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Abstract. At present, nine adrenoceptor (AR) subtypes have been identified: aia-, ois-, aip-,
Oaa-, O2B-, Oac-, Pi-, Po-, and S3AR. In the human heart, f;- and f,AR are the most powerful
physiologic mechanism to acutely increase cardiac performance. Changes in SAR play an
important role in chronic heart failure (CHF). Thus, due to increased sympathetic activity in
CHF, PAR are chronically (over)stimulated, and that results in ;AR desensitization and
alterations of down-stream mechanisms. However, several questions remain open: What is the
role of f,AR in CHF? What is the role of increases in cardiac Gi-protein in CHF? Do increases
in G-protein-coupled receptor kinase (GRK)s play a role in CHF? Does SAR-blocker treatment
cause its beneficial effects in CHF, at least partly, by reducing GRK-activity? In this review these
aspects of cardiac AR pharmacology in CHF are discussed. In addition, new insights into the
functional importance of f;- and f,AR gene polymorphisms are discussed. At present it seems
that for cardiovascular diseases, SAR polymorphisms do not play a role as disease-causing genes;
however, they might be risk factors, might modify disease, and/or might influence progression
of disease. Furthermore, SAR polymorphisms might influence drug responses. Thus, evidence
has accumulated that a £AR polymorphism (the Arg389Gly f1AR) may affect the response to

SAR-blocker treatment.

Keywords: heart failure, cardiac ;- and f,-adrenoceptors, f-adrenoceptor polymorphism,
cardiac G-protein, G-protein-coupled receptor kinase

1. Introduction

There are several cardiac receptor systems that are
involved in regulation of contractility and/or heart rate.
Among these, there are receptors coupled to the Gs-
protein-adenylyl cyclase pathway (f-adrenoceptors
(AR), histamine-receptors, serotonin-receptors), recep-
tors coupled to the Gi-protein-adenylyl cyclase pathway
(muscarinic-receptors, adenosine-receptors), and recep-
tors that couple to the Gg/11-protein-phospholipase C-
protein kinase C pathway (a;AR, endothelin-receptors,
angiotensin Il-receptors). A vast body of evidence has
accumulated that in heart failure, a- and SAR changes
play an important role. The aim of this review was to
critically discuss recent findings in the field and their
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physiological and pathophysiological relevance.
2. a- and f-Adrenoceptors in the human heart

2.1 f-Adrenoceptors

At present, three SAR subtypes have been identified
in mammals, f-, .-, and S3AR (for a review see ref. 1).
In the human heart, £;- and f,AR coexist, whereby AR
predominate; in general, the ratio fi-:,AR is about
70%:30% in the atria and 80%:20% in the ventricles. On
the other hand, total SAR number appears to be equally
distributed over atria and ventricles (2).

Both SAR subtypes couple to the Gs-protein, thereby
elevating the intracellular level of cyclic AMP and cause
positive inotropic and chronotropic effects, in vitro as
well as in vivo. In atria, stimulation of both £;- and 5,AR
can evoke maximal increases in force of contraction (in
vitro on isolated tissues) and heart rate (in vivo in
healthy subjects), whereas in ventricles, only stimulation
of f1AR causes maximal increases in force of contrac-
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tion, while stimulation of ;AR causes only submaximal
increases (2).

However, accumulated evidence indicates that at least
in the rat and murine heart, stimulation of 5,AR causes
not only positive inotropic and chronotropic effects, but
can also promote apoptosis of cardiomyocytes (3 —7).
Moreover, S,AR in rat and murine heart have been
shown to couple not only to the Gs-protein but also to
the Gi-protein (8 — 10), thereby inducing antiapoptosis
(3= 7). Interestingly, very recent data indicate that in
rat heart (isolated ventricular cardiomyocytes), f>AR-
agonists appear to be able to activate either the Gs-
protein pathway or the G- and Gi-protein pathway in an
agonist-specific fashion. Thus, in isolated ventricular
cardiomyocytes from spontaneously hypertensive rats
(SHR) with heart failure, the contractile response to
several f,AR-agonists, including terbutaline, salbuta-
mol, zinterol, and procaterol, could be markedly
enhanced when the cardiomyocytes were pretreated
with pertussis toxin (PTX), thereby inactivating the G-
protein. Interestingly, however, the contractile response
to another f>,AR-agonist, fenoterol, was not affected by
PTX-treatment (11). Similarly, in rat ventricular cardio-
myocytes, fenoterol fully inhibited phenylephrine-
evoked hypertrophic response [evoked by aiaAR stimu-
lation (12)], while terbutaline and salbutamol evoked
only partial inhibition. PTX-treatment of the cardio-
myocytes did not affect fenoterol-effects, but converted
terbutaline- and salbutamol-evoked partial inhibition
into complete inhibition (Fig. 1) (13). Taken together, it
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appears that at least in the rat cardiomyocyte, fenoterol
activates only the S,AR-Gs-protein pathway, while
terbutaline and salbutamol activate both the S,AR-Gs-
and p>,AR-Gi-protein pathway.

Although in the failing human heart, apoptosis and
necrosis has been demonstrated (14, 15), it is not known
whether ;AR are involved in regulation of cardio-
myocyte apoptosis. Similarly, it is still a matter of debate
whether or not in the human heart, S, AR may couple to
the Gi-protein. Thus, in one study, in human right atrial
membranes, it was shown by the use of photoaffinity
labeling techniques followed by immunoprecipitation
with an antibody specific for G, that isoprenaline in the
presence of 100 uM of the f,AR-selective antagonist
CGP 20712A, but not in the presence of 100 uM of
the f.AR-selective antagonist ICI 118,551, stimulates
G,; similar effects were obtained with 100 uM of the
S-AR-agonist zinterol. Moreover, PTX-treatment of these
human right atrial membranes enhanced adenylyl
cyclase activation mediated by /AR stimulation but
not by S1AR stimulation (16). However, it should be
considered that concentrations of agonists and antago-
nists used in this study (all 100 uM) were rather high;
for example, it has been shown that zinterol, even in a
ten times lower concentration (10 uM), acts as a mixed
S1/B.AR-agonist evoking f,AR effects only in the
presence of a fiAR-antagonist (for references, see
ref. 10). Moreover, studies on isolated human atrial and
ventricular preparations have consistently shown that
activation of ;AR caused — very similar to stimulation
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Effects of pertussis toxin pretreatment (PTX, 250 ng/ml for 16 h) on terbutaline (left)-, salbutamol (middle)-, and

fenoterol (right)-evoked inhibition of 1uM phenylephrine (PE)-induced increase in protein synthesis (assessed as [*H]-
phenylalanine incorporation) in ventricular cardiomyocytes of 12-week-old male Wistar rats. Ordinate: 1 M PE-induced
[*H]-phenylalanine incorporation as % of basal (= 100%). Abscissa: molar concentrations of terbutaline, salbutamol, and
fenoterol. Means + S.E.M. Modified from Ponicke et al. (ref. 13).
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of S1AR —increases in contractile force, hastened
relaxation, and phosphorylation of phospholamban and
troponin I (17 —19). This strongly argues for a coupling
of f1- and B,AR in the human heart to Gs-protein. In this
context, it is also worth noting that preliminary data
from our laboratory show that in healthy subjects,
infusion of terbutaline and fenoterol causes increases in
heart rate (that are predominantly mediated by /AR
stimulation, see ref.2) that were not considerably
different between these two f,AR-agonists (20). How-
ever, if in the human heart, f,AR would couple to Gs-
and Gj-protein, the heart rate-increasing effect of
fenoterol should be significantly larger than that of
terbutaline because, as discussed above, fenoterol acti-
vates only the f,AR-Gs-protein pathway (that increases
heart rate), while terbutaline activates besides the
P2AR-G;- also the f,AR-Gi-protein pathway (that should
inhibit increases in heart rate). Thus, taken together,
evidence accumulated so far makes it rather doubtful
whether in human heart, f,AR can couple to, besides
Gg-protein, Gi-protein. In this context, however, it is
interesting to note that Gong et al. (21) have found that
in ventricular cardiomyocytes from patients with heart
failure (who exhibit increased ventricular Gi-protein
activity, see below), but not in cardiomyocytes from
non-failing human hearts (with normal Gi-protein), the
prAR-antagonist ICI 118,551 exerted agonistic effects
evoking direct negative inotropic effects.

Whether or not S;AR might exist in the human heart,
is also still an open question. Several groups did not
find any evidence for S;AR mediated effects (for
reviews, see refs. 2, 22, and 23), whereas Gauthier and
associates recently found in ventricular endomyocardial
biopsy samples of heart transplant recipients, f3AR that
obviously couple to a Gi/nitric oxid (NO) pathway and
mediate negative inotropic effects (24).

In addition to pi-, f»-, and S3AR, it had been
postulated, mainly by the group of Kaumann and his
coworkers, that in the heart of several species, including
humans, an additional “putative fsAR” may exist that
couples to the Gs-protein pathway and mediates, upon
stimulation, positive inotropic effects (for a review
see ref. 22). This “receptor” was characterized by
insensitivity against classical fAR-antagonists such as
propranolol, and it was potently activated by CGP 12177
(a potent antagonist at classical §;- and f,AR). However,
it is now clear that this “f4AR” is not an additional SJAR
subtype, but is a low affinity state of the fiAR (for
references see ref. 25). Accordingly, it has been recently
suggested to define two distinct states of the 51 AR: the
classical #1AR as “fiy” and the “low affinity state” of the
P1AR (the previous “putative f3AR”) as “Bi.” (26).

2.2. a;-Adrenoceptors

At present, three a; AR subtypes have been identified:
aia-, oip-, and a;pAR (for a review, see ref. 1). The
existence of a;AR in the human heart has been demon-
strated by molecular biology and biochemical methods
as well as in functional studies; however, the a;AR
subtype present in the human heart is not well character-
ized (2).

The density of human cardiac a;AR is only 10% —
15% of that of SAR; they couple presumably via Gg/11-
protein to inositol phosphate formation (27) and mediate
positive inotropic effects (for reviews, see refs. 2, 28 —
30). The maximum positive inotropic effect following
o1AR stimulation is, however, by far less than that
evoked by SAR stimulation in the human heart. In rat
heart, stimulation of cardiac a;AR evokes, besides
inotropic effects, the development of a hypertrophic
phenotype (31, 32) that in adult rat cardiomyocytes is
mediated by aiaAR (12). Whether or not activation of
o1AR in the human heart might also induce a hyper-
trophic response is not known at present.

2.3. a,-Adrenoceptors

At present, three a,AR subtypes have been identified:
O2a-, 02p-, and ocAR (for a review see ref. 1). The
existence of (small amounts of) axAR in the human
heart has been demonstrated by molecular biology
methods, while almost all attempts have failed to
demonstrate the existence of human cardiac AR on
the protein level; accordingly, it is not very surprising
that the o, AR subtype present in the human heart is not
well characterized (2).

However, several groups have clearly demonstrated
that the axAR plays functionally a role in presynaptic
regulation of noradrenaline release in the human heart.
Thus, the existence of presynaptic o,AR inhibiting
noradrenaline release have been directly demonstrated
ex vivo in isolated human right atria (33, 34) and
indirectly in vivo by systemic and intracoronary applica-
tion of phentolamine (35, 36) that caused a marked
increase in plasma noradrenaline levels. In this context,
it is interesting to note that phentolamine effects on
plasma noradrenaline levels were much more pro-
nounced in patients with heart failure (who have
increased sympathetic activity, see below) than in
healthy subjects. It is, however, still a matter of debate
whether the presynaptic a,AR present in the human
heart is of the a4 AR subtype (as in several other species,
see ref. 37) or of the axcAR (2).
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3. Changes of a- and f#-adrenoceptors with aging and
in chronic heart failure

Changes of human cardiac a- and AR in aging and in
chronic heart failure (CHF) have been recently reviewed
in great detail (2, 23, 25, 38, 39) and are only briefly
summarized here.

3.1. Changes in f-adrenoceptor function

Both aging and CHF are clinical settings that are
characterized by an increase in sympathetic activity.
However there are distinct differences: in aging, the
increase in sympathetic activity develops slowly [plasma
noradrenaline levels (an index for sympathetic activity)
increase only 10% to 15% per decade (40)]. In CHF, on
the other hand, sympathetic activity increases much
more rapidly (41); in addition, increases in plasma
noradrenaline levels are by far higher and reach within
short time levels between 600 and 1300 pg/ml (42).
Nevertheless, in both settings, functional responsiveness
of cardiac SAR is diminished. In CHF, this reduction is
due to a decrease in ;AR density and an uncoupling of
AR from the Gg-protein-adenylyl cyclase pathway.
Moreover, amount and activity of the inhibitory Gi-
protein that further dampens SAR mediated effects is
enhanced. Finally, the amount and activity of the
neuronal uptake transporter (uptake-1) that causes re-
uptake of neuronally released noradrenaline into the
sympathetic nerve endings is decreased. This decrease in
uptake-1 results in increased noradrenaline concentra-
tions at the receptor site that can further contribute to
PAR desensitization and down-regulation. In aging, it
is not clear whether the reduced SAR function is due to
a decrease in B;AR density [as found in ventricular
myocardium (43)] or due to a decrease in the catalytic
unit of the adenylyl cyclase [as found in atria (44)];
however, both settings finally result in a diminished
cyclic AMP formation upon SAR stimulation. In addi-
tion, also in the aging human heart, uptake-1 is reduced
and the resulting increase in noradrenaline concentration
at the receptor site might contribute to SAR desensitiza-
tion. Controversial data exist on changes in Gi-protein:
one group found that, as in CHF, Gi-protein increases
with age [atria (44)], but another group failed to find any
Gi-protein changes with age [ventricular myocardium
(43)]. In ventricular myocardium of aged rats also, no
increase in Gi-protein was found (45).

3.2. Role of changes in G;-protein

In general, the role of the increase in G; in CHF is still
a matter of debate. On the one hand, it could cause
impairment of cyclic AMP formation and by this
attenuate positive inotropic effects evoked by stimula-

tion of Bi- and f,AR. In fact increases in Gi-protein
can suppress receptor-mediated activation of adenylyl
cyclase [for references see (46)]. This might be detri-
mental to the heart because the fJAR-adenylyl cyclase-
cyclic AMP pathway is the most powerful physiologic
mechanism in the human heart to acutely increase
myocardial performance (47). On the other hand, it
could be protective to the heart because it could augment
antiapoptotic effects. As mentioned above, at least in rat
cardiomyocytes, cardiac SAR stimulation can affect
apoptosis with S;AR (via the Gs-protein) inducing
proapoptotic effects and 5,AR (via the Gi-protein) induc-
ing antiapoptotic effects. If this would occur also in
human heart, the increase of Gi-protein in CHF should
promote antiapoptosis. Accordingly, it has been sug-
gested that chronic treatment with f,AR-agonists might
exert beneficial effects in CHF (48). In fact, Ahmet et al.
have recently shown that in rats with ischemic cardio-
myopathy (ICM) due to myocardial infarction, long-
term treatment with the f,AR-agonists zinterol and
fenoterol exerted beneficial effects (attenuation of
disease progression) that were mainly due to their anti-
apoptotic effects (49). However, before extrapolating
from these data obtained in rats with experimental heart
failure to the human situation, the following caveats
should be considered: a) while zinterol appears to belong
to those f,AR-agonists that can signal via the Gs- and
Gi-protein pathway, fenoterol has been shown by two
different groups to signal selectively via the Gs-protein
pathway (see above). Since activation of the Gs-protein
pathway is considered to be linked to proapoptotic
effects, fenoterol should not evoke antiapoptotic effects;
thus, its beneficial effects observed in rats with ICM are
difficult to understand; b) various in vivo animal studies
in the 1990’s have clearly shown that following chronic
SAR-agonist stimulation, cardiac f,AR undergo rapid
desensitization and down-regulation, whereas cardiac
P1AR appear relatively resistant to down-regulation,
and that held true for treatment with S AR-, /AR,
and non-selective f1- and f,AR-agonists (for references
see ref. 47). This again would lead to the question of
how long-term treatment with S,AR-agonists can be
beneficial because their effects should rapidly wane
because of rapid desensitization; c) early attempts to
treat patients with CHF with the f,AR-agonist fenoterol
were not very successful (50).

Studies in rats had shown that Gi-protein appears to be
involved in catecholamine-induced arrthythmias. Thus,
inactivation of Gj-protein by PTX-treatment in rats led to
a marked increase in the arrhythmogenic effect of
isoprenaline (51). On the other hand, chronic treatment
of rats with isoprenaline caused decreases in AR and
increases in Gi-protein, and this was accompanied by a
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marked decrease in isoprenaline- or forskolin-induced
arrhythmias (52). Taken together, these data are in
favor of the idea that the increase in cardiac Gi-protein
in CHF-patients might protect the heart against cate-
cholamine-induced arrhythmias.

3.3. Role of changes in G-protein-coupled receptor
kinases

In addition to down-regulation of AR, uncoupling
of f,AR, and increases in Gj-protein, upregulation of
the f-adrenergic receptor kinase (SARKI, also known
as GRK?2) appears to be a major factor contributing to
PAR desensitization in the failing human heart. G-
Protein-coupled receptor kinases (GRK) are a family
of serine/threonine kinases that phosphorylate only
agonist-occupied receptors, thereby facilitating binding
of arrestins to the phosphorylated receptor. This leads to
an uncoupling of the receptor from the G,-adenylyl
cyclase system and finally to a decrease of SAR
responses to agonist stimulation. In the heart, three
isoforms of the GRK are expressed: GRK2 (or SARK1),
GRK3, and GRKS whereby GRK?2 is the most abundant
isoform (53, 54). Several studies have demonstrated
upregulation in expression and activity of GRK2 in
patients and animal models of heart failure and hyper-
trophy (for recent reviews, see refs.23, 55, 56). In
animal models also, increases in expression and activity
of GRKS5 have been found, but its role in human heart
failure remains unclear. GRK3 appears not to be altered
in human and animal models of heart failure (55).

In the human heart, GRKs have been mainly assessed
in myocardial samples from patients with end-stage
heart failure undergoing heart transplantation. In these
samples from explanted hearts, expression and activity
of GRK (mainly GRK2) was markedly enhanced (57 —
59). However, it should be considered that one of the
strongest stimuli to activate GRK2 is increased sympa-
thetic activity, and by this, SAR become activated,
whereas stimulation of aAR appears not to activate
GRKSs (60). Patients with end-stage heart failure often
are treated with SAR inotropic support for “bridging to
transplant”. Hence, it cannot be completely excluded
that the increase in cardiac GRK2 observed in explanted
hearts from patients with end-stage heart failure might
be, at least partly, due to exogenous SAR stimulation.
Two studies have recently investigated changes in
GRK?2 in relation to the course of heart failure. We have
determined GRK2 activity in right atrial appendages
from patients undergoing open heart surgery with
different degrees of heart failure, NYHA class -1V
(59). In these patients, GRK2 increased significantly
only in early stages of heart failure (with the maximum
increase in patients with NYHA classII), while in
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Fig. 2. Effects of long-term SAR blockade (with metropolol or
bisoprolol) on right atrial GRK-activity in patients with different
degrees of heart failure (judged by NYHA functional class).
Ordinate: Total GRK-activity (sum of soluble and membraneous) in
cpm [**P]Jrhodopsin/mg protein. Numbers at the bottom of the
column = number of patients studied. Modified from Leineweber
et al. (ref. 59, ©2005) with permission from the European Society of
Cardiology.

patients with more severe heart failure (NYHA
classIII -1IV) GRK2 activity was not significantly
different from control levels in atrial appendages from
non-failing hearts (Fig.2). On the other hand, in the
same study GRK2 activity in explanted hearts from
heart transplantation-patients was significantly enhanced,
whereby these patients had been treated with
dobutamine/dopamine for several days before trans-
plantation. laccarino etal. (61) assessed in 55 patients
with different degrees of heart failure (NYHA class
I-1V) GRK2 activity in circulating lymphocytes. They
found, in contrast to our data, that with increasing
NYHA class, activity of soluble GRK2 in the lympho-
cytes increased. The reason for this discrepancy —in
atria GRK-increases only in early heart failure, in
lymphocyte GRK-increases related to the severity of
heart failure —is not completely understood at present.
However, it should be noted that lymphocytes, which
contain functional ;AR and have been frequently used
in the 1980°s as marker for SAR changes in solid human
tissue like the heart (62), are composed of several
subsets that all contain different amounts of /AR,
making it difficult to judge whether changes in SAR are
real receptor changes or are due only to redistribution of
subsets; this might be also true for expression and/or
activity of GRK2 in circulating lymphocytes, although
the final experimental proof for that is lacking at present.
In addition, it has been clearly shown that changes in
lymphocyte f,AR mirror much more precisely changes
of /AR in solid human tissues, whereas in the human
heart, 51AR are the predominant SAR subtype (63).
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Since GRK2 plays a critical role in regulation of
myocardial function, heart failure is accompanied by
increased activity of GRK2 and genetically engineered
mice with cardiac specific overexpression of GRK2
exhibit blunted inotropic responses to AR stimulation
(for reviews, see refs. 55 and 56), this has led to the
hypothesis that inhibition of GRK2 activity might
reverse cardiac dysfunction. A specific inhibitor of
GRK2 is not known at present. However, GRK2 is a
cytosolic enzyme that must translocate to the membrane
to phosphorylate the receptor. This translocation is due
to an interaction between the approximately 195 amino-
acid C-terminus of GRK2 and the fy heterodimer (Gyg,)
that is released from the G-protein upon activation. In
several animal models it could be shown that this C-
terminal domain of GRK2 (named SARKct) can inhibit
GRK2 activation by competing for free Gg-subunits,
and over-expression of SARKct in several animal
models of heart failure was found to reduce cardiac
hypertrophy and to attenuate the progressive deteriora-
tion of heart function (60, 64). These results are
compatible with the view that the beneficial effects of
SARKct are due to its inhibition of GRK2 activation.
However, it should be mentioned that SJARKct acts via
binding to the Gg,-subunit, thereby preventing transloca-
tion of GRK2 to the membrane. Gg,-proteins, however,
exert their own signaling properties including modula-
tion of activity of phospholipase C, potassium channels,
and other second messenger systems (for a recent review
see ref. 65). Thus, it might be also possible that the
beneficial effects of SJARKct might be due to its inhibi-
tion of Gg,-signaling. In fact, Li et al. (66) have recently
shown that in rabbits with rapid ventricular pacing-
induced heart failure, phosducin (a known Gg,-subunit
binding protein) exerted very similar beneficial effects
on heart failure progression as did SARKcet, but
phosducin did not restore SAR responsiveness as did
PARKct. Thus, it is still an open question whether or
not beneficial effects of JARKct in heart failure models
are due to inhibition of GRK2 or to inhibition of Gg-
signaling.

As mentioned above, one of the strongest stimuli to
activate GRK?2 is activation of SAR. Thus, it is rather
plausible that SAR-blockers by preventing SAR acti-
vation (either due to exogenously applied agonist or
endogenously increased agonists, i.e., catecholamines)
may reduce GRK2 activity. In fact, in several animal
models of heart failure, increased GRK2 activity could
be reduced by application of SAR-blockers (for reviews,
see refs. 2, 60, 64). We have recently shown that this
appears to be true also for patients with CHF: in patients
with different degrees of CHF treated with the f1AR-
blockers metoprolol or bisoprolol, right atrial GRK2

activity was in each NYHA class significantly lower
than in those patients not treated with SAR-blockers
(Fig. 2) (59). Thus, it is tempting to speculate that, at
least in part, beneficial effects of SAR-blockers in
treatment of heart failure are due to their ability to
prevent activation of GRK2.

Finally, it should be noted that in contrast to the
failing human heart, in the aging human heart activity of
GRKs is not altered (58). A similar lack of changes in
GRK activity has been also found in the aging rat heart
(45). The reason for this different behavior of GRK in
the failing versus the aging heart is not completely
understood. As mentioned earlier, stimulation of SAR is
a strong stimulus to activate GRK; and in heart failure
as well as in aging, sympathetic activity is increased.
However, increase in sympathetic activity is much more
vigorous in heart failure versus aging (see above); it
might be possible, therefore, that these differences in
intensity of sympathetic activation is one explanation
for the different changes in GRK activity in the aging
versus failing human heart.

4. f-Adrenoceptor polymorphisms

4.1. Functional importance of f;-adrenoceptor poly-
morphisms

Recent studies have shown that f1AR are poly-
morphic. There are at least two functionally important
single nucleotide polymorphisms (SNPs) in the AR
gene (67 — 69): at position 49 in the extracellular amino-
terminus of the AR a serine is substituted by a glycine
(Ser49Gly). When expressed in Chinese hamster fibro-
blasts (CHW) the Gly49 variant exhibited much more
rapid down-regulation following long-term agonist
activation than the Ser49 variant (70, 71). At position
389 in the intracellular carboxy-terminus (a ;AR region
important for G-protein coupling), an arginine is sub-
stituted by a glycine (Arg389Gly); expressed in CHW-
cells, the Arg389 S1AR variant had a slightly higher
basal and 3 —4-fold higher isoprenaline-stimulated
adenylyl cyclase activity than the Gly389 f,AR variant
(72). This was due to a better coupling of the Arg389
S1AR variant to the Gge-protein than the Gly389 £AR
variant. It is interesting to note that the Gly389 £AR
variant was initially considered the wild-type £51AR (73),
but it is now clear that it is the minor allele.

Between codon 49 and 389 SNPs of the f1AR, a
strong linkage disequilibrium exists. Thus, individuals
homozygous Gly49 are nearly always homozygous
Arg389; and vice versa, individuals homozygous
Gly389 are nearly always homozygous Ser49; the
haplotype Gly49Gly389 appears not to occur natively
(74). On the other hand, codon 49 SNP appears to
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modulate functional responsiveness of codon 389 SNP:
in vitro in HEK293 cells stably transfected with different
S1AR haplotypes (particular combinations of the 49 and
389 SNPs), isoprenaline evoked maximal cyclic AMP
generation with an haplotype order Gly49Arg389 >
Ser49Arg389 > Ser49Gly389 (75).

Divergent results have been described for the func-
tional consequence of the Arg389Gly SiAR poly-
morphism in humans: ex vivo on isolated electrically
driven right atrial preparations obtained from patients
undergoing coronary artery bypass grafting, Molenaar
etal. (76) did not find any influence of the Arg389Gly
(or the Ser49Gly) piAR polymorphism on positive
inotropic effects of noradrenaline; similarly, the lipolytic
response to AR stimulation in human adipocytes
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natively expressing the Arg389 or Gly389 variant of
the f1AR was not different between the two genotypes
(77). In contrast, Sandilands et al. (78) demonstrated in
human right atrial preparations, greater inotropic and
cyclic AMP responses to noradrenaline at the Arg389
versus the Gly389 £,AR variant. In vivo, several groups
have studied the effects of dynamic exercise on heart
rate [the “classical” test for cardiac AR function (2,
79)] in subjects homozygous for the Arg389 or Gly389
SiAR. All groups so far found that increases in heart
rate were not genotype-dependent (80 — 83). Moreover,
also exercise-induced increases in contractility and
plasma-renin-activity (PRA), a renal AR mediated
effect in humans, were not different in Arg389 versus
Gly389 subjects (Fig.3) (81). This holds true even
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Exercise (bicycle-exercise in supine position, A)- and dobutamine-infusion (lower panel, B)-induced increases in heart

rate (left), contractility (middle, assessed as heart rate-corrected duration of the electromechanical systole - QS,c), and plasma-
renin-activity (PRA) (right) in male subjects homozygous for Arg389 AR or homozygous for Gly389 f;AR. Ordinates, left:
changes in heart rate in beats/min (bpm); middle: changes in contractility (shortening of QS,c in -ms); right: increases in PRA in
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when in the subjects, possible counter-regulatory para-
sympathetic effects were blocked by atropine: also
under these conditions, exercise-induced increase in
heart rate, contractility, and PRA were not different
between homozygous Arg389 and Gly389 pSAR
subjects (84). On the other hand, using a modified
dobutamine stress echocardiography protocol, LaRosee
etal. (85) demonstrated recently that in subjects pre-
treated with atropine in order to exclude possible para-
sympathetic effects, those homozygous for the Arg389
FiAR variant exhibited larger inotropic and blood
pressure responses than those carrying one or two
Gly389 alleles. However, the use of atropine appears
not to be necessary to demonstrate differential responses
of Arg389 versus Gly389 AR to dobutamine. We have
recently shown in healthy subjects that, also in the
absence of atropine, dobutamine causes significantly
larger cardiac effects in Arg389 than in Gly389 f,AR
subjects; the PRA response to dobutamine was also
significantly larger in S;AR subjects than in Gly389
PiAR subjects (Fig. 3) (86). The reason for this dis-
crepancy in cardiac- and PRA-responses to exercise
versus dobutamine is not completely understood at
present. However, it should be considered that 1)
responses to dynamic exercise are strongly dependent on
the physical fitness of the test subjects, and it is
extremely difficult to precisely control this factor. Thus,
it cannot be excluded that subjects participating in
exercise studies are of different physical fitness, and
that would evoke unpredictable results; 2) exercise
may induce more physiologic responses, whereas
dobutamine-infusion may induce more pharmacologic
responses; 3) in all exercise studies published so far,
subjects were not controlled for codon 49 SNP. As
mentioned above, codon 49 SNP can modulate func-
tional responsiveness of codon 389 SNP; accordingly,
S1AR  haplotype-analysis could be more important
than single SNP-analysis (75). Thus, divergent results
obtained in exercise- versus dobutamine-studies could,
at least partly, be due to the f;AR haplotype inhomo-
geneity of study groups. However, our recent data show
that codon 49 SNP might not play a very important
role: we had studied only subjects homozygous for
Ser49 and had, nevertheless, found that dobutamine
evoked B AR-genotype-dependent effects, while exercise
did not (84, 86).

Recently evidence has accumulated that subjects or
hypertensive patients exhibited larger blood pressure
and heart rate responses to fiAR-blockers if they carry
the Arg389 B, AR variant (82, 83, 86, 87), and this could
be modulated by codon 49 SNP. Thus, the haplotypes
Gly49Arg389 and Ser49Arg389 exhibited much larger
responses than the haplotype Ser49Gly389 (86 — 88).

Similarly, in CHF-patients carrying the Arg389 $,AR
variant, chronic JAR-blocker treatment caused signifi-
cantly larger improvement of left ventricular ejection
fraction (LVEF) than in Gly389 ;AR patients (89, 90);
however, some researchers have reported no genotype-
dependent differences in LVEF-improvement during
chronic SAR-blocker treatment (91, 92). Recently,
Magnusson et al. (93) suggested that in CHF-patients
due to dilated cardiomyopathy, the influence of codon
49 SNP on outcome and effective SAR-blocker treat-
ment appeared to be more pronounced than that of
codon 389 SNP. Thus, Gly49 carriers treated with low
dose of fAR-blocker had a significantly lower 5-year
mortality rate than Ser49 carriers. This is, however, not
in contradiction to the above described observation that
the Arg389 £1AR variant is the determinant of responses
to fAR-blockade: it should be considered that patients
with the Gly49 B/AR variant do always carry Arg at
codon 389 because of the linkage disequilibrium
between codon 49 and 389 SNPs, while Ser49 carriers
can have Arg or Gly at codon 389.

It should be noted that we recently showed that a
SiAR-blocker (bisoprolol) inhibited dobutamine-evoked
PRA-increases to a significantly larger extent in Arg389
S1AR subjects than in Gly389 ;AR subjects. These
results might have important clinical implications for
treatment of hypertensive patients. SAR-blockers are
first-line drugs for the treatment of hypertension.
Although experience of antihypertensive treatment with
SAR-blockers exists for more than 40 years, the
mechanism of blood pressure lowering effect of SAR-
blockers is still not completely understood (94).
However, the renin-angiotensin-aldosterone system
(RAAS) plays an important role in blood pressure
regulation and is certainly one target, out of several, for
the blood pressure lowering effect of SAR-blockers (95).
Thus, various authors could show that the blood pressure
lowering effect of JAR-blockers was related to PRA:
with high PRA levels, fAR-blockers evoked a large
effect, while with low PRA levels, the effect of SAR-
blockers was small (94). Taken together, it is tempting
to speculate that AR polymorphisms might predict
hemodynamic response to SAR-blocker treatment:
patients with the Arg389 ;AR variant should be good
responders, while those with the Gly389 variant should
be poor- or non-responders.

4.2. Role of pi-adrenoceptor polymorphisms in
chronic heart failure

Because of the great importance of £1AR in the regu-
lation of heart rate and contractility (2), attempts have
been made to identify possible associations between the
Ser49Gly and Arg389Gly SiAR polymorphisms and
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CHF. However, the studies published so far have not
found an association between Ser49 or Gly49 alleles
and CHF (96) or Arg389 or Gly389 alleles and CHF
(97—-101). Wagoneretal. (99), however, found that
peak oxygen consumption (VO,) during exercise (i.e., a
clinically relevant measure of the capacity of the heart
to increase cardiac output) was significantly lower in
CHF-patients homozygous for Gly389 than in those
homozygous for Arg389. Interestingly, however, Small
etal. (100) recently found that, in African Americans,
the Arg389 genotype in combination with a deletion
polymorphism of the a.cAR, significantly increases the
risk of heart failure. Two studies in patients with dilated
cardiomyopathy found that the Gly49 £,AR variant is
associated with a lower risk of heart failure (102) or a
decreased 5-year mortality risk (96).

4.3. Functional importance of f,-adrenoceptor poly-
morphisms

There are at least three functional important SNPs in
the /AR gene: Argl6Gly, GIn27Glu, and Thrl64lle
(67—-69, 103). In vitro, expressed in CHW-cells, the
functional properties of Gly16 and Glu27 $,AR variants
do not differ from those of wildtype S.AR (WT,
Argl16GIn27Thr164) (104). In contrast, the lle164 ;AR
variant exhibited extensive signaling defects (105).
Thus, isoprenaline, adrenaline, and noradrenaline had a
4-fold lower affinity for Ilel64 S,AR expressed in
CHW-cells than for WT S,AR. Moreover, the Ile164
variant exhibits reduced basal and agonist-induced
activation of adenylyl cyclase and a rightward shift of
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agonist concentration-effect curve, suggesting diminished
S2AR-G-protein interaction (105). In vivo, in transgenic
mice, expressing Ile164 AR specifically in cardio-
myocytes, myocardial basal and isoprenaline-stimulated
adenylyl cyclase activity was lower than in mice over-
expressing Thr164 S,AR (106). In humans, heterozy-
gous for Thr164lle f,AR [homozygous Ile164 variants
are not found in the human population (67 — 69, 103)],
cardiac and venous S,AR responses were blunted com-
pared to subjects carrying homozygous Thr164 f,AR
(Fig. 4) (107 - 110).

In humans, f,AR-agonists increase heart rate and
contractility (2). In general, these SAR mediated
increases in heart rate and contractility did not differ
between WT S,AR subjects and subjects with Argl6Gly
and GIn27Glu f,AR polymorphisms (for a review, see
ref. 103), thus confirming the in vitro data (see above).

In contrast, data obtained on impact of Argl6Gly
and/or GIn27Glu f,AR polymorphisms on vascular
responsiveness are rather controversial. In studies with
healthy subjects, “systemic” application of f,AR-agonists
resulted in larger vasodilation in subjects homozygous
for Argl6 (111 —113), whereas “local” application into
brachial artery or hand vein evoked larger vasodilatory
responses in subjects homozygous for Glyl6 (114 -
116); however, in one study, terbutaline evoked larger
venodilatory effects in subjects homozygous Arglé
(110). The reason for this discrepancy is not well under-
stood; it might be tissue- or agonist- (isoprenaline or
terbutaline) dependent.

Argl6Gly and GIn27Glu S,AR have been suggested
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Fig. 4. Terbutaline-infusion-induced increase in heart rate (left) and contractility (middle, assessed as heart rate-corrected
duration of the electromechanical systole - QS,c) and terbutaline-induced venodilation in phenylephrine-preconstricted dorsal
hand veins (right) in subjects homozygous for Thr164Thr 5,AR or heterozygous for Thr164lle f,AR. Ordinates: left: changes in
heart rate in beats/min (bpm); middle: changes in contractility (shortening of QS,c in —ms); right: reversal of phenylephrine-
induced preconstriction expressed as percentage venodilation Abscissa: dose of terbutaline in ng/kg/min for 15 min each
(left and middle) and in ng/min (right). Means = S.E.M. Modified from Bruck et al., ref. 108 ©2003 and ref. 110 ©2005, with
permission from the American Physiological Society and American Society for Clinical Pharmacology & Therapeutics,

respectively.
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to differ in their susceptibility to agonist-induced
receptor down-regulation. Thus, in vitro studies showed
that the Glyl6 S,AR variant undergoes significantly
enhanced agonist-promoted down-regulation compared
with Argl6 (WT) S,AR. In contrast, the Glu27 f,AR
variant seems to be resistant against agonist-promoted
[AR down-regulation (104). Gly16Glu27 double mutant
receptors, however, demonstrated that Glyl6 effects
dominate over Glu27 effects. These receptors underwent
even greater agonist-promoted down-regulation than
GIn27 B,AR. In contrast, Argl6Glu27 double mutant
P-AR were completely resistant to down-regulation.
However, because of the strong linkage disequilibrium
between codon 16 and codon 27 (117), subjects
homozygous for Glu27 are nearly always homozygous
Glyl16; haplotype Argl6Glu27 occurs naturally,
extremely rare, being present in less than 1% of the
population (67 —69, 103). Thus, in fact position 16
determines the phenotype of the three haplotypes
Argl16GIn27, Gly16GIn27, and Gly16Glu27 with regard
to agonist-induced receptor down-regulation.

We have recently investigated whether in healthy
subjects, cardiac responses to the f>AR-agonist terbuta-
line might desensitize in a /,AR genotype-dependent
manner. For this, we treated subjects for 2 weeks with
3 x 5 mg/day terbutaline orally and determined before
and at the end of treatment terbutaline infusion-induced
increases in heart rate and contractility. Under these
conditions, cardiac f,AR responses to terbutaline were
desensitized; however, the extents of desensitization in
subjects with the three S,AR haplotypes (Argl6GIn27
[WT], Gly16GIn27, or Gly16Glu27) were not signifi-
cantly different (118). Similarly, oral terbutaline-treat-
ment caused also down-regulation of lymphocyte AR
densities in a f,AR genotype-independent manner (119).
These results clearly show that Glu27 resistance against
agonist-promoted down-regulation, initially observed in
vitro (104), does not occur in vivo, very likely because
of the linkage disequilibrium between codon 16 and 27
(117), haplotype Argl6Glu27 (that is in vitro resistant
against down-regulation) is nearly not natively ex-
pressed in humans (see above).

4.4. Role of pr-adrenoceptor polymorphisms in
chronic heart failure

Several association studies have investigated a
possible role of the three f,AR polymorphisms in CHF.
Regarding the Thrl64lle f,AR variant, three studies
showed that the allele frequency of the Ile164 was not
different between CHF-patients and healthy controls
(92, 102, 120). However, Thrl64lle CHF-patients
exhibited during exercise-capacity tests lower peak VO,
than Thr164 CHF-patients (121). Liggettetal. (120)

had previously shown that CHF-patients heterozygous
for the Thr164lle S,AR variant have a worse prognosis
than CHF-patients homozygous for the Thr164 f,AR:
1-year survival, calculated as the proportion of patients
who have not died or have not undergone heart
transplantation, was with 42%, significantly lower in
Thr164lle AR patients than in Thr164Thr AR
patients with 76%. Because of the low frequency of
the Thr164lle S,AR variant in the general population,
these findings were obtained in only 10 out of 259
CHF-patients. We have recently tried to further evaluate
the (patho)physiologic role of the Thr164lle f>,AR in
CHF. For this purpose we hypothesized that, since
Thr164lle S,AR patients undergo rapid progression to
death or heart transplantation (120), the prevalence of
the Thr164lle S,AR variant and the frequency of the
Ile164 allele should be much higher in heart-trans-
planted patients than in patients with stable CHF or
healthy controls. However, we found that the prevalence
of the Thr164lle f,AR variant was in 309 heart-trans-
planted patients (2.3%), not significantly different from
that in 520 patients with stable CHF (1.9%) or 328
healthy controls (2.1%); similarly, the frequency of the
minor Ile164 allele was in heart-transplanted patients
(f(-)=0.0106) not significantly different from that in
CHF-patients (f(—) = 0.0096) or healthy controls (f(—) =
0.0113). Hence, the role of the Thr164lle 5,AR in CHF
remains to be questionable.

Divergent results have been described for Argl6Gly
and GIn27Glu AR variants and CHF. Forleo et al.
(102) found that patients with dilated cardiomyopathy
and homozygous for the Glu27 S,AR variant (and
because of the linkage disequilibrium between codon 16
and codon 27 SNP, homozygous Gly at codon 16) had a
significantly higher risk for heart failure than patients
with the Argl6 and GIn27 S,AR. In this context, it is also
interesting to note that Kaye et al. (122) recently found
that in CHF-patients carrying one or two Glu27 alleles,
significantly more patients (86%) exhibited beneficial
responses to carvedilol (defined as LVEF-improvement
by 10%) than patients homozygous for the GIn27 f,AR
variant (only 50%); thus, those patients carrying the
Glu27 allele, which is speculated to be associated
with heart failure (see above), exhibited much greater
beneficial effects than those patients carrying the GIn27
allele, which is obviously protective against heart
failure. On the other hand, three studies (92, 101, 120)
failed to find any association between Argl6Gly or
GIn27Glu S>AR polymorphisms and CHF.

5. Conclusion

There can be no doubt that in the mammalian heart,
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several AR-subtypes exist that regulate cardiac function.
Among those in the human heart, §;- and ,AR are the
most powerful physiologic mechanism to acutely
increase cardiac performance. In the last several years,
great progress has been made in more precisely defining
the role of SAR in heart failure. Thus, stimulation of
P1AR in heart failure is initially beneficial to the heart
by increasing short-term cardiac performance, but long-
term stimulation (similarly to transgenic overexpres-
sion) of B1AR is detrimental to the heart. While this
seems to be generally accepted, several questions remain
to be resolved: What is the role of 5,AR in heart failure?
Can stimulation of cardiac S,AR evoke beneficial
effects? Is the increase in activity of cardiac Gi-protein
protective or detrimental to the heart? Are changes in
GRK?2 consequences of the chronic SAR stimulation in
heart failure or are they caused by an yet unknown
mechanism? Is the increase in GRK2 detrimental to the
heart or is it a somewhat protective mechanism that,
by further desensitizing cardiac f;AR, may attenuate
harmful effects of chronic fiAR stimulation? Is the
reduction in GRK2-activity evoked by SAR-blocker
treatment part of the beneficial effects of chronic SAR-
blocker treatment in CHF-treatment, or do these GRK2-
changes only secondarily accompany the SAR-blocker
evoked inhibition of fJAR-signalling?

During the last decade, growing evidence has
accumulated that £;- and ;AR genes have genetic poly-
morphisms that are of functional importance. Many
studies investigating possible associations between SAR
genotypes and cardiovascular diseases have been per-
formed; the results are, however, rather inconsistent. At
present, it seems to be clear that SAR polymorphisms do
not play a role as disease-causing genes; however, they
might be risk factors, might modify disease, and/or
might influence progression of disease. In addition, AR
polymorphisms might influence drug responses. Thus,
evidence has accumulated that in patients with chronic
asthma, $,AR polymorphisms appear to influence drug
response (f.AR-agonist treatment), and in long-term
studies, development of f,AR-desensitization (123). In
addition, several studies have recently shown that the
Arg389Gly SiAR polymorphism determines cardio-
vascular responses to SAR-blocker treatment (124).
Further studies have to show whether in fact SAR poly-
morphisms might affect drug responsiveness because
this could lead to a more individualized drug therapy.

Acknowledgments
Part of the authors work cited in this review was

supported by the Deutsche Forschungsgemeinschaft
(Bonn/Germany: grant DFG BR 526/8-1; SFB 598-02,

BR526/8-3, BR526/10-1), the Deutsche Herzstiftung
und the Nationales Genomforschungsnetz (Férderzeichen
01GS0107 to O.-E. B.)

References

1 Bylund DB, Bond RA, Clarke DE, Eikenburg DC, Hieble JP,
Langer SZ, et al. Adrenoceptors. The IUPHAR compendium of
receptor characterization and classification. London: [TUPHAR
Media; 1998, p. 58-74.

2 Brodde O-E, Michel MC. Adrenergic and muscarinic receptors
in the human heart. Pharmacol Rev. 1999;51:651-689.

3 Communal C, Singh K, Sawyer DB, Colucci WS. Opposing
effects of beta(1)- and beta(2)-adrenergic receptors on cardiac
myocyte apoptosis: role of a pertussis toxin-sensitive G-protein.
Circulation. 1999;100:2210-2212.

4 Zaugg M, Xu W, Lucchinetti E, Shafiq SA, Jamali NZ, Siddiqui
MAQ. p-Adrenergic receptor subtypes differentially affect
apoptosis in adult rat ventricular myocytes. Circulation. 2000;
102:344-350.

S5 Zhu W-Z, Zheng M, Koch WJ, Lefkowitz RJ, Kobilka BK, Xiao
R-P. Dual modulation of cell survival and cell death by /-
adrenergic signaling in adult mouse cardiac myocytes. Proc Natl
Acad Sci U S A. 2001;98:1607-1612.

6 Shizukuda Y, Buttrick PM. Subtype specific roles of f-
adrenergic receptors in apoptosis of adult rat ventricular
myocytes. ] Mol Cell Cardiol. 2002;34:823-831.

7 Ponicke K, Heinroth-Hoffmann I, Brodde O-E. Role of f;- and
fr-adrenoceptors in hypertrophic and apoptotic effects of
noradrenaline and adrenaline in adult rat ventricular cardio-
myocytes. Naunyn Schmiedebergs Arch Pharmacol. 2003;367:
592-599.

8 Xiao R-P, Ji X, Lakatta EG. Functional coupling of the f.-
adrenoceptor to a pertussis toxin-sensitive G protein in cardiac
myocytes. Mol Pharmacol. 1995;47:322-329.

9 Xiao R-P, Cheng H, Zhou YY, Kuschel M, Lakatta EG. Recent
advances in cardiac f,-adrenergic signal transduction. Circ Res.
1999;85:1092—-1100.

10 Steinberg SF. The molecular basis for distinct f-adrenergic
receptor subtype action in cardiomyocytes. Circ Res. 1999;85:
1101-1111.

11 Xiao R-P, Zhang S-J, Chakir K, Avdonin P, Zhu W, Bond RA,
et al. Enhanced G; signaling selectively negates f,-adrenergic
receptor (AR)- but not f1-AR-mediated positive inotropic effect
in myocytes from failing rat hearts. Circulation. 2003;108:1633—
1639.

12 Ponicke K, Schliiter K-D, Heinroth-Hoffmann I, Seyfarth T,
Goldberg M, Osten B, et al. Noradrenaline-induced increase in
protein synthesis in adult rat cardiomyocytes: involvement of
aia-adrenoceptors. Naunyn Schmiedebergs Arch Pharmacol.
2001;364:444-453.

13 Ponicke K, Groner F, Heinroth-Hoffmann I, Brodde O-E.
Agonist-specific activation of the f,-adrenoceptor/Gs-protein
and the pr-adrenoceptor/Gi-protein pathway in adult rat
ventricular cardiomoyctyes. Br J Pharmacolol. 2006;147:714—
719.

14 Olivetti G, Abbi R, Quaini F, Kajstura J, Cheng W, Nitahara JA,
et al. Apoptosis in the failing human heart. N Engl J Med.
1997;336:1131-1141.



334

15

16

18

19

20

21

22

23

24

25

26

27

28

29

30

31

O-E Brodde et al

Haunstetter A, Izumo S. Apoptosis: basic mechanisms and
implications for cardiovascular disease. Circ Res. 1998;82:
1111-1129.

Kilts JD, Gerhardt MA, Richardson MD, Sreeram G, Mackensen
GB, Grocott HP, et al. f>,-Adrenergic and several other G pro-
tein-coupled receptors in human atrial membranes activate both
G; and G;. Circ Res. 2000;87:705-709.

Kaumann AJ, Sanders L, Lynham JA, Bartel S, Kuschel M,
Karczewski P, et al. f,-Adrenoceptor activation by zinterol
causes protein phosphorylation, contractile effects and relaxant
effects through a cAMP pathway in human atrium. Mol Cell
Biochem. 1996;163/164:113-123.

Kaumann A, Bartel S, Molenaar P, Sanders L, Burrell K, Vetter
D, et al. Activation of f,-adrenergic receptors hastens relaxation
and mediates phosphorylation of phospholamban, troponin I,
and C-protein in ventricular myocardium from patients with
terminal heart failure. Circulation. 1999;99:65-72.

Molenaar P, Bartel S, Cochrane A, Vetter D, Jalali H, Pohlner P,
et al. Both f,- and Bi-adrenergic receptors mediate hastened
relaxation and phosphorylation of phospholamban and troponin
I in ventricular myocardium of Fallot infants, consistent with
selective coupling of p,-adrenergic receptors to Gg-protein.
Circulation. 2000;102:1814-1821.

Bruck H, Pénicke K, Parduhn T, Leineweber K, Brodde O-E.
Are there differences in fhr-adrenoceptor signaling between
terbutaline and fenoterol in the human heart? [abstract] Naunyn
Schmiedebergs Arch Pharmacol. 2006;372 Suppl 1:R 147.

Gong H, Sun H, Koch WJ, Rau T, Eschenhagen T, Ravens U,
et al. Specific f,AR blocker ICI 118,551 actively decreases
contraction through a Gi-coupled form of the f,AR in myocytes
from failing human heart. Circulation. 2002;105:2497-2503.
Kaumann AJ, Molenaar P. Modulation of human cardiac
function through 4 p-adrenoceptor populations. Naunyn
Schmiedebergs Arch Pharmacol. 1997;355:667—-681.

Lohse MJ, Engelhardt S, Eschenhagen T. What is the role of the
f-adrenergic signaling in heart failure? Circ Res. 2003;93:896—
906.

Gauthier C, Langin D, Balligand JL. f5-Adrenoceptors in the
cardiovascular system. Trends Pharmacol Sci. 2000;21:426-431.
Brodde O-E, Bruck H, Leineweber K, Seyfarth T. Presence,
distribution and physiological function of adrenergic and
muscarinic receptor subtypes in the human heart. Basic Res
Cardiol. 2001;96:528-538.

Molenaar P, Parsonage WA. Fundamental considerations of f-
adrenoceptor subtypes in human heart failure. Trends Pharmacol
Sci. 2005;26:368-374.

Bristow MR, Minobe W, Rasmussen R, Hershberger WE,
Hoffman BB. Alpha-1 adrenergic receptors in the nonfailing and
failing human heart. J Pharmacol Exp Ther. 1988;247:1039—
1045.

Terzic A, Puceat M, Vassort G, Vogel SM. Cardiac a;-adreno-
ceptors:an overview. Pharmacol Rev. 1993;45:147-175.

Benfey DG. Functions of myocardial a-adrenoceptors. J Auton
Pharmacol. 1993;13:351-372.

Li K, He H, Li C, Sirois P, Rouleau JL. Myocardial a;-adreno-
ceptor:inotropic effect and physiologic and pathologic implica-
tions. Life Sci. 1997;60:1305-1318.

Simpson P. Noradrenaline-stimulated hypertrophy of cultured
rat myocardial cells is an alpha 1-adrenergic response. J Clin
Invest. 1983;72:732—738.

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

Schliter K-D, Piper HM. Regulation of growth in the adult
cardiomyocytes. FASEB J. 1999;13 Suppl:S17-S22.

Rump LC, Bohmann C, Schaible U, Schéllhorn J, Limberger N.
axc-Adrenoceptor-modulated release of noradrenaline in human
right atrium. Br J Pharmacol. 1995;116:2617-2624.

Rump LC, Riera-Knorrenschild G, Schwertfeger E, Bohmann C,
Spillner G, Schollmeyer P. Dopaminergic and a-adrenergic
control of neurotransmission in human right atrium. J Cardio-
vasc Pharmacol. 1995;26:462-470.

Minatoguchi S, Ito H, Ishimura K, Watanabe H, Imai Y, Koshiji
M, et al. Modulation of noradrenaline release through pre-
synaptic a,-adrenoceptors in congestive heart failure. Am Heart
J.1995;130:516-521.

Parker JD, Newton GE, Landzberg JS, Floras JS, Colucci WS.
Functional significance of presynaptic a-adrenergic receptors in
failing and nonfailing human left ventricle. Circulation. 1995;92:
1793-1800.

Philipp M, Hein L. Adrenergic receptor knockout mice:distinct
functions of 9 adrenergic receptor subtypes. Pharmacol Ther.
2004;101:65-74.

Port JD, Bristow MR. Altered beta-adrenergic receptor gene
regulation and signaling in chronic heart failure. J Mol Cell
Cardiol. 2001;33:887-905.

Brodde O-E, Leineweber K. Autonomic receptors in the failing
and aging human heart:similarities and differences. Eur J
Pharmacol. 2004;500:167-176.

Seals DR, Esler MD. Human aging and sympathoadrenal
system. J Physiol. 2000;528:407-417.

Francis GS, Cohn JN. The autonomic nervous system in
congestive heart failure. Annu Rev Med. 1986;37:235-247.
Cohn JN, Levine TB, Olivari M, Garberg V, Lura D, Francis GS,
et al. Plasma norepinephrine as a guide to prognosis in patients
with chronic congestive heart failure. N Engl J Med. 1984;305:
185-190.

White M, Roden R, Minobe W, Khan MF, Larrabee P,
Wollmering M, et al. Age-related changes in f-adrenergic neuro-
effector systems in the human heart. Circulation. 1994;90:1225—
1238.

Brodde O-E, Zerkowski H-R, Schranz D, Broede-Sitz A,
Michel-Reher M, Schifer-Beisenbusch E, et al. Age dependent
changes in the pf-adrenoceptor-G-protein(s)-adenylyl cyclase
system in human right atrium. J Cardiovasc Pharmacol. 1995;
26:20-26.

Xiao R-P, Tomhave ED, Wang D-J, Ji X, Boluyt MO, Cheng H,
et al. Age-associated reductions of cardiac f- and f,-adrenergic
responses without changes in inhibitory G proteins or receptor
kinases. J Clin Invest. 1998;101:1273-1282.

El-Armouche A, Zolk O, Rau T, Eschenhagen T. Inhibitory G-
proteins and their role in desensitization of the adenylyl cyclase
pathway in heart failure. Cardiovasc Res. 2003;60:478-487.
Brodde O-E, Michel MC, Zerkowski H-R. Signal transduction
mechanisms controlling cardiac contractility and their alterations
in chronic heart failure. Cardiovasc Res. 1995;30:570-584.

Xiao R-P, Zhu W, Zheng M, Chakir K, Bond RA, Lakatta EG,
et al. Subtype-specific f-adrenoceptor signaling pathways in the
heart and their potential clinical implications. Trends Pharmacol
Sci. 2004;25:358-365.

Ahmet I, Krawczyk M, Heller P, Moon C, Lakatta EG, Talan
MI. Beneficial effects of chronic manipulation of f-adreno-
receptor subtype signaling in rodent dilated ischemic cardio-



50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

Cardiac Adrenoceptors 335

myopathy. Circulation. 2004;110:1083—-1090.

Irmer M, Wollschldger H, Just H. Behandlung der schweren
Herzinsuffizienz mit dem Beta-Stimulator Fenoterol. Kli Wschr.
1981;59:639-645. (in German)

Grimm M, Gsell S, Mittmann C, Nose M, Scholz H, Weil J,
et al. Inactivation of Gj, proteins increases arrhythmogenic
effects of f-adrenergic stimulation in the heart. J Mol Cell
Cardiol. 1998;30:1917-1928.

Eschenhagen T, Mende U, Diederich M, Hertle B,
Memmesheimer C, Pohl A, et al. Chronic treatment with
carbachol sensitizes the myocardium to cAMP-induced arrhyth-
mia. Circulation. 1996;93:763-771.

Penn RB, Pronin AN, Benovic JL. Regulation of G protein-
coupled receptor kinases. Trends Cardiovasc Med. 2000;10:81—
89.

Penela P, Ribas C, Mayor F. Mechanisms of regulation of the
expression and function of G protein-coupled receptor kinases.
Cell Signal. 2003;15:973-981.

Penela P, Murga C, Ribas C, Tutor AS, Peregrin S, Mayor Jr F.
Mechanism of regulation of G protein-coupled receptor kinases
(GRKs) and cardiovascular disease. Cardiovasc Res. 2006;69:
46-56.

Hata JA, Williams ML, Koch WIJ. Genetic manipulation of
myocardial f-adrenergic receptor activation and desensitization.
J Mol Cell Cardiol. 2004;37:11-21.

Ungerer M, Bohm M, Elce JS, Erdmann E, Lohse MJ. Altered
expression of f-adrenergic receptor kinase and f)-adrenergic
receptors in the failing human heart. Circulation. 1993;87:454—
463.

Leineweber K, Klapproth S, Beilfuss A, Silber RE, Heusch G,
Philipp T, et al. Unchanged G-protein-coupled receptor kinase
activity in the aging human heart. J Am Coll Cardiol. 2003;
42:1487-1492.

Leineweber K, Rohe P, BeilfuB3 A, Wolf C, Sporkmann H, Bruck
H, et al. G-Protein-coupled receptor kinase activity in human
heart failure:effects of p-adrenoceptor blockade. Cardiovasc
Res. 2005;66:512-519.

laccarino G, Koch WJ. Therapeutic potential of G protein
coupled receptor kinases in the heart. Expert Opin Investig
Drugs. 1999;8:545-554.

laccarino G, Barbato E, Cipolletta E, De Amicis V, Margulies
KB, Leosco D, et al. Elevated myocardial and lymphocyte
GRK2 expression and activity in human heart failure. Eur
Heart J. 2005;26:1752—1758.

Brodde O-E, Beckeringh JJ, Michel MC. Human heart $-adreno-
ceptors: a fair comparison with lymphocyte f-adrenoceptors?
Trends Pharmacol Sci. 1987;8:403—407.

Brodde O-E, Michel MC, Gordon EP, Sandoval A, Gilbert EM,
Bristow MR. f-Adrenoceptor regulation in the human heart: can
it be monitored in circulating lymphocytes? Eur Heart J. 1989;10
Suppl B:2-10.

Hata JA, Koch WIJ. Phosphorylation of G-protein-coupled
receptors: GPCR kinases in heart disease. Molec Intervent.
2003;3:264-272.

McCudden CR, Hains MD, Kimple RJ, Siderovski DP, Willard
FS. G-protein signaling: back to the future. Cell Mol Life Sci.
2005;62:551-557.

Li Z, Laugwitz K-L, Pinkernell K, Pragst I, Baumgartner C,
Hoffmann E, et al. Effects of two Gg,-binding proteins — N-
terminally truncated phosducin and S-adrenergic receptor kinase

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

C terminus (JARKct) — in heart failure. Gene Therapy. 2003;10:
1354-1361.

Small KM, McGraw DW, Liggett SB. Pharmacology and
physiology of human adrenergic receptor polymorphisms. Annu
Rev Pharmacol Toxicol. 2003;43:381-411.

Kirstein SL, Insel PA. Autonomic nervous system pharmaco-
genomics: a progress report. Pharmacol Rev. 2004;56:31-52.
Leineweber K, Biischer R, Bruck H, Brodde O-E. p-Adreno-
ceptor polymorphisms. Naunyn Schmiedebergs Arch Pharma-
col. 2004;369:1-22.

Levin MC, Marullo S, Muntaner O, Andersson B, Magnusson Y.
The myocardium-protective Gly-49 variant of the f-adrenergic
receptor exhibits constitutive activity and increased desensitiza-
tion and down-regulation. J Biol Chem. 2002;277:30429-30435.
Rathz DA, Brown KM, Kramer LA, Liggett SB. Amino acid 49
polymorphism of the human p-adrenergic receptor affect
agonist-promoted trafficking. J Cardiovasc Pharmacol. 2002;39:
155-160.

Mason DA, Moore JD, Green SA, Liggett SB. A gain-of-func-
tion polymorphism in a G-protein coupling domain of the human
fi-adrenergic receptor. J Biol Chem. 1999;274:12670-12674.
Frielle T, Collins S, Daniel KW, Caron MG, Letkowitz RJ,
Kobilka BK. Cloning of the cDNA for the human f;-adrenergic
receptor. Proc Natl Acad Sci U S A. 1987;84:7920-7924.
Johnson JA, Terra SG. f-Adrenergic receptor polymorphisms:
cardiovascular disease associations and pharmacogenetics.
Pharm Res. 2002;19:1779-1787.

Sandilands A, Yeo G, Brown MJ, O’Shaughnessy KM. Func-
tional responses of human f1 adrenoceptors with defined
haplotypes for the common 389R>G and 49S>G poly-
morphisms. Pharmacogenetcis. 2004;14:343-349.

Molenaar P, Rabnott G, Yang I, Fong KM, Savarimuthu SM, Li
L, et al. Conservation of the cardiostimulant effects of (-)-
norepinephrine accross Ser49Gly and Gly389Arg beta,-
adrenergic receptor polymorphisms in human right atrium in
vitro. J Am Coll Cardiol. 2002;40:1275-1282.

Ryden M, Hoffstedt J, Eriksson P, Bringman S, Arner P. The
Arg389Gly fi-adrenergic receptor gene polymorphism and
human fat cell lipolysis. Int J Obesity. 2001;25:1599—-1603.
Sandilands AJ, O’Shaughnessy KM, Brown MJ. Greater
inotropic and cyclic AMP responses evoked by noradrenaline
through Arg389 pfi-adrenoceptors versus Gly389 fi-adreno-
ceptors in isolated human atrial myocardium. Br J Pharmacol.
2003;138:386-392.

McDevitt DG. In vivo studies on the function of cardiac f-
adrenoceptors in man. Eur Heart J. 1989;10 Suppl B:22-28.

Xie H-G, Dishy V, Sofowora G, Kim RB, Landau R, Smiley
RM, et al. ArgssoGly beta;-adrenoceptor polymorphism varies in
frequency among different ethnic groups but does not alter
response in vivo. Pharmacogenetics. 2001;11:191-197.

Biischer R, Belger H, Eilmes KJ, Tellkamp R, Radke J, Dhein
S, et al. In-vivo studies do not support a major functional role
for the Gly**Arg pi-adrenoceptor polymorphism in humans.
Pharmacogenetics 2001;11:199-205.

Sofowora GG, Dishy V. Muszkat M, Xie HG, Kim RB, Harris
PA, et al. A common fj-adrenergic receptor polymorphism
(Arg389Gly) affects blood pressure response to S-blockade.
Clin Pharmacol Ther. 2003;73:366-371.

Liu J, Liu Z-Q, Tan Z-R, Chen X-P, Wang L-S, Zhou G, et al.
Gly389Arg polymorphism of f;-adrenergic receptor is associated



336

84

85

86

87

88

89

90

91

92

93

94

95

96

97

O-E Brodde et al

with the cardiovascular response to metoprolol. Clin Pharmacol
Ther. 2003;74:372-379.

Leineweber K, Bruck H, Temme T, Heusch G, Philipp T,
Brodde O-E. The Arg389Gly pfi-adrenoceptor polymorphism
does not affect cardiac effects of exercise after parasympathetic
inhibition by atropine. Pharmacogenet Genomics. 2006;16:9—13.
LaRosee K, Huntgeburth M, Rosenkranz S, Bchm M, Schnabel
P. The Arg389Gly fi-adrenoceptor gene polymorphism deter-
mines contractile response to catecholamines. Pharmaco-
genetics. 2004;14:711-716.

Bruck H, Leineweber K, Temme T, Weber M, Heusch G,
Philipp T, et al. The Arg389Gly beta;-adrenoceptor poly-
morphism and catecholamine effects on plasma-renin activity.
J Am Coll Cardiol. 2005;46:2111-2115.

Johnson JA, Zineh I, Puckett BJ, McGorray SP, Yarandi HN,
Pauly DF. f-Adrenergic receptor polymorphisms and anti-
hypertensive response to metoprolol. Clin Pharmacol Ther.
2003;74:44-52.

Terra SG, Pauly DF, Lee CR, Patterson JH, Adams KEF,
Schofield RS, et al. f-Adrenergic receptor polymorphisms and
responses during titration of metoprolol controlled release
/extended release in heart failure. Clin Pharmacol Ther.
2005;77:127-137.

Mialet Perez J, Rathz DA, Petrashevskaya NN, Hahn HS,
Wagoner LE, Schwartz A, et al. fi-Adrenergic receptor poly-
morphisms confer differential function and predisposition to
heart failure. Nature Med. 2003;9:1300-1305.

Terra SG, Hamilton KK, Pauly DF, Lee CR, Patterson JH,
Adams KF, et al. f;-Adenergic receptor polymorphisms and left
ventricular remodeling changes in response to S-blocker therapy.
Pharmacogenet Genomics. 2005;15:227-234.

White HL, De Boer RA, Magbool A, Greenwood D, Van
Veldhuisen DJ, Cuthbert R, et al. on behalf of the MERIT-HF
Study Group. An evaluation of the beta-1 adrenergic receptor
Arg389Gly polymorphism in individuals with heart failure: a
MERIT-HF sub-study. Eur J Heart Failure. 2003;5:463—468.

De Groote P, Helbecque N, Lamblin N, Hermant X, McFadden
E, Foucher-Hossein C, et al. Association between beta-1 and
beta-2 adrenergic receptor gene polymorphisms and the response
to beta-blockade in patients with stable congestive heart failure.
Pharmacogenet Genomics. 2005;15:137-142.

Magnusson Y, Levin MC, Eggertsen R, Nystrom E, Mobini R,
Schaufelberger M, et al. Ser49Gly of f-adrenergic receptor is
associated with effective f-blocker dose in dilated cardio-
myopathy. Clin Pharmacol Ther. 2005;78:221-231.
Cruickshank JM, Prichard BNC, Beta-blockers in clinical
practice. Chapter 4. Hypertension. London: Churchill Living-
stone; 1994. p. 360-367.

Van Baak MA, Struyker-Boudier HAJ, Smits JFM. Antihyper-
tensive mechanisms of beta-adrenoceptor blockade: a review.
Clin Exp Hypertens. 1985;A7:1-72.

Borjesson M, Magnusson Y, Hjalmarson A, Andersson B. A
novel polymorphism in the gene coding for the beta;-adrenergic
receptor associated with survival in patients with heart failure.
Eur Heart J. 2000;21:1853-1858.

Tesson F, Charron P, Peuchmaurd M, Nicaud V, Cambien F,
Tiret L, et al. for the CARDIGENE Group. Characterization of a
unique genetic variant of the f-adrenoceptor gene and evalua-
tion of its role in idiopathic dilated cardiomyopathy. J Mol Cell
Cardiol. 1999;31:1025-1032.

98 Iwai C, Akita H, Shiga N, Takai E, Miyamoto Y, Shimizu M,
et al. Suppressive effect of the Gly389 allele of the betal-
adrenergic receptor gene on the occurrence of ventricular
tachycardia in dilated cardiomyopathy. Circ J. 2002;66:723-728.

99 Wagoner LE, Craft LL, Zengel P, McGuire N, Rathz DA, Dorn
GW 2nd, et al. Polymorphisms of the f;-adrenergic receptor
predict exercise capacity in heart failure. Am Heart J. 2002;144:
840-846.

100 Small KM, Wagoner LE, Levin AM, Kardia SLR, Liggett SB.
Synergistic polymorphisms of fi- and axc-adrenergic receptors
and the risk of congestive heart failure. N Engl J Med. 2002;
347:1135-1142.

101 Covolo L, Gelatti U, Metra M, Nodari S, Picciche A, Pezzali N,
et al. Role of ;- and f,-adrenoceptor polymorphisms in heart
failure: a case control study. Eur Heart J. 2004;25:1534—1541.

102 Forleo C, Resta N, Sorrentino S, Guida P, Manghisi A, De Luca
V, et al. Association of f-adrenergic receptor polymorphisms
and progression of heart failure in patients with idiopathic
dilated cardiomyopathy. Am J Med. 2004;117:451-458.

103 Brodde O-E, Leineweber K. fr-Adrenoceptor gene poly-
morphisms. Pharmacogenet Genomics. 2005;15:267-275.

104 Green SA, Turki J, Innes M, Liggett SB. Amino-terminal poly-
morphisms of the human fr-adrenergic receptor impart distinct
agonist-promoted regulatory properties. Biochemistry. 1994;33:
9414-9419.

105 Green SA, Cole G, Jacinto M, Innes M, Liggett SB. A poly-
morphism of the human f»-adrenergic receptor within the fourth
transmembrane domain alters ligand binding and functional
properties of the receptor. J Biol Chem. 1993;268:23116-23121.

106 Turki J, Lorenz JN, Green SA, Donnelly ET, Jacinto M, Liggett
SB. Myocardial signaling defects and impaired cardiac function
of a human f,-adrenergic receptor polymorphism expressed in
transgenic mice. Proc Natl Acad Sci US A. 1996;93:10483—
10488.

107 Brodde O-E, Biischer R, Tellkamp R, Radke J, Dhein S, Insel
PA. Blunted cardiac responses to receptor activation in subjects
with Thr164lle fr-adrenoceptors. Circulation. 2001;103:1048—
1050.

108 Bruck H, Leineweber K, Ulrich A, Radke J, Heusch G, Philipp
T, et al. Thr164lle polymorphism of the human f,-adrenoceptor
exhibits blunted desensitization of cardiac functional responses
in vivo. Am J Physiol Heart Circ Physiol. 2003;285:H2034—
H2038.

109 Dishy V, Landau R, Sofowora G, Xie H-G, Smiley RM,
Kim RB, et al. f-Adrenoceptor Thr164lle polymorphism is
associated with markedly decreased vasodilator and increased
vasoconstrictor sensitivity in vivo. Pharmacogenetics. 2004;14:
517-522.

110 Bruck H, Leineweber K, Park J, Weber M, Heusch G, Philipp
T, et al. Human p,-adrenergic receptor gene haplotypes and
venodilation in vivo. Clin Pharmacol Ther. 2005;78:232-238.

111 Gratze G, Fortin J, Labugger R, Binder A, Kotanko P,
Timmermann B, et al. Beta-2 adrenergic receptor variants affect
resting blood pessure and agonist-induced vasodilation in young
adult Caucasians. Hypertension. 1999;33:1425-1430.

112 Hoit BD, Suresh DP, Craft L, Walsh RA, Liggett SB. Beta2-
adrenergic receptor polymorphisms at amino acid 16 differen-
tially influence agonist-stimulated blood pressure and peripheral
blood flow in normal individuals. Am Heart J. 2000;139:537—
542.



Cardiac Adrenoceptors 337

113 Snapir A, Koskenvuo J, Toikka J, Orho-Melander M, Hinkka
SS, Saraste M, et al. Effects of common polymorphisms in
the aia-, op-, fi- and pr-adrenoreceptors on haemodynamic
responses to adrenaline. Clin Sci. 2003;104:509-520.

114 Cockroft JR, Gazis AG, Cross DJ, Wheatley A, Dewar J, Hall
IP, et al. f>-Adrenoceptor polymorphism determines vascular
reactivity in humans. Hypertension. 2000;36:371-375.

115 Dishy V, Sofowora GG, Xie HG, Kim RB, Byrne DW, Stein
CM, et al. The effect of common polymorphisms of the beta2-
adrenergic receptor on agonist-mediated vascular desensitiza-
tion. N Engl J Med. 2001;345:1030-1035.

116 Garovic VD, Joyner MJ, Dietz NM, Boerwinkle E, Turner ST.
f--Adrenergic receptor polymorphism and nitric oxide-depen-
dent forearm blood flow responses to isoproterenol in humans.
J Physiol. 2003;546.2:583-589.

117 Dewar JC, Wheatley AP, Venn A, Morrison JF, Britton J,
Hall IP. f,-Adrenoceptor polymorphisms are in linkage dis-
equilibrium, but are not associated with asthma in an adult
population. Clin Exp Allergy. 1998;28:442-448.

118 Bruck H, Leineweber K, Biischer R, Ulrich A, Radke J, Insel
PA, et al. The GIn*’Glu f,-adrenoceptor polymorphism slows the
onset of desensitization of cardiac functional responses in vivo.
Pharmacogenetics. 2003;13:59-66.

119 Bruck H, Leineweber K, Beilful A, Weber M, Heusch G,

Philipp T, et al. Genotype-dependent time course of lymphocyte
[r-adrenergic receptor down-regulation. Clin Pharmacol Ther.
2003;74:253-263.

120 Liggett SB, Wagoner LE, Craft LL, Hornung RW, Hoit BD,
Mclntosh TC, et al. The llel64 p,-adrenergic receptor poly-
morphism adversely affects the outcome of congestive heart
failure. J Clin Invest. 1998;102:1534-1539.

121 Wagoner LE, Craft LL, Singh B, Suresh DP, Zengel PW,
McGuire N, et al. Polymorphisms of the f»-adrenergic receptor
determine exercise capacity in patients with heart failure. Circ
Res. 2000;86:834-840.

122 Kaye DM, Smirk B, Williams C, Jennings G, Esler M, Host D.
p-Adrenoceptor genotype influences the response to carvedilol
in patients with congestive heart failure. Pharmacogenetics.
2003;13:379-382.

123 Israel E, Chinchilli VM, Boushey HA, Cherniack R, Craig TJ,
Deykin A, et al. for the National Heart, Lung, and Blood
Institute’s Asthma Clinical Research Network. Use if regularly
scheduled albuterol treatment in asthma: genotype-stratified,
randomized, placebo-controlled cross-over trial. Lancet. 2004;
364:1505-1512.

124 Brodde O-E, Stein CM. The Gly389Arg f;-adrenergic receptor
polymorphism: a predictor of response to f-blocker treatment?
[Commentary] Clin Pharmacol Ther. 2003;74:299-302.



