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As Bs-adrenoceptors were first demonstrated to be expressed in adipose tissue they
have received much attention for their metabolic effects in obesity and diabetes. After
the existence of this subtype had been suggested to be present in the heart, studies
focused on its role in cardiac function. While the presence and functional role of
Bs-adrenoceptors in the heart has not uniformly been detected, there is a broad
consensus that they become up-regulated in pathological conditions associated with
increased sympathetic activity such as heart failure and diabetes. When detected,
the Bz-adrenceptor has been demonstrated to mediate negative inotropic effects in
an inhibitory G protein-dependent manner through the NO-cGMP-PKG signalling
pathway. Whether these negative inotropic effects provide protection from the
adverse effects induced by overstimulation of 31/B,-adrenoceptors or in themselves
are potentially harmful is controversial, but ongoing clinical studies in patients with
congestive heart failure are testing the hypothesis that Bs-adrenceptor agonism
has a beneficial effect.
LINKED ARTICLES:
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This article is part of a themed section on Adrenoceptors—

1 | INTRODUCTION

B-Adrenoceptors are essential regulators of cardiac function (Brodde
& Michel, 1999). Most studies in the heart involved B1- and B»-
adrenoceptors, and the existence of a third subtype became
established unequivocally with the cloning of the human gene encoding
the Bs-adrenoceptor (Emorine et al., 1989). While originally proposed
as a regulator of thermogenesis and lipolysis in rodents (Harms,
Zaagsma, & van der Wal, 1974), Bs-adrenoceptors in the heart have
been widely studied (Gauthier, Langin, & Balligand, 2000; Michel,
Harding, & Bond, 2011), particularly with regard to them as a potential
target for the treatment of congestive heart failure (Rasmussen, Figtree,
Krum, & Bundgaard, 2009). As the role of Bs-adrenoceptors in the
human heart has been questioned (Mo, Michel, Lee, Kaumann, &
Molenaar, 2017), this manuscript discusses the presence and potential
physiological and pathological role of Bs-adrenoceptors in the heart
with a special focus on the human heart.

Abbreviations: G;, inhibitory G protein; PTX, pertussis toxin

onlinelibrary.wiley.com/doi/10.1111/bph.v176.14/issuetoc

2 | EXPRESSION AND FUNCTION OF
B3-ADRENOCEPTORS IN NORMAL HEART

The heart is composed of various cell types, including cardiomyocytes,
fibroblasts and smooth muscle cells, and endothelial cells of the
coronary arteries and intramural blood vessels. This means that
studies not isolating specific cell types may have underappreciated
findings limited to some of these cell types, as they get diluted in
overall cardiac preparations. For instance, f3-adrenoceptors expressed
in specific cell types such as vascular endothelial cells may be
relevant for cardiac function but barely detectable in homogenates

of cardiac biopsies.
A second major limitation of much of the data available relates to

the limited specificity of the tools being used. For instance, many of
the antibodies do not exhibit the promised target specificity when
tested under stringent conditions (see Section 2.2). Similar problems
exist for many of the pharmacological tools. For instance, the fre-
quently used agonist BRL 37,344 has only poor selectivity for Bs- over
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Bo-adrenoceptors (Cernecka, Sand, & Michel, 2014), and the partial
Bs-adrenoceptor agonist CGP 12,177 is an antagonist at the
orthotopic site of the ;-adrenoceptor and an agonist at a hetero-
topic site (see Section 2.4). Therefore, many investigators have cho-
sen to use differential antagonism by nadolol or propranolol
(assumed to block B;- and B,-adrenoceptors) rather than SR 59,230
(assumed to block all three subtypes). While SR 59,230 is often
referred to as Bs-adrenoceptor-selective, several studies have shown
that it has comparable affinity for all three subtypes (Baker, 2010;
Hoffmann, Leitz, Oberdorf-Maass, Lohse, & Klotz, 2004; Niclauf,
Michel-Reher, Alewijnse, & Michel, 2006); moreover, it can be a par-
tial agonist for Bs-adrenoceptor-mediated cAMP formation and a
stronger biased agonist for other signalling pathways of this receptor
(Hutchinson, Sato, Evans, Christopoulos, & Summers, 2005). Addition-
ally, agonists may already activate receptors at concentrations consider-
ably lower than those needed to occupy 50% of them, a phenomenon
called receptor reserve, which is particularly prominent in the heart
1992). Therefore, the possibility that high

concentrations/doses of moderately selective ligands may have

(Brown et al.,
off-target effects needs to be considered, and very few if any of the
in vivo studies have determined exposure at the dose levels being used.
All  of these

concentrations/doses are used. Thus, many of the experiments

issues can become exacerbated when single
discussed here do not directly allow conclusions to be drawn on the
involvement of Bs-adrenoceptors and only do so indirectly when inhibi-
tion profiles of antagonists with high affinity for the B3-adrenoceptor
were compared. These selectivity issues limit the interpretation of
the majority of the data available, not only those related to cardiac
function but also in the overall Bs-adrenoceptor field. These limita-
tions should be kept in mind in the interpretation of all data
discussed hereafter.

The expression and function of Bz-adrenoceptors appears to
differ depending on the species studied (Gauthier et al., 1999). The
B3-adrenoceptor genes of rats and mice, the most frequently used
species in non-clinical Bz-adrenoceptor-related studies, share 79%
homology with the human gene (Rozec & Gauthier, 2006), including
splice variants of the mouse but not human gene (Evans,
Papaioannou, Hamilton, & Summers, 1999). Furthermore, the
potency/affinity of many ligands also differ between species
(Cernecka et al., 2014). For example, the potency of the agonist CL
316,243 (Strosberg, 1997) and of the antagonist L 748,337 (van
Wieringen, Michel-Reher, Hatanaka, Ueshima, & Michel, 2013) differ
more than 10-fold between rodent and human Bz-adrenoceptors.
These interspecies differences complicate the extrapolation of animal
data to human physiology.

2.1 | mRNA

The structure of the Bs-adrenoceptor gene differs between species
with the mouse orthologue giving rise to two splice variants, Bs,
and B3y, that differ in their 3’ untranslated regions (Evans et al.,

1999). The cardiac expression of Ps-adrenoceptor mRNA has
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repeatedly been studied in healthy rats, mice, dogs, and humans.
Interpretation of the reported data is hampered by several limita-
tions. Most importantly, most studies have been based on cardiac
extracts. This gives potential for both false positive and false nega-
tive findings. False negative findings may occur if the target gene
is expressed only in a small subset of cells that yields an insuffi-
ciently strong signal to allow robust detection in the overall extract.
False positive results may result from the presence of cell types
other than cardiomyocytes such as fibroblasts, cells of intra-cardiac
blood vessels and adipose tissue. For example, one of the studies
demonstrating the presence of Bs-adrenoceptors in human heart also
reported a strong signal for UCP-1 (Krief et al., 1993); as UCP-1 is a
protein typically found in brown adipose tissue, this may indicate
contamination with adipose tissue. The potential for false positives
becomes more likely if a very sensitive technique is applied (e.g.,
30 PCR cycles; Gauthier, Tavernier, Charpentier, Langin, & Le Marec,
1996). The use of trabecular strips in place of whole heart extracts
may reduce this issue but not fully exclude it. More informative
are techniques focusing solely on cardiomyocytes, for example,
those based on laser-caption dissection microscopy (Moniotte,
Vaerman, et al., 2001). Moreover, human samples from normal
hearts typically did not come from fully healthy people but rather
from those without overt heart failure. As various diseases are asso-
ciated with an up-regulation of cardiac Bz-adrenoceptors (see Sec-
tion 3), it is possible that the values reported do not reflect the
situation in truly healthy people.

Some studies in rats (Evans, Papaioannou, Anastasopoulos, &
Summers, 1998; Gauthier et al, 1999; Muzzin et al., 1991;
Rautureau et al, 2002) but not (Dincer et al.,
2001; Ozakca et al., 2013; Zhao et al., 2013) failed to detect cardiac

Bs-adrenoceptor mRNA; interestingly, the former two studies (from

others

the same group) reported an increase in Bs-adrenoceptor expression
upon a chronic infusion of isoprenaline (Ozakca et al., 2013) or in
experimental diabetes (Dinger et al., 2001). Studies in mouse heart
have reported a lack of Bsz-adrenoceptor mRNA (Nahmias et al.,
1991) or a limited expression that was mostly attributable to the
Bz splice variant (Evans et al., 1999); one genome-wide study
reported the presence of Bz-adrenoceptor mRNA in hearts of male
but not female mice (Li et al., 2017). In contrast, Bz-adrenoceptor
mRNA was found to be present in dog heart (Gauthier et al,
1999). Findings in human heart are more complex; two studies that
did not specify which part of the heart had been tested reported an
absence of Bs-adrenoceptor mRNA (Mak et al., 1996; Uhlen et al.,
2015). One of these groups, in a concomitant publication, were also
unable to detect Bs-adrenoceptor mRNA in samples from left ventri-
cle and left atrium of two patients (Lindskog et al., 2015); the ven-
tricular samples came from subjects with cardiac hypertrophy or
postpartum cardiomyopathy and the atrial samples from those with
atrial fibrillation, but there is no explicit information as to whether
these samples were also used in the other study from this lab (Uhlen
et al., 2015). In a different study, Bs-adrenoceptor mRNA was found
to be present at low levels in the atrium and ventricle (Krief et al.,

1993), and these low levels in the atrium were confirmed by
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Berkowitz et al. (1995), but they did not detect Bz-adrenoceptor
mRNA in the ventricle. Again Bs-adrenoceptor mRNA has been
detected in endomyocardial biopsies from normal individuals
(Moniotte, Vaerman, et al., 2001) or transplant patients (Gauthier
et al, 1996). While the expression in transplant patients was
similar to that in healthy controls, it was much lower than that of
1- or Bo-adrenoceptors (Moniotte, Vaerman, et al., 2001). Moreover,
there is a possibility that some of the older studies may have been
false negative results because of the use of techniques that are less
sensitive than qPCR. Thus, the present data only allow us to con-
clude cardiac B3-adrenoceptor mRNA expression is too low to be

consistently detected.

2.2 | Protein

The detection of Bs3-adrenoceptors at the protein level is hampered by
the limited validity of the tools available. Standard radioligands only
have a low affinity for Bs-adrenoceptors (NiclauB et al., 2006), and
the only selective radioligand, [*H]-L 748,337, appears useful for
human but not rodent Bs-adrenoceptor labelling due to species differ-
ences in affinity (van Wieringen et al., 2013). Moreover, most antibod-
ies available exhibit little target specificity (Pradidarcheep et al., 2009)
and those that are specific are only valid for selected species and/or
applications (Cernecka, Ochodnicky, Lamers, & Michel, 2012;
Cernecka, Pradidarcheep, Lamers, Schmidt, & Michel, 2014; Guillaume
et al., 1994). Therefore, only limited data with technical validity exist
on cardiac Bs-adrenoceptor expression at the protein level.

While only partly based on validated antibodies, B3-adrenoceptor
protein expression has been detected in mouse and sheep heart
(Bundgaard et al, 2010), rat heart (Amour et al, 2008; Dinger
et al, 2001; Haley, Thackeray, Kolajova, Thorn, & DaSilva, 2015;
Jiang et al, 2015), human atrium (Chamberlain et al., 1999), and
human ventricle from patients with cardiomyopathy (De Matteis
et al, 2002). One study, using an antibody validated as selective
for B3- compared to B4- and B,-adrenoceptors, demonstrated a
marked up-regulation of Bz-adrenoceptor protein in human heart
failure and a considerable down-regulation in the denervated heart
(Moniotte, Vaerman, et al., 2001), whereas another reported an up-
regulation in a streptozotocin-based rat model of type 1 diabetes
(Amour et al., 2008).

2.3 | Signalling responses

Despite the universal coupling of 3-adrenoceptors to the stimulation
of cAMP formation (Bylund et al., 1994), surprisingly, little information
is available on B3-adrenoceptor-stimulated cAMP formation in the
heart. CGP 12,177 was reported to stimulate AC activity in rat cardiac
membranes in a propranolol-resistant manner (Scarpace, Matheny, &
Thumer, 1999). Later work from others demonstrated that this cAMP
response to CGP 12,177 in rat and human heart is not mediated by
the Bz-adrenoceptor but rather by an allosteric site of the 1-
adrenoceptor (Kaumann & Molenaar, 1997). In canine heart, neither
BRL 37,344 nor CGP 12,177 stimulated AC activity (Tavernier,

Galitzky, Bousquet-Melou, Montastruc, & Berlan, 1992). In human
heart, stimulation of cAMP formation by isoprenaline was fully blocked
by propranolol (Ikezono, Michel, Zerkowski, Beckeringh, & Brodde,
1987). Taken together, these data demonstrate that Bs-adrenoceptors
are to a large extent not involved the B-adrenoceptor-mediated forma-
tion of cCAMP in the heart in rats, dogs, or humans.

Bz-adrenoceptors can also couple to the inhibitory G protein (G;) to
inhibit AC (Germack & Dickenson, 2006). Based on the effects of
pertussis toxin (PTX) on negative inotropic responses, G;-coupling of
B3-adrenoceptors are thought to couple to G; in mouse heart in
response to the agonists isoprenaline and CL 316,243 in 31/B, double
knockout mice (Devic, Xiang, Gould, & Kobilka, 2001), BRL 37,344 in
dog (Cheng et al., 2001), and human hearts (Gauthier et al., 1996).
PTX also blocked the inhibition of Ca?* channels induced by BRL
37,344 in the rat heart (Zhang et al., 2005). While we are not
aware of any studies demonstrating an inhibitory effect evoked by
B3-adrenoceptor stimulation on cAMP formation in the heart, several
investigators have demonstrated inhibition of cardiac responses to
Bz-adrenoceptor agonists by PTX, thereby indirectly demonstrating
coupling to G;. For example, this includes inhibition of L-type Ca®*
channels in rat (Zhang et al., 2005) and dog models of heart failure
(Cheng et al., 2001) and negative inotropic effects in endomyocardial
biopsies from transplant patients (Gauthier et al., 1996).

While studies in rat (Zhang et al., 2005) and dog models of heart fail-
ure (Cheng et al., 2001) have demonstrated inhibition of Ca%* channels
by Bs-adrenoceptor stimulation, experiments in human atrium have
suggested stimulation of these channels (Skeberdis et al., 2008). How-
ever, it is possible that this latter effect is an artefact, observable only
at unphysiologically low temperatures (Christ, Molenaar, Klenowski,
Ravens, & Kaumann, 2011). Cardiac B3-adrenoceptors have also been
reported to inhibit the slow delayed rectifier K* current in guinea pig
cardiomyocytes (Bosch et al., 2002).

A detailed study on endomyocardial biopsies from human cardiac
transplant patients has demonstrated that the negative inotropic
effects of BRL 37,344 were abolished in the presence of NOS inhib-
itors (Gauthier et al., 1998). Moreover, they were associated with
the formation of NO and intracellular cGMP. Immunohistochemical
experiments demonstrated the presence of endothelial NOS (eNOS)
both in cardiomyocytes and in endothelial cells. NO formation in
response to Bz-adrenoceptor stimulation of human atria and ventri-
cles has also been reported by others (Brixius et al., 2004; Napp
et al., 2009). This was attributed to eNOS translocation in the right
atrium, but to eNOS phosphorylation at serine 1177 and dephos-
phorylation at serine 114 in the left ventricle. While most studies
have focused on eNOS, nNOS has been also implicated in cardiac
effects of Bz-adrenoceptor stimulation (Amour et al., 2008; Watts
et al., 2013). Finally, Bs-adrenoceptor stimulation has been reported
to activate the Na*-K*-pump and increase the Na*-K*-pump current
in rabbit ventricular myocytes, an effect abolished by the NOS inhib-
itor N®-nitroarginine methyl ester (I-NAME; Bundgaard et al., 2010).
Both eNOS and the Na*-K*-pump can be inhibited in experimental
diabetes, but this was restored by the Bs-adrenoceptor agonist CL
316,243 (Galougahi et al., 2015; Galougahi et al., 2016).
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2.4 | Inotropic and lusitropic responses

Data on potential inotropic and chronotropic effects of cardiac B3-
adrenoceptor stimulation are controversial, and it remains unclear
whether these differences are due to variations within species, parts
of the heart (atrium vs. ventricle), experimental methods used, and/or
between healthy and diseased tissue. In this regard, two compounds
have caused a lot of confusion. First, BRL 37,344 has often been used
as a Bz-adrenoceptor agonist but has only limited selectivity over the
Bo-adrenoceptor (Baker, 2010); accordingly, the effects of BRL
37,344 can occur concomitantly via B,- and Bs-adrenoceptors and
can only be attributed to individual subtypes when appropriate antago-
nists are used (Mori, Miwa, Sakamoto, Nakahara, & Ishii, 2010). Second,
CGP 12,177 is an antagonist at the orthosteric site of the B1- and B,-
adrenoceptor, an agonist at an allosteric site of the $,-adrenoceptor,
and a weak partial agonist at the orthosteric site of the B3-adrenoceptor
(Kaumann & Molenaar, 1997), which makes interpretation of its effects
very difficult even when the orthosteric sites of B4- and B,-
adrenoceptors are blocked by antagonists.

Studies in rats have largely been based on in vitro experiments,
either in isolated cardiac strips or Landendorff preparations, but in a
few cases, effects on inotropy have been studied in vivo. However,
the reported differences in effects remain largely unexplained by these
methodological differences. In some cases, BRL 37,344 caused nega-
tive inotropic effects that were blocked by SR 59,230 but not by
nadolol (Barbier, Mouas, Rannou-Bekono, & Carré, 2007; Kayki-Mutlu,
Arioglu Inan, Ozakca, Ozcelikay, & Altan, 2014; Ozakca et al., 2013;
Figure 1). However, others found that the negative inotropic effect
of BRL 37,344 was only minor and not mimicked by CL 316,243 or
SR 58,611 (Gauthier et al., 1999), suggesting that it was not related
to Bz-adrenoceptor stimulation. BRL 37,344 was even reported to
have a positive inotropic effect in one study, but this was blocked by
propranolol and not mimicked by CL 316,243 (Shen, Cervoni, Claus,
& Vatner, 1996), suggesting a B1- and/or B,-adrenoceptor-mediated
effect. A lack of effect of BRL 37,344 was also reported in young rats,
which turned into a negative inotropic effect in senescent animals, the
latter in line with an increase in Bs-adrenoceptor protein expression
(Birenbaum et al., 2008). Similarly, positive inotropic responses to iso-
prenaline were not affected by the antagonist cyanopindolol in healthy
rats, but cyanopindolol at least partly restored decreased inotropic
effects in diabetic animals, indirectly suggesting an involvement of
Bs-adrenoceptors in the diabetic group (Amour et al., 2007). In con-
trast, cyanopindolol did not affect the lusitropic effect of isoprenaline
(Amour et al., 2008). While the B;-antagonist and alleged Bs-agonist
nebivolol attenuated isoprenaline-induced cardiac hypertrophy, the
B1-antagonist metoprolol did not (Ozakca et al., 2013). In contrast,
BRL 37,344 was reported to increase right and left atrial mass index
in a heart failure model, but the adrenoceptor subtype involved was
not determined (Zhao et al., 2013).

No evidence for any role for the B3-adrenoceptor in the control of
inotropy was found in normal mice (Heubach, Rau, Eschenhagen,
Ravens, & Kaumann, 2002; Tavernier et al, 2003). In contrast,
transgenic overexpression of the human Bs-adrenoceptor in mice
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et al.,, 2014)
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resulted in increased inotropic responses to isoprenaline (Kohout
et al., 2001). Independently generated mice with cardiac expression
of the human Bz-adrenoceptor at levels comparable to those in human
heart (Hermida et al., 2018) largely confirmed these observations: the
B3-adrenoceptor agonists CL 316,243 and SR 58,611 had a negative
inotropic effect at low concentrations, but these vanished at higher
concentrations (Tavernier et al., 2003). While nadolol inhibited the
blunting of the negative inotropic effect of high agonist concentra-
tions, bupranolol abolished both of these 33-adrenoceptor agonist-
mediated effects, suggesting that the negative effects were mediated
by the Bs-adrenoceptor, but their blunting by other subtypes. In
guinea pig heart, CL 316,243 had a minor negative inotropic effect
that was not mimicked by either BRL 37,344 or SR 58,611 (Gauthier
et al., 1999). Within the same study, neither of the three compounds
had any effect on cardiac contractility in ferrets (Gauthier et al., 1999).

Findings reported in the canine heart are contradictory. While one
study found positive inotropic effects of BRL 37,344 and CL316,243
(Shen et al., 1996), another found negative inotropic effects of both
the agonists and of SR 58,611, but their order of potency differed

(a)

considerably from that observed in human heart, suggesting that this
was not a Bz-adrenoceptor response (Gauthier et al., 1999). A more
recent study used a different approach, that is, did not test agonists
but rather the antagonist L 748,337 (Morimoto, Hasegawa, Cheng,
Little, & Cheng, 2004). This compound had minor positive inotropic
effects in healthy dogs; in those with heart failure, the positive inotro-
pic effects became larger; in contrast, nadolol had negative inotropic
effects in dogs with heart failure, and in the presence of nadolol
isoprenaline also had negative inotropic effects. These data were
interpreted as a minor Bs-adrenoceptor-mediated negative inotropic
effects in healthy and an enhanced negative inotropic effect in heart
failure (see Section 3.2). In monkeys (Macaca facicularis) or baboons
(Papio anubis), CL 316,243 did not affect cardiac contractility under
conditions where it had done so in dogs (Shen et al., 1996).

Studies in non-failing human heart mostly reported lack of effect of
Bz-adrenoceptor stimulation. An early study found that the positive
inotropic effect of isoprenaline was fully blocked by propranolol
(Ikezono et al., 1987), providing indirect evidence against a role for

Bz-adrenoceptors. A lack of effect of Bs-adrenoceptor stimulation in
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human heart was also reported by others (Harding, 1997). Similarly,
positive inotropic effects and increases in Ca®* transients caused by
BRL 37,344 were blocked by propranolol, suggesting mediation via
B1- and/or By-adrenoceptors (Pott et al., 2003); as a positive control
within the same study, activation of NOS was not blocked by propran-
olol. In a later study, the same group reported NO-dependent, negative
inotropic effects of BRL 37,344 in failing heart under conditions where
Bs-adrenoceptor protein expression was increased (Napp et al., 2009).

Mirabegron, the most Ps-selective agonist in clinical use, had
minor, cAMP-mediated positive inotropic effects in human atrium,
and these were converted into negative inotropic effects upon block-
ade of Bq-adrenoceptors (Figure 2; Mo et al., 2017). The negative ino-
tropic effects of mirabegron in the presence of B4-adrenoceptor
inhibition were not sensitive to L 748,337, that is, occurred via an
unclear molecular mechanism. The B;-adrenoceptor-mediated positive
effect was related to indirect sympathomimetic activity by the
authors, based on the phenylethanolamine structure of mirabegron.
Earlier work by others had reported that positive inotropic effects of
B3-adrenoceptor agonists in human heart were limited to those with
a phenylethanolamine structure (Sennitt et al., 1998).

In contrast, another group has consistently reported negative ino-
tropic effects of CL 316,243, BRL 37,344, SR 58,611 and nebivolol
in endomycardial biopsies from non-failing transplant recipients
(Gauthier et al, 1996; Gauthier et al., 1999; Moniotte, Kobzik,
et al., 2001; Rozec, Erfanian, Laurent, Trochu, & Gauthier, 2009);
these were insensitive to nadolol but blocked by L 748,337. Despite
an up-regulation of Bz-adrenoceptor protein, these negative inotro-
pic effects of BRL 37,344 were attenuated in failing hearts
(Moniotte, Kobzik, et al., 2001), but a positive identification of Bs-
adrenoceptors mediating these responses was not repeated within
that study. Nevertheless, different investigators have also reported
that BRL 37,344, SR 58,611, and CGP 12,177 have positive inotro-
pic effects (Skeberdis et al., 2008); however, others have suggested
that these are only observed at sub-physiological temperatures
(Christ et al., 2011). Finally, CGP 12,177 was reported to have pos-
itive inotropic effects in human atrium (Kaumann, 1996). However,
several subsequent studies from these investigators showed that this
effect was unrelated to the Bz-adrenoceptor and rather mediated by
an allosteric site on the B4-adrenoceptor (Kaumann & Molenaar,
1997). The same group has demonstrated positive inotropic effects
of CGP 12,177 in murine heart that were insensitive to PTX and
similarly found in Bs-adrenoceptor knockout mice (Kaumann et al.,
1998; Oostendorp & Kaumann, 2000), substantiating the view that
the positive inotropic effects of CGP 12,177 may primarily occur
via an allosteric site on the Bi-adrenoceptor (Kaumann & Molenaar,
1997).

Taken together, these findings indicate that the role of Bs-
adrenoceptors in the control of contractility in the non-failing human
heart is highly controversial with positive and negative inotropic
effects as well as a lack of effect being reported. As the consistent
detection of negative inotropic effects by one group was based on
endomyocardial biopsies (i.e., ventricular tissue), whereas most studies

not detecting effects were based on the atrium, it is possible that the
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role of Bs-adrenoceptors in the human heart differs between the

atrium and ventricles.

2.5 | Chronotropic responses

Early work in rats based on a variety of adrenergic agonists
showed that agonists potently promoting adipocyte lipolysis, a B3-
adrenoceptor response, had low potency for enhancing rat
atrial rate (Wilson, Wilson, Piercy, Sennitt, & Arch, 1984), suggesting
that chronotropic responses in this species were not mediated by
the Bs-adrenoceptor. Later work more directly confirmed this conclu-
sion by demonstrating that positive chronotropic effects of BRL
37,344, CL 316, 243, and ZD 2079 were abolished by the combina-
tion of CGP 20,712 and ICI 118,551 (Malinowska & Schlicker,
1996). Moreover, all four stereoisomers of BRL 37,344 (Oriowo
et al.,, 1996) as well as CL 316,243 (Malinowska & Schlicker, 1997)
exhibited low potency for atrial rate stimulation. Several aryl
propanolamines including L 739,574 also had low potency for affect-
ing the atrial rate response as compared to that mediated by human
Bz-adrenoceptor (Cohen, Bloomquist, Shuker, &
Calligaro, 1999). In rats with cerebral infarction, CL 316,243 increased
urinary bladder capacity but had only little effect on heart rate
(Kaidoh et al., 2002). Others found little effect of CL 316,243 on
heart rate in healthy rats at doses that prolonged the inter-
contraction intervals of the bladder (Takeda et al, 2002).
Small chronotropic effects of BRL 37,344 and CL 316,243 were con-
firmed by additional investigators but markedly attenuated by SR

Kriauciunas,

59,230 or L 748,337, an effect interpreted to occur secondary to
Bs-adrenoceptor-mediated vasodilation (Mori et al., 2010). The B4-
adrenoceptor antagonist and alleged [s-adrenoceptor agonist
nebivolol similarly decreased heart rate in an isoprenaline-induced
model of heart failure (Ozakca et al., 2013). Taken together, these
results indicate that the Bs-adrenoceptor contributes only little to
the control of heart rate in rats. In neonatal mouse cardiomyocytes
from B4/B, double knockout mice, isoprenaline and CL 316,243 pro-
duced negligible (about 5 beats-min~1) decreases in contraction rate,
which were turned into larger (about 20 beats-min~?) increases upon
treatment with PTX; CL 316,243 also reduced beating rate in wild-
type cardiomyocytes (Devic et al., 2001). In contrast, adrenaline and
noradrenaline increased heart rate predominantly if not exclusively
via B4-adrenoceptors in atria from adult mice, whether or not animals
had been pretreated with PTX (Heubach et al., 2002).

In vivo studies in dogs based on BRL 37,344 and CL 316,243
observed positive chronotropic effects, but these were abolished in
animals with sino-aortic denervation, indicating that the heart rate
increases were a result of baroreflex activation (Tavernier et al.,
1992). Others, using SR 58,611 as the B3-adrenoceptor agonist, con-
firmed an increase in heart rate that disappeared after sino-aortic
denervation or propranolol or nadolol, thus also attributing it to
peripheral vasodilation and baroreflex activation (Montastruc et al.,
1999). An increased heart rate was also observed upon injection of
CL 316, 243, performed as part of the safety monitoring in studies
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on ureteral tone (Murakami et al, 2000). Moreover, BRL 37,344-
induced increases in heart rate, in contrast to those induced by
isoprenaline, persisted in the presence of propranolol; they were
largely attributed to peripheral vasodilation, mostly in the vascular
beds of the skin and adipose tissue (Shen, Zhang, & Vatner, 1994).
However, this interpretation is problematic; while there may have
been Bs-adrenoceptor-mediated vasodilatation, any catecholamines
being released upon baroreflex activation would be expected to ulti-
mately act via cardiac B;-adrenoceptors and thus should have been
sensitive to propranolol. Similarly, part of the tachycardia induced by
isoprenaline remained after administration of nadolol but disappeared
after additional administration of SR 59,230 (Pelat et al., 2003). Taken
together, positive chronotropic effects of Bs-adrenoceptor agonists
can largely be attributed to peripheral vasodilation and resulting baro-
reflex activation; of note, all three 3-adrenoceptor subtypes can con-
tribute to peripheral vasodilation (Guimaraes & Moura, 2001); their
relative roles depend on species, vascular bed under investigation,
and selectivity of tools used to study them.

Few investigators have directly explored the role of Bs-
adrenoceptors in the regulation of human heart rate. In contrast to
gene polymorphisms of the Bi-adrenoceptor, those of the fs-
adrenoceptor did not exhibit associations with resting heart rate in a
cohort of more than 1,000 subjects of Chinese or Japanese descent
(Ranade et al., 2002). Supratherapeutic doses of mirabegron
(100-200 mg) increased heart rate in a Phase Il dose-ranging study
(Chapple et al., 2013). In a follow-up study in young, healthy volun-
teers treated with the 200 mg dose, this increase was confirmed,
and was markedly attenuated by co-administration of propranolol
or bisoprolol (van Gelderen et al., 2017), suggesting that the B;-
adrenoceptor was largely involved in this response. Clinical studies
with mirabegron, when used for the treatment of patients with over-
active bladder syndrome, have detected only small if any increases in
heart rate (Michel & Gravas, 2016; Rosa et al., 2018). In the light of
the above findings in healthy volunteers (van Gelderen et al., 2017)
and those in isolated human atrium (Mo et al., 2017), these responses
to mirabegron can most likely be explained by peripheral vasodilation
and/or indirect sympathomimetic effects. However, neither of these
hypotheses has been proven in humans. Thus, there is only very lim-
ited evidence supporting a possible direct positive chronotropic of

B3-adrenoceptor in humans.

3 | ALTERATIONS IN PATHOPHYSIOLOGY

3.1 | Gender and ageing

Only one study has reported on possible sex differences; in a genome
wide assessment of expression profiles, they found B3-adrenoceptor
mRNA in the heart of male but not female mice (Li et al., 2017). Find-
ings in rat (Frazier, Schneider, & Michel, 2006; Kullmann et al., 2009)
and human urinary bladder (Schneider, Fetscher, & Michel, 2011) sug-
gest that the expression and function of Bz-adrenoceptors does not

differ between genders.

The responsiveness of cardiac B1- and B,-adrenoceptor declines
with ageing, which has mainly been attributed to reductions in the
expression of Bi-adrenoceptors and Gg protein in the ventricle of
human heart, whereas an increase in G; protein and decrease in
the catalytic unit of AC appear to be involved (Brodde & Michel,
1999; Woo, Song, Xiao, & Zhu, 2015). Protein expression of B3-
adrenoceptors was up-regulated in hearts from 24- as compared to
3-months-old rats (Birenbaum et al., 2008); this up-regulation was
associated with an attenuation of positive inotropic effects of
dibutyryl-cAMP by BRL 37,344 in the senescent but not the young
adult animals. Moreover, NOS inhibition did not affect inotropic
responses to isoprenaline in young animals, but the attenuated inotro-
pic effect in senescent rats was at least partly restored by an NOS
inhibitor. While expression levels of NOS isoforms were not deter-
mined in this study, increased expression of endothelial, neuronal,
and inducible NOS in aged rat heart has been reported by others (Li
et al, 2006; Piech, Dessy, Havaux, Feron, & Balligand, 2003).
Therefore, it was suggested that blocking the Bs-adrenoceptor path-
way may improve cardiac output in senescent heart, as stimulation
of this subtype reduces B-adrenoceptor-mediated positive inotropy
(Birenbaum et al., 2008). However, an alternative interpretation of
the data could be that negative inotropic effects of Bs-adrenoceptor
stimulation may protect the heart from adverse effects of excessive
stimulation of B1/B,-adrenoceptor activation; this different interpreta-
tion is the basis for the controversy of whether activation or inhibition
of Bz-adrenoceptors would be a promising approach for the treatment
of heart failure (see Section 4).

3.2 | Heart failure

Heart failure is characterized by attenuated B-adrenoceptor-mediated
positive inotropic effects, which is mostly attributed to a down-
regulation of 4-adrenoceptors and uncoupling of B,-adrenoceptors
(Brodde & Michel, 1999). However, emerging evidence points to a dif-
ferent effect of Bs-adrenoceptors in heart failure. Increased expression
of Bz-adrenoceptors at the mRNA and/or protein levels has been dem-
onstrated in human heart failure (Moniotte, Kobzik, et al., 2001) and in
rat (Ozakca et al., 2013; Sun et al., 2011; Zhao et al., 2013) and dog
models of heart failure (Cheng et al., 2001; Table 1). Bs-adrenoceptor
mRNA was also up-regulated in neonatal rat cardiomyocytes upon
treatment with noradrenaline (Germack & Dickenson, 2006; Watts
et al, 2013). Bz-adrenoceptor protein, but not mRNA, was also
increased in a rat model of exercise-induced cardiac hypertrophy in
the absence of heart failure (Barbier, Rannou-Bekono, Marchais, Tan-
guy, & Carre, 2007). No Bs-adrenoceptor mRNA was detected in the
heart of two patients with cardiomyopathy but no overt heart failure
(Lindskog et al., 2015).

It remains unclear whether the enhanced expression of f3-
adrenoceptors in heart failure leads to a greater functionality of the
receptor. Work in a rat model of isoprenaline-induced heart failure
using inhibition of L-type Ca2* channels as outcome parameter has

suggested a greater function (Zhang et al., 2005). In contrast, using a
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TABLE 1 Regulation of B3-adrenceptor mRNA and protein in disease

models
Species mRNA Protein Reference
Senescence
Rat n.r. Up Birenbaum et al. (2008)
Heart failure
Rat No change Up Barbier, Rannou-Bekono
et al. (2007)*
Rat n.r. Up Sun et al. (2011)
Rat Up n.r. Zhao et al. (2013)
Rat Up n.r. Ozakca et al. (2013)
Dog Up Up Cheng et al., 2001
Human Up Up Moniotte, Vaerman,
et al. (2001),
Moniotte, Kobzik,
et al. (2001)
Human n.r. Up Napp et al. (2009)
Diabetes
Rat Up Up Dincer et al. (2001)
Rat n.r. Up Amour et al. (2007)
Rat n.r. Up Amour et al. (2008)
Rat Up n.r. Kayki-Mutlu et al. (2014)
Rat n.r. No change Haley et al. (2015)
Rat n.r. No change Jiang et al. (2015)
Hypothyroidism
Rat Up n.r. Arioglu et al. (2010)

Note: Note that data at the protein level are based on immunoblots, which
are not always based on validated antibodies. n.r., not reported; *, animal
model of exercise-induced cardiac hypertrophy, not of heart failure. Note
that the animal data in heart failure and in diabetes are based on several
different models.

similar model but with negative inotropic effects as an outcome
parameter, it was found the response to BRL 37,344 was attenuated
in heart failure; this attenuation was abolished by concomitant treat-
ment with nebivolol but not with metoprolol (Ozakca et al., 2013).
Nebivolol, a B;-adrenoceptor antagonist with alleged B3-adrenoceptor
agonist properties, compared to the B;-adrenoceptor antagonist met-
oprolol, also improved cardiac parameters such as coronary flow, left
ventricular end diastolic pressure, and left ventricular weight to body
weight ratio. An attenuated negative inotropic effect of BRL 37,344
was also found in failing human ventricular tissue, which was
attributed to reduced expression of eNOS (Moniotte, Kobzik, et al.,
2001). However, the decrease in B3-adrenoceptor-mediated negative
inotropic effect was less compared to the reduction of B4- and B5-
adrenoceptor-mediated positive effect in the failing heart, which
results in an imbalance between the opposite inotropic effects. Inter-
pretation of these findings is complicated by the finding that the
inhibitory effects of PB3-adrenoceptor agonists on contractility and
Ca?* channels are blocked by NOS inhibitors or PTX; however, NOS
expression is down-regulated whereas that of PTX-sensitive G;
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proteins are up-regulated in heart failure (Brodde & Michel, 1999).
The balance of changes in the expression of both signalling molecules
and Bs-adrenoceptors is potentially complex and difficult to predict. A
further complicating factor is that Bs-adrenoceptor agonists can up-
regulate NOS in normal heart (Watts et al., 2013) and in heart failure
(Niu et al., 2012).

From the above findings it is questionable whether stimulating
Bs-adrenoceptors may be beneficial in heart failure. In a mouse
model of heart failure induced by aortic constriction, a 3-week treat-
ment with BRL 37,344 prevented left ventricular dilatation and par-
tially suppressed superoxide generation; this beneficial effect of BRL
37,344 was abolished in nNOS knockout mice (Niu et al., 2012). In
that model, transgenic overexpression of B3-adrenoceptors also had
beneficial effects including a reduction in fibrosis; these were NO-
dependent (Hermida Pouleur et al., 2018). In a rat model of aortic
constriction-induced heart failure, treatment with BRL 37,344
decreased left ventricular end systolic pressure and rate of
contraction/relaxation but increased the left atrial mass (Zhao
et al., 2013); this leaves the question as to whether the beneficial
effects of Bz-adrenoceptor stimulation in heart failure may at least
partly occur secondary to or despite those on atrial remodelling. In
a rat model based on chronic infusion of noradrenaline, BRL
37,344 attenuated many of the noradrenaline-induced alterations,
including hypertrophy, apoptosis, fibrosis, reduced Na*/K* ATPase
activity, and cardiac filling and rate of contraction and or relaxation,
(Kayki-Mutlu et al., 2018).

However, not all investigators found that a 3-adrenoceptor agonist
increased cardiac contractility in animals with heart failure. In a dog
model of pacing-induced heart failure, ex vivo experiments demon-
strated further attenuation of Ca®* transients and contractile responses
upon exposure to BRL 37,344, implying that an up-regulation of B3-
adrenoceptors in heart failure (Table 1) may be harmful and not
beneficial (Cheng et al., 2001). In a subsequent study in this model,
the investigators reported that stimulation of 3-adrenoceptors by
endogenous catecholamines was correlated with impaired left
ventricular function (Morimoto et al., 2004). In support of this result,
Bs-adrenoceptor knockout mice exhibited reduced expression and
function of sarcoplasmic reticulum Ca%* ATPase and phosholamban,
leading to the proposal that Bz-adrenoceptors should be inhibited
and not stimulated in heart failure (Ziskoven et al., 2006). Whether
increased contractility is beneficial in heart failure is under discussion
(see Section 4).

In conclusion, data from patients with heart failure and several
animal models thereof have demonstrated an up-regulation of cardiac
Bs-adrenoceptors, although this is mostly based on total cardiac
extracts and, therefore, does not necessarily allow conclusions on
cardiomyocytes. However, it remains controversial whether this leads
to increased B3-adrenoceptor function. Moreover, it also remains con-
troversial whether stimulation or inhibition of B3-adrenoceptors may
be beneficial in heart failure. Whether this controversy is related to
differences in models being used or other factors remains to be deter-
mined; specifically, limited validity of some of the tools used to gener-

ate the data may contribute to the controversy. If it is related to
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specific animal models, it remains to be determined which of them is

predictive for patients or a subset of them.

3.3 | Diabetes

Studies in several, but not all animal models of diabetes, have found
increased cardiac Bs-adrenoceptor expression at the mRNA and/or
protein level (Table 1). Thus, an up-regulation was found in rats
treated with streptozotocin, a type 1 diabetes model, at the mRNA
(Dinger et al., 2001; Kayki-Mutlu et al., 2014) and protein level (Amour
et al, 2007; Amour et al, 2008; Dincer et al., 2001). One of
these studies also demonstrated that treatment with insulin restored
Bs-adrenoceptor expression to normal levels (Dincer et al., 2001).
However, no up-regulation of 33-adrenoceptor protein was observed
in this model by others (Haley et al., 2015) or in diabetic Zucker rats,
a type 2 diabetes model (Jiang et al., 2015). Whether these differences
are model-related remains to be seen.

Diabetes has deleterious effects on the heart such as impaired
contractility and relaxation. Decreased B-adrenergic responsiveness
is one of the most important features of the diabetic heart (Dincer,
Onay, Ari, Ozcelikay, & Altan, 1998). Although the changes in inotro-
pic responses induced by B;- and B,-adrenoceptor stimulation have
been well characterized in diabetic heart, 33-adrenoceptor-mediated
relaxation has been hardly investigated. Among the few studies, it
was found that a 33-adrenoceptor-mediated negative inotropic effect
contributes to the attenuated positive inotropic effect induced by B-
adrenoceptor stimulation in diabetic rat heart (Amour et al., 2007).
The same group later reported that Bs-adrenoceptors are not involved
in the lusitropic effect of isoprenaline in diabetic rat heart (Amour
et al., 2008). Of note, a down-regulation of cardiac 3;-adrenoceptors
in diabetes has been observed irrespective of whether the B3-
adrenoceptor was up-regulated in the same animals, implying that
the balance between positive inotropic effects by the former and
negative inotropic effects by the latter may be shifted (Dincer et al.,
2001). Interestingly, the attenuated negative inotropic effect of BRL
37,344 in diabetic rats was restored upon insulin treatment
(Arioglu-Inan, Ozakca, Kayki-Mutlu, Sepici-Dincel, & Altan, 2013).
Based on these findings, it has been proposed that augmented
negative inotropic effects of B3-adrenoceptor stimulation could be
interpreted as a protective mechanism in the presence of sympathetic
overactivation in the early stages of diabetes, but it could become
harmful in later phases (Amour et al., 2007). In New Zealand white
rabbits made hyperglycaemic by administration of an insulin receptor
antagonist, treatment with CL 316,243 reduced oxidative stress and
Na*/K* ATPase function (Galougahi et al., 2015), raising the possibil-
ity that at least in some settings, B3-adrenoceptor stimulation may be

advantageous in diabetes.

3.4 | Hypothyroidism

Thyroid hormones have important effects on cardiac contractility and

relaxation. In hypothyroidism, diastolic function has been shown to be

impaired as a result of reduced Ca%* cycling (Kiss, Jakab, Kranias, &
Edes, 1994). Despite increased Bs-adrenoceptor mRNA expression
and increased expression of eNOS, the negative inotropic effects of
BRL 37,344 were attenuated in hypothyroid rats (Arioglu, Guner,
Ozakca, Altan, & Ozcelikay, 2010); whether these are mediated by

Bs-adrenoceptors has not been assessed in that study.

4 | B3-ADRENOCEPTORS AS A
THERAPEUTIC TARGET IN CARDIAC
PATHOLOGIES

Whether Bz-adrenoceptor is present and physiologically relevant in
the normal heart, has remained controversial in most species,
particularly in humans (see Section 2). However, studies in various
animal models and in patients have routinely reported an up-
regulation of Bs-adrenoceptor mRNA and/or protein (Table 1, Section
3). This raises the possibility that an increased expression of Bs-
adrenoceptors may be a general response of the heart in pathophys-
iological settings. On a more pragmatic level, this opens up the
possibility that Bz-adrenoceptor ligands may be useful in the treat-
ment of cardiac disease, even in species where their expression is
limited in the normal heart.

Based on the variable alterations in Bs-adrenoceptors observed in
different cardiac pathologies and the various effects of B3-
adrenoceptor stimulation in such settings, it remains unclear whether
agonism or antagonism of these receptors will be helpful in patients.
Because it had been suggested that nebivolol is not only a B1-
adrenoceptor antagonist but also a Bs-adrenoceptor agonist (Rozec
et al, 2009), several studies with nebivolol in cardiac pathologies
have been interpreted as providing evidence of the benefits of Bs-
adrenoceptor stimulation in animals (Ma et al., 2012) and patients
(Flather et al., 2005). Although the vasodilating properties of nebivolol
in some vascular beds are undisputed, mechanistic interpretation of
the clinical trials is difficult because they do not allow the differentia-
tion of the effects of Bi-adrenoceptor antagonism from those of
possible Bs-adrenoceptor agonism. Moreover, studies with human
Bs-adrenoceptor subtypes failed to detect agonist or antagonistic
effects of nebivolol in concentrations compatible with those acting
on By-adrenoceptors (Frazier et al., 2011).

More relevant data have been or are currently being obtained with
the new B3-adrenoceptor agonist mirabegron, that has been in clinical
use for the treatment of overactive bladder syndrome since 2012
(Chapple, Cardozo, Nitti, Siddiqui, & Michel, 2014). Currently, there
are three clinical studies investigating potential beneficial effects of
mirabegron. One of them, the BEAT-HF trial, has already been com-
pleted (Bundgaard et al., 2017). This double-blind clinical trial has
examined the effectiveness of mirabegron treatment versus placebo
in 70 patients with NYHA class II-Ill heart failure. The treatment dose
of mirabegron ranged between 25 and 150 mg (twice daily each). The
aim of the trial was to determine safety and the beneficial effects of
mirabegron on the heart in patients with heart failure. No significant
change in left ventricular ejection fraction was observed after a

6-month treatment with mirabegron. However, exploratory analysis
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has shown that LVEF was increased in mirabegron-treated patients
with a baseline ejection fraction lower than 40%. Mirabegron treat-
ment did not alter blood pressure or heart rate compared to placebo.

Another clinical trial on mirabegron is Beta3_LVH, a randomized
placebo-controlled, double blind, multicentre trial on 296 patients
(Pouleur et al., 2018). Patients with left ventricular hypertrophy are
treated with 50 mg mirabegron (once daily) for 12 months. The study
aimed to investigate the effects of mirabegron on left ventricle mass
index and diastolic function in patients with left ventricular hypertro-
phy. This trial is expected to be completed in 2020.

SPHERE-HF is also a randomized, placebo controlled, and
multicentre trial which aims to determine the efficacy and safety of
mirabegron in patients with pulmonary hypertension secondary to
heart failure. It is conducted in 80 patients with a dose of mirabegron
ranging between 50 mg (once daily) and 200 mg (once daily). It is esti-
mated to be completed in 2019.

In conclusion, several clinical studies have recently been reported
or are ongoing. Those performed in patients with heart failure are
proof-of-concept or dose-ranging studies, and the only well powered
study has cardiac hypertrophy as its endpoint. While they will yield
interesting insights, definitive trials will only be started once data from
the dose-ranging studies are in. All these trials are based on the idea
that stimulating Bs-adrenoceptors could be beneficial in cardiac
pathologies since stimulation of this subtype has been associated with
antioxidant (Hermida Pouleur et al., 2018), antihypertrophic (Niu et al.,
2012), and Na*-K*-pump activating effects (Bundgaard et al., 2010). If
proven as a therapeutic modality, the combination of $3-adrenoceptor
agonists with other treatments enhancing the NO/cGMP pathways
could have additional beneficial effects (Farah, Michel, & Balligand,
2018). Clinical studies based on the opposite premise, that is, that inhi-
bition of Bz-adrenoceptors is beneficial in heart failure, are not ongo-
ing to the best of our knowledge, possibly because no suitable
candidate compound has been disclosed.

4.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in http://www.guidetopharmacology.org, the
common portal for data from the IUPHAR/BPS Guide to PHARMA-
COLOGY (Harding et al., 2018), and are permanently archived in the
Guide to PHARMACOLOGY 2017/18 (Alexander,
Christopoulos et al., 2017; Alexander, Fabbro et al., 2017; Alexander,
Kelly et al., 2017; Alexander, Striessnig et al., 2017).
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