, resultsin an
increased stroke volume and cardiac output and prevents
thedeterioration of global LV function.

In conclusion, the endothelin ET , receptor blockadewith
LU 135252 reduces LVEDP and improves LV dp/dt,,,,, how-
ever, LU 135252 does not affect survival, tendsto increase
HW, significantly increases LVD and LV C and causes fur-
ther dilation of the left ventricle, indicating that LU 135252
treatment worsens cardiac remodeling in thisnovel SHR-SP
model of CHF. The present study could provide one expla-
nation for the contrary data from experimental and clinical
use of endothelin receptor antagonists.
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