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b3-Adrenergic stimulation in the human heart:
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92637 Weiden i.d. Oberpfalz, Germany
robert.schwinger@Klinikum-Weiden.de

Pharmazie 61: 255–260 (2006)

Next to b1- and b2-adrenoceptors, a third b-adrenoceptor population is expressed in the human heart,
the b3-adrenoceptor. In mammalian ventricular myocytes, b3-adrenergic stimulation leads to a de-
crease in contractility via a release of nitric oxide (NO). Recently, different molecular mechanisms of
b3-adrenergic activation of endothelial nitric oxide synthase (eNOS) have been uncovered in cardiac
myocytes. In the non-failing and especially the failing heart, b3-adrenergic stimulation may offer protec-
tion against excessive catecholaminergic b1-adrenoceptor stimulation. In this context, the b3-adreno-
ceptor is discussed as a novel target for the pharmacological therapy of heart failure.

1. Introduction

b-Adrenergic stimulation is one of the most important me-
chanisms for the modulation of cardiac function. The car-
diac b-adrenoceptor population is dominated by b1-adre-
noceptors (about 70%, Bristow et al. 1986) which mediate
an increase in contractility and frequency upon catechola-
minergic stimulation (Wallukat 2002). b2-Adrenoceptors
are expressed in far lower numbers in myocardium.
Though their physiological role has not been fully uncov-
ered yet, there is evidence, that they may have positive
inotropic effects via stimulating G-proteins (Gs) but as
well may oppose b1-adrenergic stimulation by interacting
with inhibitory G-proteins (Gi) and endothelial nitric oxide
synthase (eNOS) (Xu et al. 2000; Dedkova et al. 2002;
Malan et al. 2004) (Fig. 1).
The observation that catecholamines mediate cardiostimu-
lant effects even in the presence of b1/2-adrenoceptor
blockade has led to the suggestion of a putative b4-adreno-
ceptor population (Kaumann et al. 1998). Lately, this hy-
pothesis has been questioned as it was shown that these
effects are indeed mediated by an atypical so called “low

affinity” activation state of the classical b1-adrenoceptor
(Kaumann et al. 2001).
By contrast, the b3-adrenoceptor differs distinctly from
classical b1/2-adrenoceptors concerning its molecular struc-
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Fig. 1: Schematic diagram of the myocardial b-adrenergic signaling cas-
cades. While b1-adrenoceptors are coupled to Gs-proteins, there is
evidence that b2-receptors act via both Gi and Gs proteins. The
stimulation of b1-adrenoceptors leads to a release of cAMP and a
subsequent activation of adenylate cyclase resulting in an increase
in contractility. Presumably, b3-adrenoceptors are exclusively
coupled to Gi-proteins and reduce cardiac contractility via an acti-
vation of eNOS and a subsequent NO release. Modified from Kau-
mann et al. (1997) and Balligand et al. (2000)
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Abbreviations:

cAMP cyclic adenosinmonophosphate
cGMP cyclic guanosinmonophosphate
eNOS endothelial nitric oxide synthase
GI-protein inhibitory G-protein
Gs-protein stimulating G-protein
L-NMA N-nitro-l-arginine
L-NAME N-Nitro-l-arginine methylester hydrochloride
NO nitric oxide



ture and its genetic encoding (Bylund et al. 1994). Thus,
it was shown that the b3-adrenoceptor is a seven trans-
membrane domain receptor (Emorine et al. 1989) which
shares only 40–50% amino acid identity with the com-
mon b1/2-adrenoceptor and possesses an intron whereas
b1/2-adrenoceptors are intronless (Granneman et al. 1993).
b3-Adrenoceptors are known to be expressed in extracar-
dial tissues such as vascular and intestinal smooth muscle
and adipose tissue (Roberts et al. 1997; Sennitt et al.
1998; Trochu et al. 1999) and have recently been reported
to be expressed on the membrane of human atrial and
ventricular myocytes (Chamberlain et al. 1999; Moniotte
et al. 2001).
A variety of studies have aimed at clarifying the influence
of b3-adrenergic stimulation on cardiac inotropy and have
partially yielded controversial results. Most recently, stu-
dies have uncovered key steps in the intracellular b3-adre-
nergic pathway and have uncovered different molecular
mechanisms of b3-adrenergic activation of endothelial ni-
tric oxide synthase (eNOS) and nitric oxide (NO) release.
In addition, evidence has been gathered for significant al-
terations of the b3-adrenergic system in the failing heart.
This work aims at giving an overview on the current pic-
ture of b3-adrenoceptor mediated inotropic effects and in-
tracellular signaling cascade. Furthermore we discuss the
physiological and pathophysiological implications of car-
diovascular b3-adrenergic stimulation. In this context, we
will also speculate on the b3-adrenoceptor as a putative
target for the pharmacological therapy of heart failure.

2. Intracellular signal transduction

In 1994 Chaudhry and coworkers demonstrated that b3-
adrenoreceptors couple to inhibitory G-proteins (Gi)
(Emorine et al. 1989; Chaudhry et al. 1994; Begin-Heick
1995) (Fig. 1) which are known to regulate myocardial
nitric oxide (NO) metabolism (Xu et al. 2000; Dedkova
et al. 2002). Thus, early on, NO has been suggested as the
intracellular messenger of cardiac b3-adrenergic signaling.
In the following, this was confirmed by the observation
that b3-adrenergic inotropic effects were blunted in the
presence of the NO blocker methylene blue and the nitric

oxide synthase (NOS) antagonists L-NMA and L-NAME
(Gauthier et al. 1998). Consistently, synthetic b3-adreno-
ceptor agonists have been shown to release myocardial
NO (Gauthier et al. 1998) and to increase cyclic guanosine
monophosphate (cGMP), which is the main effector mole-
cule mediating NO-induced effects (Trochu et al. 1999).
Among the different isoforms of the nitric oxide
synthases, the eNOS is known to be the predominant gen-
erator of endogenous NO in myocardial and vascular tis-
sue (Balligand et al. 1995).
It was recently demonstrated in human myocardium that
the preferential b3-adrenoceptor agonist BRL 37344
evokes a time dependent activation of eNOS and a subse-
quent NO-release. These effects were resistant to b1/2-adre-
noceptor blockade and could not be mimicked by b1-adre-
noceptor stimulation and thus can be interpreted as a
genuine b3-adrenergic mechanism (Pott et al. 2003)
(Fig. 2). Thereby, b3-adrenergic myocardial stimulation
seems to act via different molecular mechanisms that have
previously been described in endothelial cells (Michel
et al. 1997; Dimmeler et al. 1999; Fulton et al. 1999;
Bloch et al. 2001; Fleming et al. 2001; Goligorsky et al.
2002). Thus, using specific antibodies for immunohisto-
chemical imaging, it was recently reported that an activa-
tion of the b3-adrenoceptor in human myocardium leads to
both an Akt-dependent phosphorylation of Ser1177eNOS as
well as a translocation of eNOS from the sarcolemmal
membrane. Interestingly, these different mechanisms seem
to occur with regional preference: Whereas b3-adrenergic
eNOS-translocation was only detected in the right atrium,
eNOS-phosphorylation was detected in both right atrium
and left ventricle (Brixius et al. 2004) (Fig. 3). There is
also evidence that only the translocation but not the phos-
phorylation of eNOS is Ca2þ dependent (Pott et al. 2005).
Furthermore, it should be taken into consideration that Gi-
proteins are also known to directly inhibit b1/2-adrenergic
activation of adenylate cyclase (El-Armouche et al. 2003)
and thereby can attenuate b1-adrenergic effects. The above
mentioned constellation of b3-adrenergic Gi-coupling may
thus provide an opportunity for the b3-adrenergic system
to directly oppose b1-adrenergic effects on cardiac inotro-
py, chronotropy and dromotropy.
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Fig. 2:
Influence of the b3-adrenoceptor agonist BRL 37344
on eNOS activity. Translocated eNOS proteins are
stained using a specific antibody in human right atrial
myocardium. Cytosolic staining is observed in myo-
cytes under basal conditions (a) and is increased after
5 min of incubation with BRL 37344 (b). Experiments
were repeated in the presence of propranolol to block
b1/2-adrenoceptors. Staining again increased from basal
(c) to pretreatment with BRL 37344 (d). Modified
from Pott et al. (2003)



In summary, cardiac b3-adrenergic stimulation leads to an
activation of eNOS via both, a phosphorylation and a
translocation of the enzyme and to a subsequent release of
NO within the myocyte. A direct antagonism of b1-adre-
nergic effects via Gi proteins could potentially present an
alternative mechanism of b3-adrenergic signal transduc-
tion.

3. Inotropic effects

NO is reported to have negative inotropic effects (Brady
et al. 1999) and it would thus appear likely that also b3-
adrenergic stimulation would lower contractility in the hu-
man heart. The experimental investigation of inotropic
properties of the b3-adrenoceptor has however proven to
be difficult, which is mainly due to a lack in selectivity of
most of the b3-adrenoceptor agonists that are currently in
experimental use.
Thus, several studies using human atrial myocardium ob-
served a positive inotropic effect that was however abol-
ished in the presence of b1/2-adrenoceptor blockade (Arch
et al. 1993; Wheeldon et al. 1994; Sennitt et al. 1998; Pott
et al. 2003). Accordingly, we recently reported a distinct
affinity of the widely used b3-adrenoceptor agonist BRL
37344 towards b1/2-adrenoceptors in membrane prepara-
tions from human right atrial myocardium (Pott et al.
2003).
This coagonism of b3-adrenoceptor agonists however
seems to be less pronounced in ventricular myocardium.
A number of studies using ventricular myocardial biopsies
from human non-failing and failing hearts, found b3-adre-
noceptor agonists to evoke a negative inotropic effect that
was resistant to inhibition of b1/2-adrenoceptors and can
thus be considered to be a genuine b3-adrenergic mechan-
ism (Gauthier et al. 1996, 1998; Moniotte et al. 2001).
These findings have also been reproduced in an animal
model (Kitamura et al. 2000), as well as in a transgenic
mouse model overexpressing the b3-adrenoceptor (Taver-
nier et al. 2003).
The reasons for these differences between atrium and ven-
tricle are not fully understood yet, but a different density
of the b3-adrenoceptor population could be causal. Thus,
we could demonstrate that in human atrium, the b3-adre-
noceptor is expressed in lower numbers as compared to
ventricular myocardium, which would promote b3-adrener-
gic effects in the ventricle more than in atrium (unpub-
lished results, Fig. 4). A further explanation could be
found in a different G-protein coupling of the b3-adreno-

ceptor or in the above mentioned regional differences in
the molecular mechanisms of b3-adrenergic eNOS-activa-
tion (Brixius et al. 2004).
Besides direct inotropic effects however, b3-adrenergic sti-
mulation also seems to have modulative effects on the po-
sitive inotropy induced by catecholamines. Thus, it was
observed that the isoprenaline dose-response curve was
shifted to the right in the presence of the b3-adrenoceptor
agonist BRL 37344 (Pott et al. 2003). This observation is
consistent with reports on similar attenuative effects of
NO on catecholaminergic stimulation (Brady et al. 1993;
Bylund et al. 1994; Keaney et al. 1996).
In summary, b3-adrenergic stimulation exerts a negative
inotropic influence in ventricular myocardium, which how-
ever seems to be overshadowed by nonselective b1/2-adre-
nergic effects in atrial myocardium. In addition, b3-adreno-
ceptor agonists attenuate the positive inotropic response to
catecholamines in human myocardium.

4. Functional implication for the non-failing heart

As mentioned above, the selective stimulation of cardiac
b3-adrenoceptors leads to a release of NO which at least
in ventricular myocardium directly causes a negative ino-
tropic effect. Besides, b3-adrenergic stimulation evidently
attenuates the inotropic action of catecholamines. These
findings are by all means consistent with the effects of
NO on cardiac inotropy as previously reported (Brady
et al. 1993; Balligand et al. 1995; Keaney et al. 1996;
Chesnais et al. 1999) and even though the existence and
function of b3-adrenoceptors in the sinuatrial node has not
yet been investigated, one could readily expect a negative
chronotropic influence when considering the attenuating
effects of NO and cGMP on cardiac frequency (Massion
et al. 2003).
Considering these issues, the function of b3-adrenergic
cardiac stimulation in the non-failing heart may be to pro-
vide a negative feedback system against the classical b1-
adrenergic stimulation. In situations of high physical and
mental stress, the b1-adrenergic system mediates positive
chronotropic, inotropic and dromotropic influences thereby
enhancing cardiac performance but also increasing oxygen
consumption and promoting cardiac arrhythmia.
In case of excessive catecholamine release, the b3-adreno-
ceptor could mitigate the effects of these so called “stress
hormones” and thus protect the myocardium from possible
myocytal damage induced by exuberant b1-adrenergic sti-
mulation (Fig. 1) (Balligand 2000; Gauthier et al. 2000).
In this context, extracardial b3-adrenergic effects could be
supportive: b3-adrenoceptor mediated vascular relaxation
(Trochu et al. 1999) would lower the total peripheral resist-
ance and thus decrease cardiac afterload and oxygen con-
sumption.
In addition to this “rescue” function, one could also inter-
pret the circumstance that cardiodepressant b3-adrenocep-
tors as well as positive inotropic b1-adrenoceptors are ex-
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Fig. 3: Two ways of b3-adrenergic myocardial eNOS-activation have been
recognized with regional preference. In both human atrium and ven-
tricle b3-adrenergic stimulation leads to an Akt dependent phosphor-
ylation of Ser1177eNOS (left). Only in human atrium, eNOS is addi-
tionally activated by a translocation of the enzyme from the
sarcolemmal membrane (right). Both mechanisms independently
lead to a myocardial NO-release. Modified from Brixius et al. (2004)

Fig. 4: Protein expression of the b3-adrenoceptor in human right atrial and
left ventricular myocardium. A significantly higher expression level
of the b3-adrenoceptor population is observed in the left ventricle
(unpublished results)



pressed within the same myocyte as a physiological me-
chanism to fine-tune adrenoceptor mediated regulation of
cardiac contraction.

5. Putative role of the b3-adrenoceptor in the
failing heart

Alterations of the b-adrenergic system are extensively de-
scribed to occur during heart failure. One of the promi-
nent characteristics is a chronic increase in the plasma ca-
techolamine concentration (Gaffney et al. 1963; Chidsey
et al. 1965). In the first instance, this has to be viewed as
an adaptive mechanism that in the short term can uphold
cardiac output via an increase in contractility and cardiac
frequency. In the long term however, the chronic exposi-
tion of the heart to raised catecholamine levels reverses
into a maladaptive mechanism. Thus, despite a decrease in
expression and a desenzitation of b1-adrenoceptors (Bris-
tow et al. 1982; Schwinger et al. 1990), the increased plas-
ma concentration of epinephrine and norepinephrine final-
ly leads to a decrement of cardiac performance which is
predominantly caused by an increase in cardiac frequency,
oxygen consumption and aptitude towards arrhythmic
events as well a direct toxicity of catecholamines on cardi-
omyocytes (Bristow 2000).
Much less is known about the role of the b3-adrenergic
system in human heart failure. Interestingly, other than b1-
adrenoceptors, the b3-adrenoceptor expression is not de-
creased but rather upregulated in the human failing heart
(Moniotte et al. 2001). In line with this, the b3-adrenocep-
tor protein is known to lack recognition sites for kinases
involved in b-adrenoceptor desensitisation and downregu-
lation (Ligett 1993; Strosberg 1993). Consequently, it has
been observed that the negative inotropic response toward
b3-receptor agonists was widely preserved in human fail-
ing hearts whereas the b1-adrenergic agonist isoproterenol
lost 75% of its positive inotropic effect (Moniotte et al.
2001).
The b3-adrenergic system could by all means have a bene-
ficial influence in the failing heart. For example, the cou-
pling of b3-receptors to Gi-proteins (Chaudhry et al. 1994;
Begin-Heick 1995) could directly antagonize the excessive
activation of the b1-adrenergic system with its consequen-
tial adverse effects (Bristow 2000). Additionally, the acti-
vation of eNOS and the subsequent NO release (Pott et al.
2003; Brixius et al. 2004) could present a further benefi-
cial influence. Thus, in addition to a direct negative chron-
otropic effect (Balligand et al. 1993; Feron et al. 1998),
NO is also imputed to attenuate the effects of catechola-
mines. Along with this, the b3-adrenergic NO-mediated
peripheral vasorelaxation could reduce cardiac afterload
(Trochu et al. 1999) and improve oxygen supply via an
increase in coronary blood perfusion (Chambers et al.
1996; Heymes et al. 1999). Direct influences of NO on
diastolic relaxation (Heymes et al. 1999), mitochondrial
respiration (Loke et al. 1999) and myocardial microcircu-
lation (Lefer et al. 1996; Liu et al. 2002) may further con-
tribute to increase cardiac output and to reduce oxidative
stress in the failing heart.
Next to all these potentially beneficial properties of the
b3-adrenoceptor, one should however not neglect its nega-
tive inotropic effect. Especially in the terminally failing
heart, a progressive downregulation of b1-adrenoceptors
along with an unchanging or even growing b3-receptor
population (Moniotte et al. 2001) may lead to an imbal-
ance of the cardiac b-receptor populations. As a result,
this could lead to an excessive promotion of b3-adrenergic

negative inotropic effects resulting in a reduction of cardi-
ac contractility and a potentially fatal aggravation of heart
failure (Massion et al. 2001).

6. Therapeutic perspectives

Against this background, the b3-adrenoreceptor is dis-
cussed as a target for the pharmacological therapy of heart
failure (Balligand 2000; Moniotte et al. 2002). In principal,
both a promotion but also an inhibition of the b3-adrener-
gic system could have beneficial effects in the failing heart.
The strategy of pharmacological b3-adrenoceptor stimula-
tion would above all promise lead to an attenuation of the
excessive catecholaminergic state of the failing heart along
with an increase in endogenous NO production. The po-
tential advantages of this constellation have been dis-
cussed above.
Should it however become apparent that the overexpres-
sion of the b3-adrenoceptor population (Moniotte et al.
2001) and a resulting persistent negative inotropic influ-
ence aggravate the terminal stages of heart failure, one
could also imagine the specific blockade of the b3-adre-
nergic system as a therapeutic strategy (Moniotte et al.
2002).
At present however, the targeted pharmacological manipu-
lation of the cardiac b3-adrenergic system in vivo is hardly
feasible due to a lack in agonists and antagonists with
sufficient specificity. Thus, next to their b3-agonistic prop-
erties a variety of synthetic b3-agonists that are presently
in experimental use show significant positive inotropic ef-
fects that are mediated via classical b1-adrenoreceptors
(Kaumann et al. 1998; Sennitt et al. 1998; Kozlovski et al.
2003; Pott et al. 2003; Tavernier et al. 2003).
Yet, a variety of new synthetic b3-adrenoceptor agonists
and -antagonists are under development and being tested
for their specificity (Candelore et al. 1999; Ahmed et al.
2002, 2003; Saccomanni et al. 2003; Baker 2005), so that
a more targeted pharmacological stimulation or inhibition
of the cardiac b3-adrenoceptor may be possible in the near
future.
The b3-adrenoceptor may however also be of significance
in the pharmacotherapy with beta blockers. The use of b-
adrenergic antagonists to counterbalance the excessive ca-
techolaminergic stimulation of the failing heart is a long
established therapy for the treatment of heart failure
(Bristow 2000; Bundkirchen et al. 2004). Beta blockers
presumably unfold their beneficial effects on progression
and prognosis of cardiac failure via a decrease in cardiac
frequency, a reduction of oxygen consumption and an at-
tenuation of the cardiotoxic and arrhythmogenic effects of
catecholamines (Bristow 1993). The b-adrenoceptor an-
tagonists that are currently in use are subdivided accord-
ing to their selectivity for either b1- and/or b2-adrenocep-
tors (Bristow 2000), however it is widely unknown
whether these compounds also exert antagonistic or stimu-
lating effects on the b3-adrenoceptor population. Thus,
only the beta blockers nebivolol and esmolol have so far
been investigated for their interactions with the b3-recep-
tor. Interestingly, esmolol revealed significant antagonistic
properties toward the b3-adrenoceptor (Murao et al. 2002),
whereas nebivolol was shown to activate the b3-adrenergic
system resulting in a release of NO (de Groot et al.
2003).
The testing of additional beta blockers on possible b3-ago-
nistic or -antagonistic properties could decisively contri-
bute to clarify the partially different acting profiles of
these substances. The awareness of possible b3-adrenergic
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properties of particular beta blockers may allow a more
specific integration of these substances in the therapeutic
regimen of cardiovascular diseases.
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gram (C.P. and K.B.) and the German Research Foundation (C.P. and
R.H.G.S.).

References

Ahmed M, Hanaoka Y, Nagatomo T (2002) Structure-activity relationship
studies of phenoxypropanolamine derivatives for beta 3-adrenergic activ-
ity. Nippon Yakurigaku Zasshi 120: 112P–113P.

Ahmed M, Hanaoka Y, Nagatomo T, Kiso T, Kakita T, Kurose H, Nagao
T (2003) Binding and functional affinity of some newly synthesized
phenethylamine and phenoxypropanolamine derivatives for their agonis-
tic activity at recombinant human beta3-adrenoceptor. J Pharm Pharma-
col 55: 95–101.

Arch JR, Kaumann AJ (1993) Beta 3 and atypical beta-adrenoceptors.
Med Res Rev 13: 663–729.

Baker JG (2005) The selectivity of beta-adrenoceptor antagonists at the
human beta1, beta2 and beta3 adrenoceptors. Br J Pharmacol 144: 317–
322.

Balligand JL (2000) The beta 3-adrenoceptor: physiological role and po-
tential therapeutic applications. Acta Clin Belg 55: 209–214.

Balligand JL, Kelly RA, Marsden PA, Smith TW, Michel T (1993) Control
of cardiac muscle cell function by an endogenous nitric oxide signaling
system. Proc Natl Acad Sci U S A 90: 347–351.

Balligand JL, Kobzik L, Han X, Kaye DM, Belhassen L, O’Hara DS,
Kelly RA, Smith TW, Michel T (1995) Nitric oxide-dependent parasym-
pathetic signaling is due to activation of constitutive endothelial (type
III) nitric oxide synthase in cardiac myocytes. J Biol Chem 270:
14582–14586.

Begin-Heick N (1995) Beta 3-adrenergic activation of adenylyl cyclase in
mouse white adipocytes: modulation by GTP and effect of obesity. J
Cell Biochem 58: 464–473.

Bloch W, Mehlhorn U, Krahwinkel A, Reiner M, Dittrich M, Schmidt A,
Addicks K (2001) Ischemia increases detectable endothelial nitric oxide
synthase in rat and human myocardium. Nitric Oxide 5: 317–333.

Brady AJ, Warren JB, Poole-Wilson PA, Williams TJ, Harding SE (1993)
Nitric oxide attenuates cardiac myocyte contraction. Am J Physiol 265:
H176–H182.

Bristow MR (1993) Pathophysiologic and pharmacologic rationales for
clinical management of chronic heart failure with beta-blocking agents.
Am J Cardiol 71: 12C–22C.

Bristow MR (2000) Beta-adrenergic receptor blockade in chronic heart fail-
ure. Circulation 101: 558–569.

Bristow MR, Ginsburg R, Minobe W, Cubicciotti RS, Sageman WS, Lurie
K, Billingham ME, Harrison DC, Stinson EB (1982) Decreased catecho-
lamine sensitivity and beta-adrenergic-receptor density in failing human
hearts. N Engl J Med 307: 205–211.

Bristow MR, Ginsburg R, Umans V, Fowler M, Minobe W, Rasmussen R,
Zera P, Menlove R, Shah P, Jamieson S et al. (1986) Beta 1- and beta 2-
adrenergic-receptor subpopulations in nonfailing and failing human ven-
tricular myocardium: coupling of both receptor subtypes to muscle con-
traction and selective beta 1-receptor down-regulation in heart failure.
Circ Res 59: 297–309.

Brixius K, Bloch W, Pott C, Napp A, Krahwinkel A, Ziskoven C, Koriller
M, Mehlhorn U, Hescheler J, Fleischmann B, Schwinger RH (2004)
Mechanisms of {beta}3-adrenoceptor-induced eNOS activation in right
atrial and left ventricular human myocardium. Br J Pharmacol 143:
1014–1022.

Bundkirchen A, Brixius K, Schwinger RH (2004) [Beta-adrenoceptor an-
tagonists in the treatment of chronic heart failure]. Pharmazie 59: 83–92.

Bylund DB, Eikenberg DC, Hieble JP, Langer SZ, Lefkowitz RJ, Minne-
man KP, Molinoff PB, Ruffolo RR, Trendelenburg U (1994) Interna-
tional Union of Pharmacology nomenclature of adrenoceptors. Pharma-
col Rev 46: 121–136.

Candelore MR, Deng L, Tota L, Guan XM, Amend A, Liu Y, Newbold R,
Cascieri MA, Weber AE (1999) Potent and selective human beta(3)-
adrenergic receptor antagonists. J Pharmacol Exp Ther 290: 649–655.

Chamberlain PD, Jennings KH, Paul F, Cordell J, Berry A, Holmes SD,
Park J, Chambers J, Sennitt MV, Stock MJ, Cawthorne MA, Young PW,
Murphy GJ (1999) The tissue distribution of the human beta3-adreno-
ceptor studied using a monoclonal antibody: direct evidence of the
beta 3-adrenoceptor in human adipose tissue, atrium and skeletal muscle.
Int J Obes Relat Metab Disord 23: 1057–1065.

Chambers JW, Voss GS, Snider JR, Meyer SM, Cartland JL, Wilson RF
(1996) Direct in vivo effects of nitric oxide on the coronary circulation.
Am J Physiol 271: H1584–H1593.

Chaudhry A, MacKenzie RG, Georgic LM, Granneman JG (1994) Differ-
ential interaction of beta 1- and beta 3-adrenergic receptors with Gi in
rat adipocytes. Cell Signal 6: 457–465.

Chesnais JM, Fischmeister R, Mery PF (1999) Positive and negative ino-
tropic effects of NO donors in atrial and ventricular fibres of the frog
heart. J Physiol 518 (Pt 2): 449–461.

Chidsey CA, Braunwald E, Morrow AG (1965) Catecholamine Excretion
and Cardiac Stores of Norepinephrine in Congestive Heart Failure. Am J
Med 39: 442–451.

de Groot AA, Mathy MJ, van Zwieten PA, Peters SL (2003) Involvement
of the beta3 adrenoceptor in nebivolol-induced vasorelaxation in the rat
aorta. J Cardiovasc Pharmacol 42: 232–236.

Dedkova EN, Wang YG, Blatter LA, Lipsius SL (2002) Nitric oxide sig-
nalling by selective beta(2)-adrenoceptor stimulation prevents ACh-in-
duced inhibition of beta(2)-stimulated Ca(2þ) current in cat atrial myo-
cytes. J Physiol 542: 711–723.

Dimmeler S, Fleming I, Fisslthaler B, Hermann C, Busse R, Zeiher AM
(1999) Activation of nitric oxide synthase in endothelial cells by Akt-
dependent phosphorylation. Nature 399: 601–605.

El-Armouche A, Zolk O, Rau T, Eschenhagen T (2003) Inhibitory G-pro-
teins and their role in desensitization of the adenylyl cyclase pathway in
heart failure. Cardiovasc Res 60: 478–487.

Emorine LJ, Marullo S, Briend-Sutren MM, Patey G, Tate K, Delavier-
Klutchko CStrosberg AD (1989) Molecular characterization of the hu-
man beta 3-adrenergic receptor. Science 245: 1118–1121.

Feron O, Dessy C, Opel DJ, Arstall MA, Kelly RA, Michel T (1998)
Modulation of the endothelial nitric-oxide synthase-caveolin interaction
in cardiac myocytes. Implications for the autonomic regulation of heart
rate. J Biol Chem 273: 30249–30254.

Fleming I, Fisslthaler B, Dimmeler S, Kemp BE, Busse R (2001) Phos-
phorylation of Thr(495) regulates Ca(2þ)/calmodulin-dependent en-
dothelial nitric oxide synthase activity. Circ Res 88: E68–75.

Fulton D, Gratton JP, McCabe TJ, Fontana J, Fujio Y, Walsh K, Franke TF,
Papapetropoulos A, Sessa WC (1999) Regulation of endothelium-derived
nitric oxide production by the protein kinase Akt. Nature 399: 597–601.

Gaffney TE, Braunwald E (1963) Importance of the adrenergic nervous
system in the support of circulatory function in patients with congestive
heart failure. Am J Med 34: 320–324.

Gauthier C, Langin D, Balligand JL (2000) Beta3-adrenoceptors in the
cardiovascular system. Trends Pharmacol Sci 21: 426–431.

Gauthier C, Leblais V, Kobzik L, Trochu JN, Khandoudi N, Bril A, Balli-
gand JL, Le Marec H (1998) The negative inotropic effect of beta3-adre-
noceptor stimulation is mediated by activation of a nitric oxide synthase
pathway in human ventricle. J Clin Invest 102: 1377–1384.

Gauthier C, Tavernier G, Charpentier F, Langin D, Le Marec H (1996)
Functional beta3-adrenoceptor in the human heart. J Clin Invest 98:
556–562.

Goligorsky MS, Li H, Brodsky S, Chen J (2002) Relationships between
caveolae and eNOS: everything in proximity and the proximity of every-
thing. Am J Physiol Renal Physiol 283: F1–10.

Granneman JG, Lahners KN, Chaudhry A (1993) Characterization of the
human beta 3-adrenergic receptor gene. Mol Pharmacol 44: 264–270.

Heymes C, Vanderheyden M, Bronzwaer JG, Shah AM, Paulus WJ (1999)
Endomyocardial nitric oxide synthase and left ventricular preload re-
serve in dilated cardiomyopathy. Circulation 99: 3009–3016.

Kaumann AJ, Engelhardt S, Hein L, Molenaar P, Lohse M (2001) Aboli-
tion of (�)-CGP 12177-evoked cardiostimulation in double beta1/beta2-
adrenoceptor knockout mice. Obligatory role of beta1-adrenoceptors for
putative beta4-adrenoceptor pharmacology. Naunyn Schmiedebergs Arch
Pharmacol 363: 87–93.

Kaumann AJ, Preitner F, Sarsero D, Molenaar P, Revelli JP, Giacobino JP
(1998) (�)-CGP 12177 causes cardiostimulation and binds to cardiac
putative beta 4-adrenoceptors in both wild-type and beta 3-adrenoceptor
knockout mice. Mol Pharmacol 53: 670–675.

Keaney JF, Jr., Hare JM, Balligand JL, Loscalzo J, Smith TW, Colucci WS
(1996) Inhibition of nitric oxide synthase augments myocardial contrac-
tile responses to beta-adrenergic stimulation. Am J Physiol 271:
H2646–H26452.

Kitamura T, Onishi K, Dohi K, Okinaka T, Isaka N, Nakano T (2000) The
negative inotropic effect of beta3-adrenoceptor stimulation in the beating
guinea pig heart. J Cardiovasc Pharmacol 35: 786–790.

Kozlovski VI, Chlopicki S, Gryglewski RJ (2003) Effects of two beta3-
agonists, CGP 12177A and BRL 37344, on coronary flow and contrac-
tility in isolated guinea pig heart. J Cardiovasc Pharmacol 41: 706–713.

Lefer AM, Lefer DJ (1996) The role of nitric oxide and cell adhesion
molecules on the microcirculation in ischaemia-reperfusion. Cardiovasc
Res 32: 743–751.

Ligett SB, Freedman NJ, Schwinn DA (1993) Structural basis for receptor-
subtype specific regulation revealed by a chimeric b3/b2-adrenergic re-
ceptor. Proc Natl Acad Sci USA 90: 3665–3669.

Liu P, Xu B, Forman LJ, Carsia R, Hock CE (2002) L-NAME enhances
microcirculatory congestion and cardiomyocyte apoptosis during myo-
cardial ischemia-reperfusion in rats. Shock 17: 185–192.

Loke KE, Laycock SK, Mital S, Wolin MS, Bernstein R, Oz M, Addoni-
zio L, Kaley G, Hintze TH (1999) Nitric oxide modulates mitochondrial
respiration in failing human heart. Circulation 100: 1291–1297.

REVIEW

Pharmazie 61 (2006) 4 259



Malan D, Ji GJ, Schmidt A, Addicks K, Hescheler J, Levi RC, Bloch W,
Fleischmann BK (2004) Nitric oxide, a key signaling molecule in the
murine early embryonic heart. Faseb J 18: 1108–1110.

Massion PB, Feron O, Dessy C, Balligand JL (2003) Nitric oxide and
cardiac function: ten years after, and continuing. Circ Res 93: 388–398.

Massion PB, Moniotte S, Balligand JL (2001) Nitric oxide: does it play a
role in the heart of the critically ill? Curr Opin Crit Care 7: 323–336.

Michel JB, Feron O, Sase K, Prabhakar P, Michel T (1997) Caveolin ver-
sus calmodulin. Counterbalancing allosteric modulators of endothelial
nitric oxide synthase. J Biol Chem 272: 25907–25912.

Moniotte S, Balligand JL (2002) Potential use of beta(3)-adrenoceptor an-
tagonists in heart failure therapy. Cardiovasc Drug Rev 20: 19–26.

Moniotte S, Kobzik L, Feron O, Trochu JN, Gauthier C, Balligand JL
(2001) Upregulation of beta(3)-adrenoceptors and altered contractile re-
sponse to inotropic amines in human failing myocardium. Circulation
103: 1649–1655.

Murao K, Yamada M, Yamada K, Uda R, Nakao S, Shingu K (2002) An
antagonistic effect of esmolol on beta-3 adrenoceptor in brown adipose
tissue in rats. J Anesth 16: 265–267.

Pott C, Brixius K, Bundkirchen A, Bolck B, Bloch W, Steinritz D, Mehl-
horn U, Schwinger RH (2003) The preferential beta3-adrenoceptor ago-
nist BRL 37344 increases force via beta1-/beta2-adrenoceptors and in-
duces endothelial nitric oxide synthase via beta3-adrenoceptors in
human atrial myocardium. Br J Pharmacol 138: 521–529.

Pott C, Steinritz D, Brixius K, Bölck B, Mehlborn U, Schwinger RHG,
Bloch W (2005) eNOS-Translocation but not eNOS-phosphorylation is
dependent on intracellular Ca2þ in human atrial myocardium. Am J Phy-
siol Cell Physiol Dec 7; [Epub ahead of print].

Roberts SJ, Papaioannou M, Evans BA, Summers RJ (1997) Functional
and molecular evidence for beta 1-, beta 2- and beta 3- adrenoceptors in
human colon. Br J Pharmacol 120: 1527–1535.

Saccomanni G, Badawneh M, Adinolfi B, Calderone V, Cavallini T, Ferrar-
ini PL, Greco R, Manera C, Testai L (2003) Synthesis and beta-blocking
activity of (R,S)-(E)-oximeethers of 2,3-dihydro-1,8-naphthyridine and
2,3-dihydrothiopyrano[2,3-b]pyridine: identification of beta 3-antago-
nists. Bioorg Med Chem 11: 4921–4931.

Schwinger RH, Bohm M, Erdmann E (1990) Evidence against spare or
uncoupled beta-adrenoceptors in the human heart. Am Heart J 119:
899–904.

Sennitt MV, Kaumann AJ, Molenaar P, Beeley LJ, Young PW, Kelly J,
Chapman H, Henson SM, Berge JM, Dean DK, Kotecha NR, Morgan
HK, Rami HK, Ward RW, Thompson M, Wilson S, Smith SA,
Cawthorne MA, Stock MJ, Arch JR (1998) The contribution of classical
(beta1/2-) and atypical beta-adrenoceptors to the stimulation of human
white adipocyte lipolysis and right atrial appendage contraction by novel
beta3-adrenoceptor agonists of differing selectivities. J Pharmacol Exp
Ther 285: 1084–1095.

Strosberg AD (1993) Structure, function, and regulation of adrenergic re-
ceptors. Protein Sci 2: 1198–1209.

Tavernier G, Toumaniantz G, Erfanian M, Heymann MF, Laurent K, Lan-
gin D, Gauthier C (2003) beta3-Adrenergic stimulation produces a de-
crease of cardiac contractility ex vivo in mice overexpressing the human
beta3-adrenergic receptor. Cardiovasc Res 59: 288–296.

Trochu JN, Leblais V, Rautureau Y, Beverelli F, Le Marec H, Berdeaux A,
Gauthier C (1999) Beta 3-adrenoceptor stimulation induces vasorelaxa-
tion mediated essentially by endothelium-derived nitric oxide in rat thor-
acic aorta. Br J Pharmacol 128: 69–76.

Wallukat G (2002) The beta-adrenergic receptors. Herz 27: 683–690.
Wheeldon NM, McDevitt DG, Lipworth BJ (1994) Cardiac effects of the

beta 3-adrenoceptor agonist BRL35135 in man. Br J Clin Pharmacol 37:
363–369.

Xu B, Li J, Gao L, Ferro A (2000) Nitric oxide-dependent vasodilatation
of rabbit femoral artery by beta(2)-adrenergic stimulation or cyclic AMP
elevation in vivo. Br J Pharmacol 129: 969–974.

REVIEW

260 Pharmazie 61 (2006) 4


