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Stimulation in Heart Failure:
Functional Evidence of Endocardial
Endothelial Dysfunction?

CARMEN BRAS-SILvA, ANA PATRICIA FONTES-SousA, CLAUDIA MOURA, JOSE CARLOS AREIAS,
AND ADELINO F. LEITE-MOREIRA!

Department of Physiology, Faculty of Medicine, University of Porto, Portugal

Inotropic effects of selective ETg receptor stimulation depend
on the functional integrity of the endocardial endothelium (EE),
which is negative when it is intact and positive when it is
damaged. These results have been attributed to the existence of
two subtypes of ETg receptors in the heart: (i) ETg4, located on
the EE, decreases inotropy; (ii) ETg,, located on myocardial
cells, increases inotropy. In the present study we investigated
the functional integrity of the EE in a heart failure (HF) model
(doxorubicin-induced cardiomyopathy) by evaluating the con-
tractile response to ETg; receptor stimulation. New Zealand
White rabbits were treated with doxorubicin (DOX-HF, 1 mg/kg,
iv, twice weekly for 8 weeks) or with saline. Contractile effects of
increasing doses of a selective agonist of endothelial ETg
receptors, IRL-1620 (107° to 10°® M), were studied in papillary
muscles (Krebs-Ringer: 1.8 mM CaCl,, 35°C) from control (n =
10) and DOX-HF rabbits (n = 7). Isotonic and isometric twitches
were recorded and analyzed. Reported parameters included
active tension (AT) and maximum velocities of tension rise (dT/
dtnhax) and decline (dT/dtn,,). On echocardiography, DOX-HF
rabbits had increased left ventricular (LV) end-diastolic and end-
systolic diameters and reduced ejection fraction (52% + 2% vs.
61% = 1%). Contrary to control papillary muscles, DOX-HF
muscles showed a steady decrease in contractility between 1
and 4 Hz. In the control group, IRL-1620 induced dose-depend-
ent negative inotropic and lusitropic effects that decreased at
107 M: 26% = 3%, AT; 17% = 3%, dT/dtmayx; and 16% = 5%, dT/
dtyin- In the DOX-HF group, these effects were significantly
reduced. At the same concentration, IRL-1620 decreased AT (8%
+ 3%) and dT/dt,.x (8% = 3%), without significantly affecting
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dT/dt,,;,. This study showed an impaired response to endothelial
ETg receptor stimulation, providing for the first time strong
evidence of the occurrence of EE dysfunction in the failing heart
and further highlighting the potential use of ETg receptor
stimulation as a marker of EE function. Exp Biol Med 231:893—
898, 2006
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Introduction

The discovery in 1988 of endothelin-1 (ET-1), one of
the most potent endogenous vasoconstrictor peptides, by
Yanagisawa and colleagues (1) represented a landmark in
the field of cardiovascular research. Since its discovery, a
great deal of effort has been made toward gaining a better
understanding of the key roles (developmental, physiolog-
ical, and pathological) played by this peptide, particularly
with regard to the cardiovascular system.

ET-1 exerts its actions mainly through two types of
receptors, the so-called type A (ET,) and type B (ETg)
receptors. Both are G protein—coupled transmembrane
proteins, with different molecular and pharmacologic
characteristics and functions based on their location (2—4).

ETA receptor stimulation elicits vasoconstriction (5)
and mitogenesis (6) and increases inotropism (7, 8) and
myocardial distensibility in conditions of cardiac overload
(9). ETg receptor activation promotes vasodilatation
mediated by nitric oxide and prostacyclin (10) release and
has growth-inhibitory effects (11) associated with apoptosis
(12). In addition, ETg receptors play a determinant role in
the clearance of circulating ET-1 (13).

There is increasing experimental and clinical evidence
in support of an important role of ET-1 in the pathophysi-
ology of heart failure (HF) (14). The endothelin system is
activated in patients with chronic HF. Plasma big ET-1 and
ET-1 concentrations have been correlated with clinical and
hemodynamic measures of severity in patients with HF and
inversely with prognosis (14, 15).
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Doxorubicin is a commonly used chemotherapeutic
agent that is associated with the development of dose-
dependent cardiomyopathy and irreversible and progressive
HF characterized by bilateral enlargement, thinning of the
ventricular wall, and reduction of the ejection fraction.
Doxorubicin-induced HF (DOX-HF) has been used in
different animal species to study the pathophysiologic
mechanisms and to evaluate different treatment modalities
for HF (16).

It was recently shown that the inotropic effect of
selective ETg receptor stimulation depends on the functional
integrity of the endocardial endothelium (EE), which is
negative when it is intact and positive when it is damaged.
These results have been attributed to the existence of two
subtypes of ETg receptors in the heart: ETg;, which is
located on the EE and decreases inotropy, and ETg,, which
is located on myocardial cells and increases inotropy (17).
The differential effects of ETg stimulation in the presence
and absence of an intact EE indicate that the analysis of such
effects might be used as an experimental tool to test the
functional integrity of the EE (17). In this context, the main
goal of the present study was to investigate the functional
integrity of the EE in an HF model (DOX-HF) by evaluating
the contractile response to ETg; stimulation.

Materials and Methods

The investigation conforms to the Guide for the Care
and Use of Laboratory Animals published by the U.S.
National Institutes of Health (NIH Publication No. 85-23,
Revised 1996).

HF Model. A well-documented regimen was used for
the induction of HF due to doxorubicin toxicity (DOX-HF)
(18). Adult male New Zealand White rabbits (Oryctolagus
cuniculus; 2.0-3.0 kg) received doxorubicin via a marginal
ear vein by bolus injection (1 mg/kg) twice weekly for 8
weeks. Control rabbits received the vehicle (0.9% saline) in
equivolumetric doses over the same period. The progression
of cardiac dysfunction was monitored echocardiographically
to estimate morphological and functional alterations during
the development of HF.

Echocardiographic Evaluation. All animals were
evaluated by echocardiography at the beginning of the study
and then every 2 weeks during the study. Echocardiographic
examination was performed with the rabbits lightly
anesthetized with an intramuscular combination of ketamine
(15 mg/kg) and medetomidine (0.15 mg/kg), and rabbits
were allowed to breathe spontaneously. The animal was
placed prone on a table with an area removed so that the
ultrasound probe could be brought from below and placed
on a shaved area of the anterior chest wall. The echocardio-
grams were obtained using a 5-MHz transducer (Aloka
Color Doppler SSD-2200 echocardiograph; Aloka S.A.,
Tokyo, Japan), and the exam was performed from the right
paraesternal position. Three representative cycles were
measured and averaged for each rabbit. Parameters analyzed

were heart rate, anterior and posterior end-diastolic and end-
systolic wall thickness, left ventricular end-systolic and end-
diastolic diameters (ESD and EDD, respectively), fractional
shortening (FS; FS= [EDD — ESD]/EDD), and ejection
fraction.

Papillary Muscle Studies. Experimental Prep-
aration. The study was performed in isolated right
papillary muscles (n = 31) from the control and DOX-HF
groups 1 week after the last drug or saline administration.
Rabbits were anesthetized with intravenous pentobarbital
sodium salt (25 mg/kg). A left thoracotomy was performed,
and beating hearts were quickly excised and immersed in
modified Krebs-Ringer (KR) solution (composition in mM:
NaCl, 98; KCl, 4.7, MgS04-7H,0, 2.4; KH,PO,, 1.2;
glucose, 4.5; CaCl,-2H,0, 1.8; NaHCOs;, 17; C3H3NaOs;,
15; CH3COONa, 5; atenolol, 0.02) at 35°C with cardiople-
gic 2,3-butanedione monoxime (BDM; 3%) and 5% of
newborn calf serum and gassed with 95% O,/5% CO,, to
obtain a pH between 7.38 and 7.42.

After dissection, papillary muscles (length: 4.2 * 0.3
mm; weight: 2.9 = 0.3 mg; preload: 4.3 = 0.3 mN) were
mounted vertically in a 10-ml Plexiglas organ bath
containing the above-described KR solution and were
attached to an electromagnetic length-tension transducer
(University of Antwerp, Belgium). Preload was estimated
according to muscle dimensions, and the electrical stimulus
(0.6 Hz) was set at 10% above threshold. Twenty minutes
later, bathing solutions were replaced by corresponding KR
solutions without BDM. During the next 2 hrs, muscles
were stabilized. Bathing solutions were then replaced by
corresponding KR solutions without calf serum, and L.
was calculated. Protocols were initiated after obtaining two
similar isotonic and isometric control twitches separated by
a 10-min interval.

Experimental Protocols. Effects of increasing doses
of a selective agonist of endothelial ETg receptors, IRL-
1620 (10~ to 10°® M), were studied in papillary muscles
from the control (n = 10) and DOX-HF (n = 7) groups.

In another set of papillary muscles from control (n =7)
and DOX-HF (n = 7) groups, isometric contractility-
frequency relationships were obtained by plotting the
maximum velocity of tension rise against the frequency of
contraction. In summary, after an initial period of
contraction at 0.6 Hz, the frequency of stimulation was
stepped up at 3-min intervals to 1 Hz, 2 Hz, 3 Hz, and 4 Hz.
Drugs were obtained from Sigma Chemical Company (St.
Louis, MO).

Data Analysis. Tsotonic and isometric twitches were
recorded and analyzed. Selected parameters included active
tension (AT, mN/mm?); maximum velocity of tension rise
(dT/dtyax, mN/mmz/sec); maximum velocity of tension
decline (dT/dty;n, mN/mmz/sec); peak isotonic shortening
(PS, %Lhax); maximum velocity of shortening (dL/dt;,.,
Lax/sec), maximum velocity of lengthening (dL/dt;,,
Lax/sec); and time to half relaxation (tHR, msec).

Only data obtained from isometric twitches will be
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Table 1. Mean Values of the Contractile Parameters
in Papillary Muscles from the Control and Doxorubicin-
Induced Heart Failure (DOX-HF) Groups?

Control group ~ DOX-HF group

Contractile parameter

(n=17) (n=14)
AT (mN/mm?) 25.3 = 3.0 258 + 2.4
dT/dtmax (MN/mm?/sec) 175.4 = 185 173.2 = 15.7
dT/dtmin (MN/mm?/sec) -137.0 =+ 159 -132.6 = 13.2
PS (%Lmax) 12.0 = 0.1 12.0 = 0.1
dL/dtmax (Lmax/Sec) 0.9 = 0.01 0.8 = 0.07
dL/Atmin (Lmax/S€C) -3.0 04 —27 * 04
tHR (msec) 377.0 = 146 407.1 = 21.1

? Values are means += SEM. EE, endocardial endothelium; AT,
active tension; dT/dty,ax, maximum velocity of tension rise; dT/dtn,
maximum velocity of tension decline; PS, peak isotonic shortening;
dL/dtphax, maximum velocity of shortening; dL/dty;,, maximum
velocity of lengthening; tHR, time to half relaxation.

described, as the analysis of isotonic twitches yielded
globally similar results. In the various protocols, results are
given as percent changes from baseline. For the parameters
that are expressed as negative values (e.g., dT/dt,,;,), such
percent change refers to the absolute values.

Statistical Methods. Values are means * SEM.
Echocardiographic data of doxorubicin-treated animals at
the beginning and at the end of the study were compared
with a paired ¢ test. Baseline performance of papillary
muscles from control and doxorubicin-treated rabbits was
compared with an unpaired ¢ test. Effects of increasing
concentrations of IRL-1620 and of increasing stimulation
frequencies of papillary muscles from control and doxo-
rubicin-treated rabbits were analyzed with a repeated-
measures two-way analysis of variance. When significant
differences were detected, the Tukey’s post hoc test was
selected to perform multiple comparisons; P < 0.05 was
accepted as significant.

Results

Mean values of the contractile parameters in papillary
muscles from the control group (n = 17) and from the DOX-
HF group (n = 14) are shown in Table 1. Although baseline
performance of rabbit papillary muscles was similar in all
experimental protocols, contractility of papillary muscles
from the control group did not significantly decline with
increasing frequency (between 1 Hz and 4 Hz), whereas the
papillary muscles from the DOX-HF rabbits showed a
decrease in contractility with increasing frequency, indica-
tive of contractile dysfunction and a reduced contractile
reserve (Fig. 1). Additionally, in the DOX-HF group, the
echocardiographic evaluation demonstrated a progressive
increase of end-diastolic (from 14.3 = 0.8 mm to 15.6 *+
0.4 mm) and end-systolic (from 10.4 = 0.3 mm to 11.7 *
0.4 mm) short-axis diameters and a reduction in fractional
shortening (from 30% * 1% to 24% = 1%) and ejection
fraction (from 61% = 1% to 52% = 2%) of the left
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Figure 1. Contractile response of rabbit papillary muscles from the
control group (n=7) and from the doxorubicin-induced heart failure
(DOX-HF) group (n=7) to steady increases in stimulation frequency.
Contractility-frequency relationships were then obtained by plotting
maximum velocity of tension rise against frequency of contraction.
Control muscles showed a steady increase in contractility between 1
Hz and 4 Hz, whereas in the DOX-HF group, muscles responded in
the opposite way. P < 0.05: *, versus baseline; #, versus control.

ventricle, consistent with the presence of dilated cardiomy-
opathy and HF.

Myocardial Effects of Selective ETg Receptor
Stimulation by IRL-1620. Figures 2 and 3 illustrate the
effects of selective stimulation of the endothelial ETg
receptor with the agonist IRL-1620 in the various
experimental conditions. In the control group, IRL-1620
induced dose-dependent negative inotropic and lusitropic
effects. At 107° M, it significantly decreased AT (26% =+
3%), dT/dt.x (17% = 3%), dT/dty, (16% £ 5%), and
tHR (11% = 2%). In the DOX-HF group, these effects were
significantly reduced. At the same concentration IRL-1620
decreased AT (8% = 3%) and dT/dt,,, (8% = 4%),
without significantly affecting dT/dt,,;, or tHR (Figs. 2 and
3).

Discussion

The present study showed that in the presence of HF
induced by doxorubicin (DOX-HF), the myocardial re-
sponse to selective endothelial ETg receptor stimulation is
impaired. Thus, in healthy animals (control group), IRL-
1620 induced significant negative inotropic and lusitropic
effects that were clearly reduced in papillary muscles from
the failing hearts.

The progression of cardiac dysfunction was monitored
echocardiographically to estimate morphologic and func-
tional alterations during the development of HF. In addition,
as contractile dysfunction in papillary muscles is most often
not evident from changes in baseline performance of
muscles that are contracting at low stimulating frequencies,
but rather is evident based on an impaired response to
increased frequencies (19), contractility-frequency relation-
ships were performed. We found that although baseline
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Figure 2. Representative isometric twitches performed in rabbit papillary muscles from the control group and from the doxorubicin-induced
heart failure (DOX-HF) group, showing the effects of selective endothelial ETg receptor stimulation by IRL-1620 (107° M). IRL-1620 induced
negative inotropic and lusitropic effects in the representative twitch from the control group, effects that were clearly reduced in the example from

the DOX-HF group.

performance of normal and DOX-HF muscles was similar,
contrary to the former, the latter showed decreased
contractility to increased frequencies, indicating contractile
dysfunction and reduced contractile reserve.

The role of cardiac endothelium (EE and myocardial
capillary endothelium) in HF has only recently been
addressed. Typical morphologic EE cellular lesions have
now been described in conditions of ventricular volume (20)
or pressure (21, 22) overload. Experimental in vitro studies
have demonstrated selective damage of the EE after
exposure to high concentrations of a number of neuro-
hormones and stressors known to be pathogenic risk factors
in vivo, such as high plasma levels of catecholamines,
angiotensin, atrial natriuretic peptide, serotonin, vasopres-
sin, ox—low-density lipoproteins, homocysteine, cholic acid,
and eosinophils. These lesions were accompanied by
profound changes in the mechanical performance of the
subjacent myocardium. Most cardiovascular risk factors
known to be pathogenic for other vascular endothelial cells
appear to also affect EE as an early target, contributing to
the etiology and progression of cardiac failure (23). The
association of such EE lesions with these conditions
indicates that they might contribute causally to cardiac
failure, but experimental evidence that they do so has been
missing.

Until recently, a major limitation for the evaluation of
EE dysfunction was the nonexistence of a functional
marker, like acetylcholine for the vascular endothelium.
We have recently gathered evidence that the response to
selective ETy receptor stimulation might be used as such a
marker. In fact, similar to acetylcholine in the vasculature,
myocardial effects of ETg receptor stimulation depend on
the presence or absence of a functional EE. When the EE is

intact, endothelial ETg receptor stimulation promotes
negative inotropic and lusitropic effects that are mediated
by nitric oxide and prostaglandins. On the contrary, when
the EE is damaged, myocardial ETg receptor stimulation
induces positive inotropic and lusitropic effects (17).
Therefore, if we use a selective endothelial ETg receptor
stimulator, we shall obtain negative inotropic and lusitropic
effects when the EE is intact and no significant effects when
the EE is damaged, as was previously shown (17). In this
setting, the present study, having shown that papillary
muscles from failing hearts had a blunted response to
selective endothelial ETg receptor stimulation, provides
strong evidence in favor of the presence of EE dysfunction
in the HF model used. Thus, as is the case with vascular
endothelial dysfunction, it seems that cardiac endothelial
dysfunction is present and/or may contribute to HF
progression.

Although some concern can be raised with regard to the
selectivity of IRL-1620 at higher concentrations, especially
at 107° M, the results of this and other studies (17, 24) are
not in favor of such a possibility. In fact, if this was the case,
IRL-1620 (10~° M) should increase contractility of papillary
muscles devoid of an intact EE. We showed, however, that
in these circumstances, IRL-1620 does not have any
significant effects on muscular performance (17, 24).

Doxorubicin is an antineoplastic antibiotic widely used
in the treatment of a variety of cancers, and its clinical use is
limited as a result of a severe, dose-dependent cardiotoxicity
(16, 18). In this context, our findings might also be relevant
to better understand the pathophysiology of DOX-induced
cardiomyopathy so that we can develop efficient protective
and/or therapeutic strategies in patients treated with this
chemotherapeutic agent.
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Figure 3. Concentration-response curves for the effect of selective
endothelial ETg receptor stimulation by IRL-1620 on contractile
parameters in the various experimental conditions: control group (full
squares, n = 10) or doxorubicin-induced heart failure (DOX-HF)
group (open circles, n = 7). AT, active tension, top panel; dT/dtax,
maximum velocity of tension rise, middle panel; and dT/dtyn,
maximum velocity of tension decline, bottom panel. Mean = SEM;
% baseline. P < 0.05: *, versus baseline; #, versus control.

This study showed an impaired response to endothelial
ETg receptor stimulation, indicating the presence of EE
dysfunction in the experimental model of HF induced by
doxorubicin and reinforcing the importance of ETg,
receptors as functional markers of endothelial integrity.

Additionally, these results might be relevant for a better
understanding of the role of EE in the pathophysiology of
HF.
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