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Abstract Urotensin II (U-II) is a cyclic peptide that may be
involved in cardiovascular dysfunction. In the present study,
the acute effects of U-II on diastolic properties of the
myocardium were investigated. Increasing concentrations of
U-II (10−8 to 10−6 M) were added to rabbit papillary muscles
in the absence (n=15) or presence of: (1) damaged
endocardial endothelium (EE; n=9); (2) U-II receptor
antagonist, urantide (10−5 M; n=7); (3) nitric oxide (NO)
synthase inhibitor, NG-Nitro-L-Arginine (10−5 M; n=9); (4)
cyclooxygenase inhibitor, indomethacin (10−5 M; n=8); (5)
NO synthase and cyclooxygenase inhibitors, NG-Nitro-
L-Arginine (10−5 M) and indomethacin (10−5 M), respec-
tively, (n=8); or (6) protein kinase C (PKC) inhibitor,
chelerythrine (10−5 M; n=9). Passive length–tension rela-
tions were constructed before and after a single concentra-
tion of U-II (10−6 M; n=3). U-II concentration dependently
decreased inotropy and increased resting muscle length
(RL). At 10−6 M, active tension decreased 13.8±5.4%, and
RL increased to 1.007±0.001 L/Lmax. Correcting RL to its
initial value resulted in an 18.1±3.0% decrease in resting
tension, indicating decreased muscle stiffness, which was
also suggested by the down and rightward shift of the passive
length–tension relation. This effect remained unaffected by
EE damage and PKC inhibition. In contrast, the presence of

urantide and NO inhibition abolished the effects of U-II on
myocardial stiffness, while cyclooxygenase inhibition signif-
icantly attenuated them. U-II decreases myocardial stiffness,
an effect that is mediated by the urotensin-II receptor, NO,
and prostaglandins. This represents a novel mechanism of
acute neurohumoral modulation of diastolic function, sug-
gesting that U-II is an important regulator of cardiac filling.
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Introduction

Urotensin II (U-II) is a vasoactive peptide, first isolated from
the urophysis of teleost fish (Bern et al. 1985), and recently
cloned in several mammalian species, including humans
(Conlon et al. 1996; Coulouarn et al. 1998, 1999; Douglas
et al. 2000). U-II acts by binding to G-protein-coupled
receptors that were first identified in the rat (GPR14;
Marchese et al. 1995; Tal et al. 1995) and later in humans
[urotensin-II (UT) receptor; Ames et al. 1999]. The G-
protein associated with the UT receptor belongs to the Gq
class (Opgaard et al. 2000), which is the same class of
G-proteins that bind to AT1, ETA, and α-adrenergic
receptors (Wheeler-Jones 2005).

U-II has been shown to have potent vasoactive properties
depending on the vascular bed and the species tested (Bohm
and Pernow 2002; Bottrill et al. 2000; Camarda et al. 2002;
Douglas et al. 2000; Gardiner et al. 2001; Russell and
Molenaar 2004; Stirrat et al. 2001). Additionally, U-II
(Douglas et al. 2002; Matsushita et al. 2001), as well as its
receptor (Ames et al. 1999), is highly expressed in the heart
(cardiomyocytes) and blood vessels. Taking into consider-
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ation these facts, several experimental and clinical studies
evaluated whether this peptide plays a role in cardiovascular
regulation and the pathophysiology of heart failure (Douglas
et al. 2002; Dschietzig et al. 2002; Gong et al. 2004; Johns
et al. 2004; Russell et al. 2001, 2003; Tzanidis et al. 2003).
However, the role of U-II within the myocardium remains
poorly understood, particularly in the setting of disease.

Furthermore, U-II was reported to affect the process of
cell growth in the heart. This peptide exerted mitogenic
effects on smooth muscle cells (Sauzeau et al. 2001;
Watanabe et al. 2001), induced collagen and fibronectin
synthesis by cardiac fibroblasts, and caused cardiac
hypertrophy (Tzanidis et al. 2003), thereby contributing to
ventricular remodeling and deterioration of systolic and
diastolic function, similarly to what has been described for
other vasoconstrictor peptides such as angiotensin II (Ang II)
and endothelin-1 (ET-1; Weber et al. 1994). These chronic
effects have classically been considered the main mecha-
nisms through which neurohumoral agents may influence
the diastolic properties of the myocardium. However, some
of these agents have been, over recent years, shown to
acutely modulate myocardial stiffness. These include nitric
oxide (NO; Heymes et al. 1999; Ito et al. 1997; Shah et al.
1994), ET-1 (Leite-Moreira et al. 2003), and Ang II (Leite-
Moreira et al. 2006) but not ghrelin (Soares et al. 2006). In
isolated cardiomyocytes, an increase in diastolic cell length
is observed after exposure to a cGMP analogue or a NO
donor, and in intact hearts, NO shifts downward the
diastolic pressure–volume loop during filling, both indicat-
ing increased myocardial distensibility.

To further clarify this issue, we conducted the present study
in rabbit papillary muscle with the aim of characterizing the
diastolic effects of U-II and some of their underlying
mechanisms. A preliminary report has recently appeared
(Fontes-Sousa et al. 2006).

Material and methods

Animals and tissue preparation

This investigation conforms to theGuide for the Care and Use
of Laboratory Animals published by the US National Institutes
of Health (NIH Publication number 85-23, Revised 1996).

Functional experiments

Experimental preparation

Isometric and isotonic contractions were measured in
papillary muscles isolated from the right ventricle of rabbits.
Male New Zealand white rabbits (Oryctolagus cuniculus;
1.4–2.7 kg; n=53) were anesthetized with intravenous

sodium pentobarbital (25 mg kg−1). A left thoracotomy
was performed, and beating hearts were quickly excised
and immersed in a modified Krebs–Ringer (KR) solution
(composition in millimolar, 98 NaCl, 4.7 KCl, 2.4
MgSO4·7H2O, 1.2 KH2PO4, 4.5 glucose, 1.8 CaCl2·2H2O,
17 NaHCO3, 15 sodium pyruvate, 5 sodium acetate, and
0.02 atenolol) at 35°C with cardioplegic 2,3-butanedione
monoxime (BDM; 3%) and 5% Newborn Calf Serum.
Atenolol was used to prevent β-adrenergic mediated
effects. The solutions were in equilibrium with 95% O2

and 5% CO2, to obtain a pH between 7.38 and 7.42.
The time from thoracotomy to dissection was ∼3 min.

The right ventricle was opened, and papillary muscles were
isolated by first dividing the chordae tendinae at the muscle
tip and then freeing the muscle base and a small amount of
surrounding myocardium from the ventricular wall. Only
long, thin, uniformly cylindrical muscles were used.

After dissection, papillary muscles (n=73; length, 4.3±
0.2 mm; weight, 3.4±0.2 mg; preload, 3.4±0.1 mN) were
mounted vertically in a 10-ml plexiglass organ bath
containing the aforementioned KR solution. The lower
muscular end was fixed in a phosphorbronze clip, and the
upper tendinous end was attached to an electromagnetic
length–tension transducer (University of Antwerp, Belgium).

Preload was initially estimated according to muscle
dimensions. After 10 min, muscles were stimulated at
interstimulus interval of 1,670 ms and voltage of 10% above
threshold by rectangular pulses of 5 ms duration through two
platinum electrodes. Twenty minutes later, bathing solutions
were replaced by corresponding KR solutions without BDM,
and the muscle started to contract. One hour later, bathing
solution was replaced by corresponding serum-free KR
solution. During the next 2 h, the muscles were stabilized.
Finally, the muscles were stretched to a muscle length at which
active force development was maximal. At this point, this
length (millimeter) known as maximum physiological length
(Lmax), was measured with a microruler. During the experi-
ment, changes in diastolic muscle length and muscle
shortening were measured by the isotonic transducer. Proto-
cols were initiated after obtaining two similar isotonic and
isometric control twitches separated by a 10-min interval.

At the end of the experiment, the muscles were removed,
lightly blotted, and then weighed. Muscle cross-sectional
area was calculated by dividing the weight of the muscle by
its length at Lmax. A cylindrical shape and a specific gravity
of 1.0 were assumed (Leite-Moreira et al. 2006). Muscle
tension was then expressed as force normalized per cross-
sectional area (mN mm−2).

Experimental protocol

Effects of increasing concentrations of human U-II (hU-II;
10−8 to 10−6 M) on contraction, relaxation, and diastolic
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properties of the myocardium were studied in rabbit papillary
muscles in control muscles with intact endocardial endothe-
lium (EE), after selective removal of EE by a brief (1 s)
immersion of the papillary muscle in a weak solution (0.5%)
of the detergent Triton X-100 (Brutsaert et al. 1988, 1996),
followed by abundant wash with Triton-free KR solution, and
in the presence of: (1) urantide (C51H66N10O12S2; URT;
10−5 M), an antagonist of U-II receptor; (2) NG-Nitro
L-Arginine (L-NNA; 10−5 M), a NO synthase inhibitor; (3)
indomethacin (Indo; 10−5 M), a cyclooxygenase inhibitor; (4)
NG-Nitro-L-Arginine plus Indo and (5) chelerythrine (CHE,
10−5 M), an inhibitor of protein kinase C (PKC). In a small
subset of muscles (n=5), the effects of U-II were tested in a
KR solution containing nadolol (10−5 M) instead of atenolol.
These substances were dissolved in the KR solution before
the addition of U-II, and muscle twitches were recorded after
a stable response was obtained, typically 15–20 min later.
After that, U-II was added cumulatively without any washout
between. Finally, in another small subset of muscles, passive
length–tension relations were constructed in the absence and
in the presence of the highest concentration of U-II. Of note,
in each experimental protocol, all papillary muscles were
obtained from different animals.

Data acquisition and analysis

Isotonic and isometric twitches were recorded and analyzed
with dedicated software (University of Antwerp, Belgium).
Selected parameters included: resting tension (RT; mNmm−2),
active tension (AT; mN mm−2); maximal velocities of tension
rise (dT/dtmax; mN mm−2 s−1) and decline (dT/dtmin;
mN mm−2 s−1); peak isotonic shortening (PS; %Lmax); maxi-
mal velocities of shortening (dL/dtmax; Lmaxs

−1) and lengthen-
ing (dL/dtmin; Lmaxs

−1); time to half-relaxation (tHR, ms); and
time to active tension (tAT; ms).

In the various protocols, results are given as percent
change from baseline. For the parameters that are expressed
as negative values (e.g. dT/dtmin), such percent change
refers to the absolute values. When a pharmacological
inhibitor was used or the EE damaged, the term baseline
refers to the performance in the presence of those inhibitors
or after damage of EE, before the addition of U-II.

Drugs and materials

Drugs were obtained from the following sources: hU-II,
Bachem (Bubendorf, Switzerland); urantide, Peptides Inter-
national (Louisville, Kentucky, USA); all other chemicals,
Sigma Chemical (St Louis, MO, USA). Stock solutions of
all chemicals were dissolved in distilled water and prepared
in aliquots at 100 times the final bath concentration, except
for hU-II which stock concentration was 5.10−5 M. All
stock solutions were stored at −20°C until use.

Fig. 1 Effect of increasing concentrations of urotensin II (U-II, 10−8

to 10−6 M, n=15) on a active tension (AT), peak rates of tension rise
and decline (dT/dtmax and dT/dtmin, respectively) and b resting muscle
length (L/Lmax). Data are mean±SE, expressed as percent variation
from baseline. P<0.05: α vs baseline, β vs 10−8 M U-II, γ vs 10−7 M
U-II. c Representative example of isotonic twitches at baseline and in
the presence of increasing concentrations of U-II
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Statistical analysis

All values are given as mean±standard error of mean (SE),
and n represents the number of experiments. Effects of
increasing concentrations of U-II alone on the different
experimental parameters were analyzed by one-way repeated-
measures analysis of variance (ANOVA). Effects of increasing
concentrations of U-II under various experimental conditions
were analyzed with a repeated-measures two-way ANOVA.
Effects on the various parameters of a single concentration of
the antagonists were analyzed with a paired t test. When
significant differences were detected with any of the ANOVA
tests, the Student–Newman–Keuls test was selected to
perform pairwise multiple comparisons. A P value less than
0.05 was considered to be significant.

Results

Baseline performance of rabbit papillary muscles was similar
in all experimental protocols. Mean values of the contractile
parameters from the 73 papillary muscles were as follows: AT,
19.8±1.3 mNmm−2; dT/dtmax, 135.2±8.3 mN mm−2 s−1; dT/
dtmin, −113.1±6.7 mN mm−2 s−1; PS, 13.0±0.7% of Lmax;
dL/dtmax, 1.0±0.1 Lmaxs

−1; dL/dtmin, −3.3±0.2 Lmaxs
−1; tAT,

243.1±5.5 ms; tHR, 382.6±8.8 ms.
Effects of increasing concentrations of U-II (10−8, 10−7,

and 10−6 M) on papillary muscle function are summarized

and illustrated in Fig. 1, where it can be seen that U-II
induced concentration-dependent negative inotropic (AT,
dT/dtmax) and lusitropic (dT/dtmin) effects. When the
papillary muscle was stimulated with the two lowest
concentrations of U-II (10−8 M and 10−7 M), muscle
tension gradually decreased to reach a maximal decrease
within 15 min for each one (Fig. 2). When the papillary
muscle was stimulated with the higher concentration of U-II
(10−6 M), muscle tension reached the maximal decrease
within 30 min (Fig. 2). The highest concentration (10−6 M) of
U-II decreased 13.8±5.4% AT (Fig. 1a), 12.0±5.3% dT/dtmax

(Fig. 1a), 15.5±4.4% dT/dtmin (Fig. 1a), 11.2±3.8% PS, 9.7±
3.3% dl/dt2max, 13.4±3.5% dl/dtmin, 3.7±1.3% tHR, and
3.8±1.6% tAT (onset of relaxation).

With regard to the diastolic properties of the myocardium,
we observed that U-II progressively increased resting muscle
length (Fig. 1b) at a constant RT. Correcting, at the end of the
experiment, muscle length to its initial value resulted in an
18.1±3.0% decrease in RT, without altering the other
contractile parameters. This indicates an increase in muscle
distensibility or, on the other hand, a decrease in muscle
stiffness. Figure 3 illustrates mean length–tension relations in
the absence and presence of the highest concentration of U-II,
where it can be seen that the increase in muscle distensibility
is observed over the entire range of muscle lengths studied.

The effect of U-II was not significantly different in the
muscles in which atenolol was replaced by nadolol in the
KR solution.

Fig. 2 Representative recording
of the myocardial response of
a rabbit papillary muscle to
a urotensin II (U-II) and
b vehicle (control muscle).
Arrows in a cumulatively
increasing concentrations of
10−8 to 10−6 M U-II and b
equal volumes of the vehicle
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Effects of U-II after damaging the EE, in presence of a
selective UT receptor antagonist (URT), or after inhibition
of cyclooxygenase (Indo), NO synthase (L-NNA), or PKC
(CHE) are illustrated in Figs. 4, 5 and 6.

Selective destruction of the EE or the presence of CHE
resulted in a significant decrease in AT by 45.4±5.7% and
44.7±4.3%, respectively. The other inhibitors did not
significantly modify per se any of the analyzed contractile
parameters.

None of the agents significantly altered the effects of
U-II on myocardial contractility (AT, dT/dtmax, PS, dL/
dtmax), relaxation (dT/dtmin, dL/dtmin) or muscle twitch
duration (tAT, tHR). Effects on AT, dT/dtmax, and dT/dtmin

are illustrated in Figs. 4a and 5a. On the contrary, URT, L-
NNA, and Indo significantly attenuated the effects of U-II
on myocardial distensibility, although these effects were not
affected by the presence of CHE or EE removal (Figs. 4b
and 5b). In the presence of Indo, the effect of U-II on
muscle length was markedly reduced, leading to a decrease
in passive tension of only 11.6±3.1% (Fig. 6). On the other
hand, in presence of URT and L-NNA, the effects of U-II on
passive muscle length and RT were no more statistically
significant, having been totally abolished when L-NNA and
Indo were simultaneously present in the bath (Fig. 6).

Discussion

This study clearly demonstrates that U-II induces a
significant concentration-dependent acute increase in myo-
cardial distensibility. This effect is attenuated by cyclo-
oxygenase inhibition and completely abolished by U-II
receptor blockade or NO synthase inhibition. This suggests
that such effect is mediated by UT receptor stimulation and
dependent of NO and prostaglandins release.

U-II binds to a 389-amino acid G-protein-coupled
receptor termed UT (Ames et al. 1999). The UT receptor
is coupled to the Gαq/11 signal transduction pathway, the
same of AT1, ETA, and α-adrenoceptors, which are linked
to phospholipase C activation and the consequent increase
in inositol trisphosphate and diacylglycerol, with mobiliza-
tion of intracellular Ca2+ (Ames et al. 1999; Opgaard et al.
2000; Tzanidis et al. 2003). In the isolated rabbit aorta, the
vasoconstrictor effect of U-II is mediated by a phospholi-
pase C-dependent increase in inositol phosphates, probably
mediated by a Gq-protein-coupled receptor (Opgaard et al.
2000). On the other hand, in the rat aorta, the contraction
induced by U-II is mediated by a Ca2+/calmodulin/myosin
light chain (MLC) kinase system and modulated by the
Ca2+ sensitization mechanisms to increase MLC phosphory-
lation (Tasaki et al. 2004).

Fig. 3 Passive length–tension relations at baseline and in the presence
of urotensin II (U-II, 10−6 M, n=3). Data are mean±SE

Fig. 4 Effect of increasing concentrations of urotensin II (U-II, 10−8

to 10−6 M) on a active tension and b passive muscle length (L/Lmax) in
the absence (n=15) or presence of selective UT receptor antagonist
(urantide; URT, 10−5 M, n=7) or PKC inhibitor chelerythrine (CHE,
10−5 M, n=9). Data are mean±SE, expressed as percent variation
from baseline. P<0.05: α vs baseline, β vs 10−8 M U-II, γ vs 10−7 M
U-II, * vs U-II alone
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In the present study, we found a mild concentration-
dependent negative inotropic effect that was not altered
either by EE removal or any of the used inhibitors. A
similar effect was previously described in isolated canine
cardiomyocytes (Morimoto et al. 2002), while a more
pronounced one was reported in vivo first in nonhuman
primates (Ames et al. 1999) and later in rats (Hassan et al.
2003), in response to systemic infusion of U-II, which was
attributed to coronary vasoconstriction. On the contrary, in
human isolated right atrial trabeculae (Russell et al. 2001)
and in rat isolated left ventricular myocardium (Gong et al.
2004), a slight positive inotropic effect via a PKC-
dependent mechanism (Russell and Molenaar 2004) was
described. These discrepancies may be due to differences in
the experimental preparation or the animal species used.

Overall, however, the inotropic effects of U-II in vitro
described in the literature are mild and of much smaller
magnitude than those of for instance ET-1 and β-adrenergic
stimulation (Russell 2004).

Myocardial stiffness is an important determinant of
ventricular filling and, therefore, of diastolic function (Leite-
Moreira 2006). As outlined in the introduction, classically, it
was considered that neurohumoral agents only could
influence the diastolic properties of the myocardium through
chronic changes, as those induced by fibrosis and hypertro-
phy (Kass et al. 2004). More recent studies, however, have
shown that diastolic stiffness may be acutely modulated by
NO (Heymes et al. 1999; Shah et al. 1994), ET-1 (Leite-
Moreira et al. 2003), Ang II (Leite-Moreira et al. 2006), and
β-adrenoceptor stimulation or protein kinase A (PKA)
activation (Borbely et al. 2005; Fukuda et al. 2005; van

Fig. 5 Effect of increasing concentrations of urotensin II (U-II; 10−8

to 10−6 M) on a active tension and b passive muscle length (L/Lmax) in
the absence (n=15) or presence of NO synthase and cyclooxygenase
inhibition (L-NNA, 10−5 M and Indo, 10−5 M, respectively, n=8), NO
synthase inhibition (L-NNA, 10−5 M, n=9), cyclooxygenase inhibition
(Indo, 10−5 M, n=8) or damaged endocardial endothelium (TRX, n=
9). Data are mean±SE, expressed as percent variation from baseline.
P<0.05: α vs baseline, β vs 10−8 M U-II, γ vs 10−7 M U-II, * vs U-II
alone

Fig. 6 Effects of urotensin II (U-II; 10−6 M) on a resting tension and
b resting muscle length (L/Lmax) in the absence (n=15) or presence of
selective UT receptor antagonist (urantide; URT, 10−5 M, n=7), NO
synthase and cyclooxygenase inhibition (L-NNA, 10−5 M and Indo,
10−5 M, respectively, n=8), NO synthase inhibition (L-NNA, 10−5 M,
n=9), cyclooxygenase inhibition (Indo, 10−5 M, n=8), damaged
endocardial endothelium (TRX, n=9) or PKC inhibitor chelerythrine
(CHE, 10−5 M, n=9). Data are mean±SE, expressed as percent
variation from baseline. P<0.05: α vs baseline, β vs U-II alone
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Heerebeek et al. 2006; Yamasaki et al. 2002), while the
present study demonstrates that the same is true for U-II.

Several actions of NO on myocardial contractile function
have been reported, including changes in relaxation and
diastolic properties of the myocardium. NO production and
release have been detected in the sequence of endothelial UT
receptor stimulation and seems to modulate the U-II-induced
vasoconstriction in some experimental preparations (Ishihata
et al. 2006). NO has been previously shown to increase
myocardial distensibility, presumably as a result of protein
kinase G (PKG)-mediated phosphorylation of myofilaments
(Prendergast et al. 1997; Shah et al. 1994), which could
explain the effects observed in the present study of U-II on
this property.

UT receptor shares some subcellular pathways and
interacts with ETA and AT1 receptors (Li et al. 2005; Wang
et al. 2007). With regard to diastolic function, we have
recently shown, in the same animal species, that both ETA
(Leite-Moreira et al. 2003) and AT1 (Leite-Moreira et al.
2006) stimulation increase myocardial distensibility
through PKC and Na+/H+ exchanger-mediated effects. It
is also important to underline that while the effect of ET-1
on myocardial distensibility was only observed in acutely
afterloaded twitches, in the case of Ang II it was present
even in isotonic contractions. With regard to U-II, the
results of the present study indicate that its effects on
myocardial distensibility are not mediated by PKC but
instead dependent on UT receptor stimulation and NO and
prostaglandins release. Interestingly, however, even if these
agents are released by the endothelium, EE removal did not
alter the effects of U-II on myocardial distensibility. This
apparent discrepancy can be easily explained if we take into
account that the microvascular coronary endothelium,
another important source of NO and prostaglandins
(Brutsaert 2003), remained intact even after removal of
the EE. Note that NO can also be released by the
cardiomyocytes themselves (Massion et al. 2003). Data
related with the expression of the UT receptor in the heart
support this hypothesis. In fact, expression of this receptor
was shown in cardiomyocytes and vascular endothelial
cells but not yet in the EE (Russell 2004).

Finally, concerning the pathophysiologic relevance of
our findings, we must point out that decreases of 18% in
passive tension of the isolated muscle indicate that U-II
might allow the ventricle to reach the same diastolic
volume with almost 20% lower filling pressures, which is
undoubtedly a potentially important adaptation mechanism.
As the acute effects of U-II on diastolic function were
determined in an in vitro model, this excludes systemic and
humoral effects of U-II; consequently, the effects of U-II in
vivo, where other important adaptation mechanisms also
affect diastolic filling pressures, may differ from those
reported in this paper.

These acute beneficial effects of U-II on diastolic function
may become deleterious on the long term due to its role in the
promotion of cardiac fibrosis and hypertrophy, when its
levels remain chronically elevated (Bousette et al. 2006;
Yamamoto et al. 2002), and by its effects on coronary
arteries by accelerating the development of atherosclerosis,
thereby leading to coronary artery disease (Watanabe et al.
2006). Furthermore, we have to consider that a sustained
increase in myocardial length, as the one promoted by U-II,
might contribute to ventricular dilatation, which is another
important feature of ventricular remodeling.

In conclusion, this study describes, for the first time, the
modulation of diastolic function by U-II, which increases
myocardial distensibility, an effect that requires the activa-
tion of UT receptor and is mediated by NO and prosta-
glandins release. This novel effect of U-II broadens our
concepts with regard to the acute neurohumoral modulation
of diastolic function and represents a potentially powerful
regulator of cardiac filling. In addition, taking into account
that U-II and its receptor exhibits increased expression in
cardiac tissue and plasma in human heart failure, these
results might help to better understand the pathophysiology
of this syndrome.
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