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ABSTRACT

AIM: To evaluate the acute effects of tezosentan, a new
dual parenteral endothelin receptor antagonist, on hemo-
dynamics in a rat model of chronic heart failure {CHF),
and further investigated if the combination of tezosentan
with the angiotensin converting enzyme ( ACE) inhibitor,
enalapril, had additive hemodynamic effect. METH-
ODS: Hemodynamics was measured in rats with CHF,
induced by ligation of the left coronary artery. RE-
SULTS: At 3 to 5 weeks after myccardial infarction, rats
developed CHE. This was evidenced by a marked in-
crease in left ventricular end-diastolic pressure (LVEDP)
with mean values of 23 to 26 mmHg, by a 30 % to
40 % reduction in left ventricular dp/dt,,, and by a
more than 10 % decrease in mean arterial pressure
(MAP) as compared to sham-operated rats. In CHF
rats, acute intravenous administration of either tezosentan
(10 mg-kg~'} or enalapril {1 mg-kg~') markedly de-
creased MAP and L.VEDP, without affecting heart rate or
dp/dtgy. Tezosentan had additive effects on MAP and
LVEDP when given with enalapril compared with
tezosentan ( P < 0.05) or enalapril { P < 0.05) alone.
There were no significant changes in heart rate and dp/
dt,, with the combination treatment compared with
tezosentan- or enalapril-treated CHF rats. CONCLU-
SION: Acute intravenous tezosentan improves cardiac
hemodynamics and decreases LVEDP and afterload
{MAP) without changes in heart rate and cardiac contrac-
tility (dp/dtm) in CHF rats, These favorable effects
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of tezosentan are similar to those of enalapril. Further-
more, the benefits of tezosentan are apparent in addition
to ACE inhibition. Thus, tezosentan couid be a usefui
therapeutic agent in the acute treatment of heart failure.

INTRODUCTION

Chronic heart failure (CHF) is a multiple-etiology,
high-prevalence, poor-prognosis cardiovascular disorder,
Activation of the renin-angiotensin system (RAS) con-
tributes importanily to the pathophysiology of this disease
complext’ =% Inhibition of angiotensin [ (ATl ) for-
mation with angioiensin-converting enzyme ( ACE) in-
hibitors has been shown to have favorable effects on
hemodynamics, exercise tolerance, symptoms, and mor-
tality in both animal models and in patients with
CHF?-% . However, despite the efficacy of ACE in-
hibitors, mortality and morbidity of patients treated with
ACE inhibitors is still high®>).

There are both indirect and direct evidence that en-
dothelin (ET) plays a major role in the pathophysiology
of CHF'®"). Significant elevations of plasma big ET-1
and ET-1 levels are observed in animat models and pa-
tients with CHF, and these variables are strongly related
to survival in CHF patientst®~'3, Indeed, it has been
demonstrated that the dual ET receptor antagonist basen-
tan has a beneficial effect on hemodynamics in animal
models and in patients with CHF8-1:14-17  Algo,
long-ferm treatment with ET receptor antagonists greatly
improves the survival of rats with CHF!'*1%)

Tezosentan is a new potent dual ET receptor antago-
nist designed for parenteral use''®). Tt is currenty in
advanced development for the ireatment of acute heart
failure. It is not clear, however, whether tezosentan has
favorable effects on cardiac hemodynamics in experi-
mental heart failure, Furthermore, it is unknown
whether the benefits of tezosentan therapy can be additive
to those of an ACE inhibitor.

Therefore, the goals of this study were to nvestigate
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the acute effects of tezosentan on systemic and cardiac
hemodynamics in a rat model of CHF and to compare
these effects with those of an ACE inhibitor. Further-
more, we investigated whether combined tezosentan with
the ACE inhibitor enalapril had additive hemodynamic
effect in this experimental model of CHF.

MATERIALS AND METHODS

Induction of myocardial infarction (MI)
Studies were performed on male nommotensive Wistar rats
weighing 200 — 290 g (supplied by the Experimental Ani-
mal Center of Chinese Academy of Sciences, Shanghai,
China, Grade Il , Certificate No 9904). All rats were
housed in climate-controlled conditions with a 12-h light/
dark cycle and free access to nommal rat chow and drink-
ing water.

Myocardial infarction was produced by a method
previously described ™. In brief, rats were anesthetized
with a mixture of ketamine/rompun {50 mg-kg™'/5 mg*
kg~!, ip). The trachea was intubated with a small
metal cannula (20 G) and mechanically ventilated with
room air by use of a small rodent ventilator { Model 7025
Rodent Ventilator, Hugo Sachs Elektronik, Germany) at
a rate of 60 cycles per minute and a total volume of
1 mL/100 g body weight. A left thoracotomy was per-
formed, and the heart was exposed, The left coronary
artery was ligated approximately 2 mm from its origin
with a 6 — 0 silk suture, between the pulmonary artery
outflow tract and left atrium. The sham-operated rats
were subjected to the same procedure except that the coro-
nary artery was not ligated. After these maneuvers were
performed, the chest was closed in three layers {ribs,
muscles, and skin). The air within the thorax was re-
moved, allowing the rats to resume spontaneous respira-
tion. The rats were allowed to vecover from anesthesia,
and after which they were returned to their cages. The
24-h postoperative mortality rate was about 15 % for the
infarction group.

Measurements of hemodynamic parameters
Short-term hemodynamic experiments were conducted in
the sham-operated tats and in MI rats at 3 to 5 weeks after
surgery. At this time, the MI rats developed established
heart failure (see below). For the hemodynamic study,
rats were anesthetized with inactin (100 mg-kg™', ip).
Body temperature was maintained at 36 — 38 T during
the experiment, and spontaneous fespiration was facili-
tated by tracheal intubation. The right carotid artery was
capnulated with a high-fidelity microtip 2F catheter { SPR-

249, Millar Instruments, USA) that was advanced
through aorta into the left ventricle (LV) to record LV
pressure, heart rate (HR) and the maximal rate of rise of
LV pressure {dp/dty,). Before implantation, the
high-fidelity catheter was calibrated against a mercury
manometer. A tygon catheter was placed in the right
jugular vein for injection of dmgs or vehicle. A
polyethylene cannula was placed in the left femoral artery
and connected to a pressure transducer (MLT1050 preci-
sion BP transducer) for continuous recording of arterial
pressure.  All tracings were recorded on a computer with
a PowerLab system. The data acquisition system con-
sisted of a PowerfLab (ML780 PowerLab/8s and ML118
QUAD amplifiers, AD Instruments Ltd, Australia} which
was connected to a HP Pavilion 8565C computer with the
Chart software ( version 3.4, AD Instruments).

Experimental protocols Once the above surgi-
cal procedure for bemodynamic measures was completed,
an additional 15-min stabilization period ensued before the
start of the experiment, Following stabilization, a
10-min baseline measurement was made for mean arterial
pressure { MAP), LV systolic pressure ( LVSP), LV
end-diastolic pressure (LVEDP), HR, and dp/dfmay.
The MI rats with LVEDP z 15 mmHg were considered to
have CHF and were included in this study. Six Ml rats
were excluded as results of this selection criterion.

After measurements of baseline hemodynamic
parameters, the acute effects of tezosentan, the ACE in-
hibitor enalapril or the combination of tezosentan and
enalapril on these parameters were examined in the MI-
induced CHF rats. Specifically, the CHF rats weie ran-
domly divided into four groups. Group 1 rats (Veh-
CHF, n=9) received vehicle (saline | mL-kg™!, iv);
Group 2 (Tezo-CHF, n=10) received tezosentan (10
mg-kg~', iv); Group 3 (Ena-CHF, n =9) received
enalapril (1 mg+kg™', iv); Group 4 (EnaTezo-CHF,
n=10) were administered a combination of the same
doses of enalapril and tezosentan.  After vehicle or drug
administration, the above hemodynamic parameters were
recorded for a duration of 1 h.

The acute hemodypamic responses to tezosentan
were also assessed in the age-matched nomal and sham-
operated rats.  Since we found that the hemodynamic pa-
rameters in both nommal and sham-operated rats were sim-
ilar, we pooled them together (sham rats). Two groups
of sham rats were used. One group of sham rats (Veh-
sham, n = 11) received vehicle (saline 1 mL- kg™,
iv). The other {Tezo-sham, n=9) received tezosentan
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{10 mg-kg~!, iv).

Cardiac histomorphometry At the completion
of the hemodynamic measurements, the rats were killed,
and the heart was removed and weighed. The right and
left ventricle were dissected and weighed. The feft ven-
tricle including the interventricular septum was fixed in
10 % buffered formalin and cut from apex to base in 4
transverse slices, which were processed in a routine man-
ner for histologic study. Sections were stained and pro-
jected. The entire length of the endocardial circumfer-
ence and the segment of the endocardial circumference
made by the infarcted segment of each of the four slices
of the left ventricle were measured. The entire length of
the epicardial circumference and the segment of the epi-
cardial circumference made by the infarcted segment of
each of the four slices of the left ventricle were measured .
These were then averaged for each of the four slices.
The fraction of the ventricle that was infarcted was calcu-
lated as the average of the four slices expressed as a per-
cent of the length of circumference.

Statistical analysis  All data were presented as
I+ s;. Statistical analyses were performed by analysis
of variance (ANOVA) using Statistica ( StatSoft) and the

Student-Newman-Keuls procedure for multiple cornpari-
sons. The null hypothesis was rejected when P < 0.05.

RESULTS

Characteristics of MI-induced CHF rats
The baseline values before dmig administration for sham
and CHF rats from all protocols were shown in Tab 1 and
2. Coronary artery ligation resulted in moderaie to se-
vere MI with infarct size of 30 % w042 % (Tab1). At
3 to 5 weeks after MI, rats developed CHF, which was
characterized by a marked increase in LVEDP with mean
values of 23 to 26 mmHg and by a significant decrease
(P <0.01) in the maximal rate of rise of dp/d¢ ., (Tab
2). In these CHF rats, MAP was significantly lower as
compared to sham rats ( P < 0.05, Tab 2). The heart
weight to body weight ratio and right ventricular weight to
body weight ratio were larger in CHF rats than in sham
rats (Tab 1).

Acute effects of tezosentan in the anesthe-
tized sham rat Acute intravenous administration of
tezosentan (10 mg-kg™') caused a small but significant
decrease in MAP ( P <0.01, Fig1). It had no effect

Tab1. Baseline body and organ weights and infarct size among experimental groups. X £ 5;. 'P<0.05, ‘P<0.01 vs

sham groups.
VW/BW/ LVW/BW/ .
BW/g HW/BW/ RVW/BY /BY Infarct size/ %
mg' g mg* g mg*g
Veh-sham (n=11) 249+ 8 3.20+0.06 0.580 = 0.012 2.23£0.05 0
Tezo-sham {n =9) 249+ 10 3.22x0.08 0.568 + 0.013 2.22+0.06 0
Veh-CHF (7 =9) 258+ 8 3.81+0.15° 0.76+0.07 2.33+0.03 42 3+1.7
Tezo-CHF (n =10} 261 £ 10 4.02+0.25° 0.8420.09" 2.30+£0.10 0.3x1.6
Ena-CHF (n=9) 259+ 9 3.97+0.22 0.84+0.08° 2.26+0.07 423
EnaTezo-CHF (n =10) 25316 4,400, 14 0.80+0.06" 2.35+0.05 39.0+1.2

BW, body weight; HW/BW, heart weighl/body weight; RVW/BW, right ventricular weight/body weight; LVW/BW, Leit ventricular

weight/body weight.

Tab 2. Baseline hemodynamic patameters among experimental groups, ¥+ s;. "P<0.05, P <0.01 vs sham groups.

LYSP/mmHg MAP/mmHg HR/bpm g+~ LVEDP/mmHg
Veh-sham (n=11) 158 + 4 116 £ 4 358+ 15 8M9+ 238 3.7+£0.6
Tezo-sham (1 =9) ¥1+5 118 %4 366+ 13 8895 + 412 2.7£0.6
Ve CHF (n=9) 130+ 6° 100 +3° 21«1 5753 + 414° 23.1+2.3°
Tezo-CHF ( n =10} 24+ 6° 102 + 6" 341x12 5153 + 334° 24.9+1.9
Ena-CHF (n=9) 130 £4° 100.0+1.8" 35747 6155 + 390° 25+ 3°
EnaTezo-CHF { n = 10) 126 + 4° 983" 3611 5466 + 253° 26.31.4°

LVSP, Left ventricular systolic pressure; MAP, mean arterial pressure; HR, heart rate; bpm, beats per mimute; dp/dt o, maximal rate of

rise -of left ventricular pressure.
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Fig1l. Percent changes in mean arterial pressure (MAP), heart rate {HR) and maximal rate of rise of left ventricular
pressure (dp/digg,) in sham and chronic heart failure (CHF) rats. The sham rats received vehicle ( Veh-sham) or
tezosentan (Tezo-sham). The CHF rats were given an intravenous administration of vehicle { Veh-CHF) or tezosentan

(Tezo-CHF) or enalapril ( Ena-CHF) or a combination of tezosentan and enalapril ( EnaTezo-CHF }.

“P< 0.01 vs vehicle. P <0.01 us combination.

on heart rate, dp/df,,, or LVEDP in the anesthetized,
sham-operated rats (Fig 1 and 2), Administration of ve-
hicle alone had no effect on any of these hemodynamic
parameters (MAP, HR, dp/dt,,, and LVEDP) in the
sham rats (Fig 1 and 2).

Acute effects of tezosentan, enalapril, or
combined tezosentan and enalapril in CHF rats
There were no significant differences at baseline in the
hemodynamic parameters in the four groups of CHF rats
who were received vehicle, tezosentan, enmalapril, or

X & S

combined tezosentan and enalapril {Tab 2). There were
also no significant differences in infarct size, body
weight, heart weight to body weight ratio, and ventricu-
lar weights 1o body weight ratios among the CHF groups
(Tab 1}.

As seen in Fig 1 and 2, administration of vehicle
alone in CHF rats resulted in no significant changes on
any of the hemodynamic parameters ( MAP, HR,
dp/dt, ., and LVEDP). Acute intravenous administra-
tion of either the ET recepior antagonist tezosentan or: the
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ACE inhibitor enalapril markedly decreased LVEDP
(P<0.01, Fig 2), and significantly reduced MAP ( P
<0.01) without effect on HR or dp/dtm. (Fig 1).
The effect of tezosentan on LVEDP was nearly identical
to that of enalapril (Fig 2), although its effect on after-
load (MAP) was smaller than that of enalapril (Fig 1).

20~

Sham rats & Veh-sham n=11
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Fig2. Left ventricular end-diastolic pressure (LVEDP)
in sham and CHF rats. LVEDP was measured at base-
line, 30-min amd 60-min after intravenous administra-
tion of vehicle { Veh-sham and Veh-CHF), or tezosentan
{Tezo-sham and Tezo-CHF ), or enalapril (Ena-CHF),
or combination of tezosentan and enalapril (EnaTezo-
CHF}. ® £ s;. ‘P<0.01 vs vehicle. “P<0.05 vs

The combination of tezosentan and enalapril had an
additive effect on MAP when compared with tezosentan or
enalapril (7 < 0,01) alone in the CHF rats (Fig 1).
Tezosentan also had an additive effect on LVEDP when
given with enalapril as compared with tezosentan ( P =
0.01) or enalapril { P <0.05) alone in the CHF rats (Fig
2}. There were no significant changes in HR and dp/
d ., with the combination treatment compared with the
tezosentan- or enalapril-treated CHF rats (Fig 1).

DISCUSSION

This study demonstrated that acute intravenous ad-
ministration of tezosentan, a dual ETA and ETB receptor
antagonist, improved cardiac hemodynamics in rats with

CHF. The hemodynamic response to tezosentan was
characterized by a marked decrease in LV end-diastolic
pressure and a marked afterload reduction as assessed by
mean arterial pressure ( MAP ), without significant
changes of heart rate and cardiac contractility (dp/
dfpy). Despite a smaller effect on afterioad (MAP),
the beneficial effects of this new ET receptor antagonist
tezosentan on LV end-diastolic pressure, an index of car-
diac preload, were similar to those of ACE inhibitor
enalapril. Furthermore, tezosentan had additive benefi-
cial effects on LV end-diastolic pressure and MAP to the
ACE imhibitor in this CHF model .

The rat model of coronary artery ligation is a well-
characterized model of CHF that shares many of the fea-
tures of congestive heart failure in humans. In this
study, in which hemodynamic measurements were made
at 3 to 5 weeks after left coronary artery ligation, de-
pressed cardiac performance was documented by a marked
increase of LV end-diastolic pressure and by marked de-
creases in MAP and cardiac contractility (dp/dfp ).
This indicated that CHF occurred in this animal model.
This hemodynamic abnormality was associated with
increases in heart weight to body weight ratio and right
ventricular weight to body weight ratio.

The reported increase in plasma level of ET-1 in ani-
mal models and patients with CHF and its strong correla-
tion to mortality in CHF patients"~ ") have led to specu-
lation that this potent vasoconstrictor plays an important
role in the increased peripheral vascular resistance, a hall-
mark of this disease state. Tezosentan is a new potent
dual ET receptor antagonist with a short half-life and high
water solubility’’®). Therefore, we first examined the
acute hemodynamic effects of tezosentan in the sham and
CHF rats. In the anesthetized, sham-operated rats,
tezosentan caused a small but significant decrease in
MAP, without affecting heart rate, LV end-diastolic
pressure and cardiac contractility. These results are in
agreement with earlier report"® that ET is involved in the
regulation of blood pressure in the anesthetized normal
animal , in which some activation of the ET system during
anesthesia is inevitable. However, we previously found
that ET receptor antagonists had no effects on blood pres-
sure in the conscious chronically catheterized rat®, a
preparation in which endogenous levels of ET were low.
In the CHF rats, acute intravenous administration of
tezosentan markedly decreased LV end-diastolic pressure
and afterload ( MAP), without significant changes of
heart rate and cardiac contractility. Previous studies have
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demonstrated that ET receptor blockade had a beneficial
effect on hemodynamics in animal models and in patients
with CHR2-10M-1)  Taken together, these results
suggest that activation of endogenous ET system plays a
direct and contributory role in the progression of heart
failure.

ACE inhibitors have become standard therapy for
CHF. In the present study, ACE inhibition with
enalapril decreased LV end-diastolic pressure and after-
load (MAP), without affecting heart rate and left ventric-
ular maximum dp/df. These results were in good
agreement with previously published reports on the favor-
able effects of ACE inhibitors in experimental model of
CHF**) and also with the results of large human clinical
trials®. In this study, we also compared the acute
hemodynamic effects of tezosentan to treatment with an
ACE inhibitor enalapril in the CHF rats. The beneficial
effects of tezosentan on LV end-diastolic pressure, an in-
dex of cardiac preload, were similar to those of enalapril,
despite a smaller effect on MAP. These data suggest thal
the beneficial effect of tezosentan on preload may partly
related to a direct cardiac effect, independent of the
decrease in MAP.

An important finding of this study was that the ef-
fects on LV end-diastolic pressure and afterload (MAP)
were significantly greater in CHF rats ( P <0.01) treated
with combined tezosentan and enalapril compared to those
given enalapril alone or tezosentan alone. There were no
significant differences in heart rate and cardiac contracti-
lity (dp/d iy, ) with the combination treatment compared
with the tezosentan-or enalapril-treated CHF rats.  Al-
though Teerlink ez al'' showed that combined ET recep-
tor blockade and ACE inhibition caused a synergistic re-
duction in MAP in CHF rats, this was the first study, to
the best of our knowledge, to demonstrate that ET recep-
tor blockade had additive beneficial effects on cardiac
hemodynamics to ACE inhibition in CHF rats. These
data Suggest that ET receptor blockade and ACE inhibi-
tion can improve cardiac hemodynamics by independent
and complementary pathways.

At present, it is not clear whether blockade of both
ET, and ETy receptors or selective blockade of ET, re-
ceptors is better in CHF, and this issue can not be an-
swered from this study. In theory, specific blockade of
ET, receptors would have the advantage of maintaining
ETp-mediated,  endothelium-dependent  vasodilation.
However, this endothelium-dependent relaxation is mini-
mal, especially in pathological conditions of endothelial

Moreover, ETg receptors are also present
[22]

dysfunction.
on smooth muscle cells and induce vasoconstriction
Also, the vasoconstriction induced by an ETy agonist
sarafotoxin S6¢ is increased in CHF patients, suggesting
that vascular smooth muscle ( constricting) ETp receptors
are upregulated in human heart faiture™) . Similar re-
sults are also obtained at the level of the coronary circula-
tion in dogs with CHF™ . Furthermore, an increased
cardiac output seen in bosentan-treated, bul not in
BQ-123-treated dogs with myocardial infarction suggests
that blockade of ETg receptors alone or blockade of both
ET, and ET} receptors will be necessary to improve car-
diac function®) . Therefore, further studies will be nec-
essary to clarify the difference between selective blockade
of ET4 receptors and combined blockade of ET, and ETy
receptors on hemodynamics in experimental heart failure.

In conclusion, the results of the present study indi-
cate that intravenous tezosentan, a new potent ET receptor
antagonist, improves systemic and cardiac hemody-
namics, and has additive beneficial effects to ACE in-
hibitor in rats with CHF after myocardial infarction.
These ohservations suggest thal tezosentan may be a use-
ful therapeutic agent in the treatment of heart failure,
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