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Abstract Recent studies showed that chronic β-adreno-
ceptor (AR) blocker treatment exerts beneficial effects in
patients with chronic heart failure (CHF). In CHF,
sympathetic drive to the heart is increased, and this causes
pathological changes in cardiac β-AR-G-protein(s)-
adenylyl cyclase system: Cardiac β-1 AR are decreased,
and amount and activity of cardiac Gi-protein and G-
protein-coupled receptor kinase (GRK) are increased
resulting in diminished cardiac β-AR functional respon-
siveness. One possible mechanism of beneficial effects of
β-AR blockers could be that they prevent adverse effects of
increased sympathetic activity and up-regulate cardiac (and
vascular) β-AR density, and by this, enhance β-AR-
mediated effects. Another possibility could be that chronic
β-AR blocker treatment normalizes activity of Gi-protein
and may thereby restore β-AR functional responsiveness.
Moreover, failing human heart exhibits an inverse force–
frequency relationship. β-AR blockers reduce heart rate;
this may, therefore, improve force of contraction. One of
the strongest stimuli to activate GRK is increased sympa-
thetic activity (as in CHF) via β-AR stimulation. β-AR
blockers, by blocking β-AR, can prevent GRK activation
and/or can reduce the (previously enhanced) GRK activity,
and this might—at least partly—contribute to beneficial
effects of β-AR blockers in CHF treatment. Finally, the
“loss-of-function” Arg389Gly β-1 AR polymorphism
seems to determine heart rate and blood pressure responses

to β-1 AR blocker administration: Arg389Arg β-1 AR
subjects exhibit stronger effects than subjects with one or
two Gly389 alleles. Thus, it might be predicted that patients
homozygous Arg389 β-1 AR should be good responders,
whereas patients homozygous Gly389 β-1 AR polymor-
phism should be poor or non-responders.
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Introduction

The endogenous catecholamines noradrenaline and adren-
aline, the transmitter of the sympathetic nervous system,
evoke their biological effects through stimulation of
specific membrane-bound receptors, the “adrenoceptors”.
The subclassification of adrenoceptors (AR) into the
subtypes α and β was initially introduced into the
pharmacology of the sympathetic nervous system in 1948
by Ahlquist (1948) to explain the differences in action of
noradrenaline and adrenaline. With the development of new
and more specific drugs, it rapidly became apparent that
both α- and β-AR can be subdivided into at least two
subtypes: α-AR in the subtypes α-1 and α-2 (Langer 1974;
Starke 1977), β-AR into the subtypes β-1 and β-2 (Lands
et al. 1967). In the last 10 years, with the introduction of
molecular biology techniques into pharmacology, further
AR subtypes have been introduced. At present, for each α-
1, α-2 and β-AR, three subtypes have been identified
pharmacologically and through molecular cloning: α-1A,
α-1B and α-1D; α-2A, α2-B and α-2C; β-1, β-2 and β-3
AR (Bylund et al. 1994).

The most important α-AR-mediated physiological effects
of catecholamines are vasoconstriction (via postsynaptic α-1
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and α-2 AR stimulation) and feedback regulation of
sympathetic nerve stimulation-induced release of catechol-
amines from sympathetic nerve endings (via presynaptic α-2
AR stimulation). The most important β-1 AR-mediated
effects of catecholamines are their effects on the heart,
lipolysis and regulation of renin release (and by this
activation of the renin-angiotensin-aldosteron system); the
most important β-2 AR-mediated effects of the catechol-
amines are bronchodilation, relaxation of uterine and
vascular smooth muscles and glycogenolysis. The endoge-
nous catecholamines noradrenaline and adrenaline are
equipotent at β-1 AR (i.e. the same concentration of
catecholamine evokes nearly the same effect), whereas at
β-2 AR adrenaline is 10–30 times more potent than
noradrenaline. In addition, it should be emphasized that the
organ-specific subclassification of β-AR into cardiac β-1
and vascular and bronchial smooth muscle β-2 AR is an
oversimplification: It soon became apparent, and is now
generally accepted, that in a variety of tissues, β-1 and β-2
AR coexist, whereby normally one subtype predominates.
This holds true also for the human heart where β-1 and β-2
AR coexist; both subtypes can mediate positive inotropic
and chronotropic effects, but the effects via cardiac β-1 AR
stimulation predominate under physiological conditions
(Brodde and Michel 1999).

β-AR blockers (β-AR antagonists) are compounds that
bind to β-AR but—in contrast to β-AR agonists—do not
evoke physiological effects but inhibit the effects of β-AR
agonists (endogenously released or exogenously applied)
by competing with the agonist for the binding site at the β-
AR. Thus, in the presence of a β-AR blocker, the dose-
response curve for the agonist is shifted to the right so that
any tissue response requires a higher agonist concentration.
The effects of β-AR blockers can be overcome by
increasing the concentration of the agonist—a characteristic
of a “competitive antagonism”.

As mentioned above, β-AR are involved in manifold
effects of the sympathetic nervous system; in addition, an
increased activity of the sympathetic nervous system plays

an important role in various cardiovascular diseases
(hypertension, coronary artery disease, ventricular and
supraventricular arrhythmias, chronic heart failure [CHF]).
Thus, it is quite understandable that β-AR blockers play an
important therapeutic role in treatment of these diseases.

Principally, β-AR blockers can be classified into three
classes/generations (Bristow 2000); some examples for
each class/generation are given in Table 1.

“First class/generation” β-AR blockers are drugs that
have the same affinities at β-1 and β-2 AR—“nonselective
β-AR blockers”. Propranolol was the first β-AR blocker
introduced for the treatment of angina (Black et al. 1964).
Propranolol is a nonselective β-1 and β-2 AR antagonist,
and because the vast majority of development work in
various clinical indications was performed with propranol-
ol, it is the drug with the most accumulated clinical
experience. Examples for other nonselective β-AR blockers
are nadolol or timolol.

“Second class/generation” β-AR blockers are drugs that
have a higher affinity at β-1 than at β-2 AR—however, it
should be emphasized that this β-1 AR selectivity is always
relative and is lost with higher doses (as discussed above, in
many human tissues, the heart included, β-1 and β-2 AR
coexist—thus, the term “cardioselective β-AR blocker” is
not correct; the appropriate term would be β-1 AR selective
blocker). Nevertheless, the β-1 AR selectivity is, for the
most clinical indications of β-AR blockers, a beneficial
property because in therapeutic (low) doses, effects via β-2
AR stimulation (vasodilation, bronchodilation, glycogenol-
ysis) should not be affected. Therefore, during treatment
with a β-1 AR selective blocker, less vasoconstriction,
bronchoconstriction and (in patients with diabetes mellitus)
hypoglycemias should occur.

However, generally, the use of β-1 AR selective block-
ers should be avoided in patients with asthma bronchiale,
although it has been shown that patients with chronic
obstructive pulmonary diseases and cardiovascular diseases
benefit from β-1 AR selective blocker treatment very
similar as patients with cardiovascular diseases without

Table 1 Classification of β-AR blockers

Classification β-AR blockers

First generation β-1 and β-2 AR nonselective, no additional vasodilating activity (propranolol, nadolol, timolol)
Second generation β-1 (or β-2a) AR selective, no additional vasodilating activity (atenolol, bisoprolol, metoprolol)
Third generation β-1 and β-2 AR nonselective or β-1 AR selective with additional vasodilating activity

Carvedilol nonselective, vasodilation via α-1 AR blockade
Bucindolol nonselective, vasodilation via α-1 AR blockade
Celiprolol β-1 AR selective, vasodilation via β-2 AR agonism
Nebivolol β-1 AR selective, vasodilation via the L-arginine/NO-system

It should be mentioned that some β-AR blockers (for example pindolol, acebutolol, oxprenolol) do not only evoke antagonistic effects at the β-
AR but they also possess a certain degree of partial agonistic activity, β-AR blockers with ISA. However, for most of the clinical indications of
the β-AR blockers, the ISA is not desirable.

aβ-2 AR selective: ICI 118,551 but not in use for humans
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airway disease (Gottlieb et al. 1998). In addition, broncho-
constriction occurring during treatment with β-1 AR
selective blockers can be better overcome with β-2 AR
mimetics than bronchoconstriction induced by treatment
with a nonselective β-AR blocker.

“Third class/generation” β-AR blockers are drugs with
additional vasodilating properties (Table 1). The vaso-
dilating effects of carvedilol and bucindolol are likely due
to their α-1 AR blocking activity, that of celiprolol is
brought about by its β-2 AR agonistic activity, and that of
nebivolol appears to be due to its NO-releasing effect from
the endothelium.

Effects of chronic β-adrenoceptor blocker treatment
on the cardiac β-adrenoceptor-G-protein(s)-adenylyl
cyclase system in chronic heart failure

It is now generally accepted that chronic β-AR blocker
treatment exerts beneficial effects in patients with coronary
artery disease and hypertension; recent studies have shown
that they are also quite effective in treatment of CHF
patients (Bristow 2000).

In the following, a possible role of changes in the cardiac
β-AR-G-protein(s)-adenylyl cyclase system as one reason
for the beneficial effects of chronic β-AR blocker treatment
in CHF is discussed.

In heart failure, sympathetic activity is increased. Thus,
numerous studies have shown that plasma noradrenaline
levels are elevated in CHF patients (Cohn 1990). The
increase in plasma noradrenaline levels, that has been taken
as a guide to prognosis for these patients (Cohn et al. 1984),
is caused by an enhanced cardiac noradrenaline spillover
due to the increased sympathetic drive to the heart (for
review, see Esler et al. 1997) and a decreased activity and
density of the neuronal noradrenaline re-uptake transporter
(uptake1; Böhm et al. 1995; Eisenhofer et al. 1996).
Accordingly, myocardial catecholamine stores are depleted
in CHF patients (Chidsey and Braunwald 1966). Thus, in
CHF, cardiac β-AR are chronically activated by the
increased sympathetic activity (i.e. increased catecholamine
concentrations). This leads to a decrease in cardiac β-AR,
the most powerful physiologic mechanism to acutely
augment contractility (and heart rate) in the human heart
(Brodde et al. 1995).

Since the original findings of Bristow et al. (1982), that
in the severely failing human heart, β-AR are decreased,
numerous studies on alterations of the β-AR system in the
failing human heart have been performed. It is now
generally accepted that, in the failing human heart, β-1
AR are decreased, β-2 AR may or may not be decreased
but are uncoupled from the effector system adenylyl
cyclase, the amount and activity of Gs-protein is un-

changed, the amount and activity of Gi-protein is increased
as is the amount and activity of the G-protein-coupled
receptor kinase (GRK); on the other hand, activities of
adenylyl cyclase and protein kinase A are unchanged (for
reviews, see Brodde and Michel 1999; Port and Bristow
2001; Lohse et al. 2003). The consequence of these changes
is a reduction in cardiac β-AR functional responsiveness.
However, in heart failure, not only functional responsive-
ness of β-1 and β-2 AR but also that of all receptors
coupled to the Gs-protein (histamine H2 receptors, serotonin
5-HT4 receptors) are diminished (for references, see Brodde
and Leineweber 2004) presumably by the increase in the
inhibitory G-protein Gi that might impair cyclic adenosine
monophosphate (AMP) formation. In fact, it has recently
been shown that increases in Gi-protein can suppress
receptor-mediated activation of adenylyl cyclase (for
references, see El-Armouche et al. 2003). Taken together,
in the failing human heart, responses to all receptors that
involve increases in the intracellular level of cyclic AMP
appear to be diminished.

It should be mentioned, however, that recently, Brattelid
et al. (2004) observed that, in failing human ventricular
myocardium, phosphodiesterase inhibition (by 3-isobutyl-
1-methyl-xanthine [IBMX]) uncovers functional 5-HT4

receptors mediating increases in force of contraction,
whereas non-failing human ventricular myocardium
appears to lack those functional 5-HT4 receptors (for
references, see Brodde et al. 1995).

Effects on β-adrenoceptor density

One possible mechanism of beneficial effects of β-AR
blockers could be that they can up-regulate cardiac (and
vascular) β-AR density, and by this, can enhance β-AR-
mediated effects. This has been initially shown in the rat
where chronically administered propranolol increased β-
AR density in heart, lung and circulating lymphocytes
(Aarons and Molinoff 1982). Studies in humans, by using
circulating lymphocytes containing a homogeneous popu-
lation of β-2 AR, have confirmed these findings: Chronic
treatment of healthy volunteers with propranolol signifi-
cantly increased lymphocyte β-2 AR (for references, see
Brodde and Wang 1988). After withdrawal of propranolol,
β-2 AR density declined slowly and was still increased for
further 3–4 days, although no propranolol was detectable in
plasma after 24 h (Fig. 1). Thus, for 3–4 days, there is an
increased β-AR density not protected by the β-AR blocker;
this could well be the reason for the often observed β-AR
supersensitivity after abrupt propranolol withdrawal.

Subsequently, also in human heart and vascular tissue,
β-AR up-regulation by chronic β-AR blocker treatment
could be demonstrated. In atrial tissue from patients
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undergoing coronary artery bypass grafting (CABG) and
chronically treated with the nonselective β-AR blocker
propranolol and sotalol and with the β-1 AR selective
blockers metoprolol, atenolol and bisoprolol, β-AR density
was significantly higher than in patients not treated with β-
AR blockers. Moreover, it was also found that β-AR
blockers up-regulate β-AR density obviously in a β-AR
subtype-selective manner. Only in patients treated with the
β-1 and β-2 AR nonselective blocker propranolol right
atrial β-1 and β-2 AR density was increased, whereas in
patients treated with the β-1 AR selective blockers, only
right atrial β-1 AR but not β-2 AR density was increased.
Similar findings were also obtained for human saphenous
vein and lymphocyte β-2 AR: only propranolol increased
β-2 AR density, whereas atenolol, metoprolol or bisoprolol
did not (Fig. 2; for references, see Brodde et al. 1990).

As discussed above, a general feature of CHF patients is a
reduced cardiac β-AR density (for reviews, see Brodde and
Michel 1999; Lohse et al. 2003; Brodde and Leineweber
2004). Because the human heart contains only a few spare
β-AR (for references, see Brodde 1993), any decrease in
number of available surface receptors must automatically
lead to a decreased functional response. Thus, a β-AR
blocker-evoked up-regulation would be helpful in restoring
maximal contractile responses to β-AR stimulation. In fact,
some β-1 AR blockers such as metoprolol or bisoprolol
have been shown to up-regulate β-AR in the heart of
patients with CHF (Gilbert et al. 1996; Heilbrunn et al.
1989; Sigmund et al. 1996; Waagstein et al. 1989).
Interestingly, several studies in patients with coronary
artery disease have shown that chronic treatment with β-1
AR selective blockers such as metoprolol, atenolol or
bisoprolol sensitizes cardiac β-2 AR function in vitro (Hall
et al. 1990; Motomura et al. 1990) and in vivo (Hall et al.
1991). Whether this occurs also in CHF patients and
whether this may contribute to the beneficial effects of β-
1 AR blockers in these patients is still a matter of debate. It

is also not known which mechanism underlies this “cross-
talk” between human cardiac β-1 and β-2 AR.

It is, however, very interesting to note that such a β-AR
up-regulation has, up to now, only been found for “first and
second generation” β-AR blockers, whereas the “third
generation” β-AR blocker carvedilol did not up-regulate
cardiac β-AR in CHF patients, although it was as effective
as metoprolol in improving cardiac performance in these
patients (Gilbert et al. 1996). Similarly, also the “third
generation” β-AR blocker bucindolol did not up-regulate
cardiac β-AR in CHF patients (Bristow 2000).

On the other hand, no data are known on the effects of
nebivolol, another “third generation” β-AR blocker (see
Table 1), on cardiac β-AR. Thus, it is not known at present
whether or not the lack of effect on cardiac β-AR density of
carvedilol and bucindolol is a “third generation” β-AR
blocker “class effect”. However, alternative explanations do
exist: It has been recently shown that carvedilol binds very
firmly to β-AR, and it is extremely difficult to remove
carvedilol, once bound to the β-AR, from the binding site
(Kindermann et al. 2004). Thus, it is well possible that such
firmly bound carvedilol may mask increases in β-AR. On
the other hand, for bucindolol, several authors have found
that it exerts partial intrinsic sympathomimetic activity
(ISA) in the human myocardium (Maack et al. 2000, 2003;
Andreka et al. 2002). Previous studies had shown, however,
that β-AR blockers with intrinsic sympathomimetic activity
decrease cardiac β-AR density (Michel et al. 1988), and
this would explain the lack of cardiac β-AR up-regulation
during chronic bucindolol treatment.

Effects on Gi-proteins

Chronic activation of cardiac β-AR by β-AR agonists
(either exogenously administered or endogenously released)
is accompanied by increases in the amount and/or activity

Fig. 1 Effects of propranolol
(4×40 mg/day) on lymphocyte
β2-AR density in six male vol-
unteers. Ordinate, left lympho-
cyte β2-AR density in ICYP
binding sites/cell; right plasma
propranolol levels in ng/ml.
Solid horizontal line and broken
lines mean±SEM of lymphocyte
pre-drug β2-AR density. Ab-
scissa days of study. *P<0.05
vs pre-drug levels. Modified
from Brodde et al. (1985)
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of the inhibitory G-protein Gi (for review, El-Armouche et
al. 2003). Thus, β-AR blocker, by inhibiting β-AR
activation, could prevent Gi-activation or reduce an already
enhanced Gi-activity. Indeed, in patients with congestive
heart failure, it has been shown that chronic treatment with
metoprolol led to a significant reduction in the amount of
Gi (Sigmund et al. 1996).

In this context, it should be mentioned that the role of
increases in cardiac Gi-protein in CHF is still a matter of
debate. On the one side, it could cause impairment of cyclic
AMP formation and by this attenuation of positive inotropic
effects evoked by stimulation of β-1 and β-2 AR (and of all
other Gs-protein-coupled receptors, see above). This might
be detrimental to the heart because the β-AR-G-protein(s)-
adenylyl cyclase system is the most powerful physiologic
mechanism in the human heart to acutely increase myocar-
dial performance (Brodde et al. 1995). On the other hand, it
could be protective to the heart because it could augment
antiapoptotic effects. Recent studies had shown that, at least
in rat cardiomyocytes, cardiac β-AR stimulation does not
only evoke chrono- and inotropic effects but can also affect
apoptosis with β-1 AR (via the Gs-protein) inducing
proapoptotic effects and β-2 AR (via the Gi-protein)
inducing antiapoptotic effects (Communal et al. 1999; Xiao
et al. 2004). If this would occur also in the human heart, the
increase in Gi-protein in CHF should promote antiapoptosis.

Moreover, studies in rats had shown that Gi-protein
appears to be involved in catecholamine-induced arrhyth-
mias. Thus, inactivation of Gi-protein by pertussis toxin
treatment in rats led to a marked increase in the arrhythmo-
genic effects of isoprenaline (Grimm et al. 1998). On the
other hand, chronic treatment of rats with isoprenaline
caused decreases in β-AR and increases in Gi-protein, and
this was accompanied by a marked decrease in isoprena-
line- or forskolin-induced arrhythmias (Eschenhagen et al.
1996). Taken together, these data are in favour of the idea
that the increase in cardiac Gi-protein might protect the
heart against catecholamine-induced arrhythmias.

Effects on force–frequency relationship

One of the most striking effects of a β-AR blocker treatment
is a decrease in heart rate; this is the desired effect in
treatment of patients with coronary artery disease. However,
such a heart rate-decreasing effect of β-AR blockers could
also contribute to their beneficial effects in CHF patients. In
normal human subjects, increases in heart rate lead to
enhanced left ventricular force of contraction (positive
force–frequency relationship, “Bowditch-Treppe phenome-
non”; Bowditch 1871) and this positive force–frequency
effect is enhanced by β-AR stimulation (Bhargava et al.

Fig. 2 Effect of chronic β-AR blocker treatment on right atrial and
saphenous vein β-AR in patients undergoing coronary artery bypass
surgery. Ordinates (from left to right) right atrial total β-AR density,
β1-AR density and β2-AR density in fmol ICYP specifically bound/
mg protein; saphenous vein β2-AR density in fmol [125I] iodopindolol
(IPIN) specifically bound/mg protein. Numbers at the bottom of the

column number of patients studied. NS β-Blocker patients treated with
nonselective β-AR blocker propranolol and sotalol; β1-Blocker
patients treated with the β1-AR selective blocker metoprolol, atenolol
and bisoprolol. Modified from Michel et al. (1988) and Brodde et al.
(1989)
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1998). CHF patients show marked reduction in the positive
force–frequency relationship (for references, see Just 1996)
and no augmentation by β-AR stimulation (Bhargava et al.
1998). β-AR blockers decrease heart rate; this might shift
the force–frequency relationship towards lower rates of
beating and, by this, may improve force of contraction in
CHF patients.

It should be, however, mentioned that the heart rate-
lowering effects of the β-AR blockers occur very fast,
whereas the clinical effects in CHF (improvement of left
ventricular ejection fraction [LVED]) develop very slowly.

Effects on G-protein-coupled receptor kinase activity

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 Gs-adenylyl cyclase system and, finally,
to a decrease in β-AR responses to agonist stimulation. In
the heart, three GRK isoforms are expressed: GRK2 (or
βARK1), GRK3 and GRK5, whereby GRK2 is the most
abundant isoform (Penn et al. 2000). Several studies have
demonstrated that one of the strongest stimuli to activate
GRK2 is increased sympathetic activity via β-AR stimula-
tion, whereas α-1 AR stimulation appears not to activate
GRK2 (Iaccarino et al. 1998; Penela et al. 2003, 2006). As
discussed above, in CHF, sympathetic activity is increased;
accordingly, it could be expected that activity of GRK2 is
increased. This has in fact been shown for cardiac GRK in
patients with end-stage heart failure (Ungerer et al. 1993;
Leineweber et al. 2003, 2005). Studies, mainly in transgenic
mice, have shown that such an increase in the activity of

GRK2 is obviously associated with a decrease in contractile
force, and this can be restored by inhibition of GRK2 (Hata et
al. 2004). Because β-AR stimulation is strongly linked to
GRK2 activation, it could be expected that β-AR blockers
should prevent GRK increases and/or should decrease an
already increased GRK2 activity. In fact, in vivo studies in
pigs have shown that treatment with the β-1 AR blocker
bisoprolol causes down-regulation of GRK2 (Ping et al.
1995); similarly, in mice, treatment with the β-AR blockers
atenolol or carvedilol decreased GRK2 activity (Iaccarino et
al. 1998). We have recently shown that this appears to be
true also for human cardiac GRK2: In patients with different
degrees of CHF treated with the β-1 AR blockers metoprolol
or bisoprolol, right atrial GRK2 activity was, in each New
York Heart Association (NYHA) class, lower than in patients
not treated with β-AR blockers (Fig. 3). Thus, it could be
that the ability of β-AR blockers to prevent activation of
GRK2 or to reduce the (in CHF enhanced) activity of GRK2
might—at least partly—contribute to the beneficial effects of
β-AR blockers in treatment of CHF.

Possible role of β-1 adrenoceptor polymorphisms

Recent studies have shown that β-1 AR are polymorphic;
there are at least two functionally important single
nucleotide polymorphisms (SNPs) in the β-1 AR gene: at
position 49 in the extracellular amino-terminus of the β-1
AR, Ser is substituted by Gly (Ser49Gly), and at position
389 in the intracellular carboxy-terminus, Arg is substituted
by Gly (Arg389Gly). The Ser49Gly polymorphism of the
β-1 AR affects the extent in agonist-induced down-
regulation with Gly49 undergoing much more rapid
down-regulation than Ser49. The Arg389Gly β-1 AR is a

Fig. 3 Effect of long-term β-
AR blocker treatment (with
metoprolol or bisoprolol) on
right atrial GRK activity in
patients with different degrees of
heart failure. Ordinate GRK
activity in cpm [32P] rhodopsin/
mg protein. Numbers at the
bottom of the column number of
patients studied. Modified from
Leineweber et al. (2005)
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“loss-of-function” polymorphism with the Arg389 β-1 AR
exhibiting a three- to fourfold higher isoprenaline-stimulat-
ed adenylyl cyclase activity than the Gly389 β-1 AR
variant due to a better coupling of the Arg389 to Gs-protein
than the Gly389 β-1 AR variant (for recent reviews, see
Small et al. 2003; Leineweber et al. 2004; Kirstein and
Insel 2004; Brodde et al. 2006).

Between codon 49 and 389 SNPs of the β-1 AR, a strong
linkage disequilibrium exists. Thus, subjects homozygous for
the Gly49 variant are nearly always homozygous for the
Arg389 variant, and vice versa; subjects homozygous for the
Gly389 variant are nearly always homozygous for the Ser49
variant, whereas the combination Gly49Gly389 appears not to
occur natively (Johnson and Terra 2002). Moreover, codon
49 SNP appears to modulate functional responsiveness of
codon 389 SNP: In vitro in HEK293 cells stably transfected
with different β-1 AR haplotypes, isoprenaline evoked
maximal cyclic AMP generation with a haplotype order
Gly49Arg389>Ser49Arg389>>Ser49Gly389 (Sandilands et
al. 2004).

Several studies have investigated possible associations
between the β-1 AR polymorphisms and cardiovascular
diseases. Data obtained, however, are rather inconsistent; at
present, it seems to be clear that these β-1 AR poly-
morphisms are not causally linked to cardiovascular
diseases (are not disease-causing genes). They might,
however, be involved in modifying progression of diseases
and may affect drug responses (Small et al. 2003; Kirstein
and Insel 2004; Leineweber et al. 2004; Brodde et al.
2006). Thus, recent data indicate that the Arg389Gly β-1

AR polymorphism determines cardiac responses to dobut-
amine: dobutamine-infusion-evoked increases in heart rate
and/or contractility were significantly larger in subjects
homozygous for the Arg389 β-1 AR than in subjects with
one or two Gly389 alleles (LaRosee et al. 2004; Bruck et al.
2005). Similarly, dobutamine-caused increases in plasma
renin activity (an effect mediated by renal β-1 AR
stimulation) were, in Arg389 β-1 AR subjects, significantly
larger than in subjects with one or two Gly389 alleles
(Bruck et al. 2005). In addition, preliminary data from our
laboratory indicate that patients undergoing CABG, who
were homozygous for the Arg389 β-1 AR, required post-
CABG for a shorter time a lower dose of catecholamine-
induced inotropic support than did patients with one or two
Gly389 alleles (Leineweber et al. 2006).

Moreover, during the last few years, evidence has
accumulated that heart rate and blood pressure responses
to β-1 AR blocker administration are, in subjects homozy-
gous for the Arg389 β-1 AR, more pronounced than in
subjects with one or two Gly389 alleles (Fig. 4; for recent
review, see Brodde et al. 2006). This holds true not only for
studies in healthy volunteers but also in patients with
essential hypertension; moreover, several studies have
shown that, in CHF patients, chronic β-AR blocker
treatment can improve LVED and survival better in patients
homozygous for the Arg389 β-1 AR polymorphism than in
patients carrying one or two Gly389 alleles (Table 2); it
should be, however, emphasized that a few studies with
negative findings (i.e. no genotype-dependent differences in
response to β-AR blockers) have been also published

Fig. 4 Bisoprolol (10 mg p.o.)-induced attenuation of dobutamine-
infusion induced increases in heart rate, contractility and plasma renin
activity in ten male volunteers homozygous for the Arg389 β1-AR
and eight male volunteers homozygous for the Gly389 β1-AR

polymorphism. Ordinates Bisoprolol-induced decrease in dobut-
amine-evoked increases in heart rate (left, in Δ beats/min), contrac-
tility (middle, in Δ ms) and plasma renin activity (right, in Δ ng
angiotensin I formed ml−1 h−1). Modified from Bruck et al. (2005)
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(Table 2). Nevertheless, it appears to be justified to
speculate that it might be possible by assessment of the
Arg389Gly β-1 AR polymorphism to predict responses to
β-AR agonist (and blocker) treatment: Patients homozy-
gous for the Arg389 β-1 AR polymorphism should be good
responders, whereas patients homozygous for the Gly389
β-1 AR polymorphism should be poor or non-responders.

Conclusion

There can be no doubt that, in the failing heart, chronic
adrenergic signaling is a harmful compensatory mechanism.
Noradrenaline, the primary signaling molecule of cardiac
adrenergic activity, is a rather β-1 AR selective agonist
(Lands et al. 1967). In several animal studies, and also in
humans, it has been shown that chronic activation of
cardiac β-1 AR produces a cardiomyopathic phenotype;
similar effects are observed with overexpression of β-1 AR
in the heart of transgenic animals (for references, see Port

and Bristow 2001; Lohse et al. 2003; Hata et al. 2004).
Moreover, β-1 AR stimulation can cause ischemia and
apoptosis. Thus, it is rather plausible that the principal
mechanism of the beneficial effects of β-AR blockers in
treatment of CHF is blockade of this enhanced β-1 AR
signaling, and by this, prevention and partial restoration of
adrenergically-induced myocardial dysfunction and remod-
elling. In addition, β-AR blocker-induced up-regulation of
(previously down-regulated) cardiac β-AR and normaliza-
tion of the (previously enhanced) activities of the Gi-protein
and GRK may also contribute to the normalization of the β-
AR-G-protein(s)-adenylyl cyclase system, the most power-
ful physiologic mechanism to acutely augment cardiac
performance (Brodde et al. 1995).

Much has been learned in the last two decades on the
mechanism underlying these beneficial effects of chronic β-
AR blocker treatment in CHF; however, some open
questions still remain:

(1) What is the mechanism underlying up-regulation of β-
AR density by (at least “first and second generation”) β-

Table 2 β-1 AR polymorphisms and response to β-AR blockers

β-1 AR Parameter Number of cases Polymorphism effect
on parameter

Reference

Healthy volunteer studies
Arg389Gly BPsyst and MAP response to a single dose

of atenolol
44 healthy volunteers Arg389>Gly389 Sofowora et al. 2003

Arg389Gly Attenuation of exercise-induced HR and
BPsyst increases by metoprolol

16 healthy volunteers Arg389>Gly389 Liu et al. 2003

Arg389Gly Attenuation of dobutamine-induced HR,
contractility and PRA increases by bisoprolol

18 healthy volunteers Arg389>Gly389 Bruck et al. 2005

Studies with essential hypertensive patients
Arg389Gly BP and HR response to chronic

bisoprolol/atenolol treatment
147 patients with
essential hypertension

Arg389=Gly389 O’Shaughnessy et al.
2000

Arg389Gly Daytime BPdiast response to 4-week
metoprolol treatment

40 patients with
essential hypertension

Arg389>Gly389-carriers Johnson et al. 2003

Arg389Gly BP and HR response to chronic atenolol
treatment

101 patients with
essential hypertension

Arg389=Gly389 Karlsson et al. 2004

Arg389Gly BPsyst and BPdiast response to chronic
metoprolol treatment

61 patients with
essential hypertension

Arg389>Gly389-carriers Liu et al. 2006

Studies with CHF patients
Arg389Gly Chronic metoprolol CR/XL treatment and

HR reduction, survival and adverse effects
600 patients with CHF
(MERIT-HF)

Arg389=Gly389 White et al. 2003

Arg389Gly Chronic carvedilol treatment and
improvement of LVEF

224 patients with CHF Arg389-carriers>Gly389 Mialet Perez et al. 2003

Arg389Gly Chronic carvedilol or bisoprolol treatment
and improvement of LVEF

199 patients with CHF Arg389=Gly389-carriers De Groote et al. 2005

Arg389Gly Chronic metoprolol CR/XL treatment and
improvement of LVEF

61 patients with CHF Arg389>Gly389-carriers Terra et al. 2005

Arg389Gly Chronic bucindolol treatment (5-year survival) 1,040 patients with CHF Arg389>Gly389-carriers Liggett et al. 2006
Ser49Gly Chronic β-blocker treatment (5-year survival) 184 patients with CHF Gly49-carriers>Ser49 Börjesson et al. 2000
Ser49Gly Chronic β-blocker treatment (5-year survival) 375 patients with CHF Gly49-carriers>Ser49 Magnusson et al. 2005

HR heart rate; BPsyst, BPdiast systolic, diastolic blood pressure; MAP mean arterial blood pressure; LVEF left ventricular ejection fraction; PRA
plasma renin activity; CHF chronic heart failure
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AR blockers? Originally, it had been assumed that this
up-regulation ofβ-AR density is due to prevention of the
interaction between endogenous agonists (in the case of
CHF elevated noradrenaline levels) and the β-AR.
Alternatively, however, it might be the expression of
the inverse agonism properties of the β-AR blockers.
The concept of inverse agonism (opposite effects to
those of agonists) has evolved from the in vitro
observations that certain β-AR blockers could reduce
basal receptor activity present in the absence of agonists
(“constitutive receptor activity”). It has been shown in a
variety of recombinant systems that long-term treatment
with inverse agonists causes much larger increases in
receptor density than do “neutral” antagonists (Milligan
and Bond 1997). Thus, because the “second generation”
β-1 AR blockers bisoprolol and metoprolol have been
shown the exert considerable inverse agonism activity
(Maack et al. 2001), it might well be that the increase in
β-AR density observed in human heart during long-
term treatment with these β-1 AR blockers (Brodde et
al. 1990; Gilbert et al. 1996; Heilbrunn et al. 1989;
Michel et al. 1988; Sigmund et al. 1996; Waagstein et
al. 1989) is due to their inverse agonism activity. In this
context, it is interesting to note that also carvedilol has
been found to exert (weak) inverse agonism (Maack et
al. 2000), but as discussed earlier it did not increase
cardiac β-AR density in CHF. As discussed above, the
lack of β-AR-increasing effects of carvedilol might be
due to the fact that carvedilol is a “pseudo irreversible
antagonist” in the time frame of radioligand-binding
studies used to assess β-AR density, and this might
cause technical problems to exactly determine receptor
density. In fact, by the use of very high concentrations
of the radioligand (ICYP, [125I] iodocyanopindolol) to
reach true saturation binding, Callaerts-Vegh et al.
(2004) recently could demonstrate, in a murine model
of asthma, that chronic carvedilol treatment increased
β-AR density in lungs. In this study, the authors
observed about 10- to 15-fold increase in the KD value
for the radioligand (ICYP), which is compatible with
the view that a substantial amount of carvedilol is
retained in the lung membranes. Taken together, these
data show that also chronic treatment with the “third
generation” β-AR blocker carvedilol can lead to
increases in β-AR density, but again, no such data yet
do exist for human heart.
However, it should be emphasized that constitutive

activity is only one source of tone in vivo; preexisting
receptor activity in humans may also result from
varying levels of endogenous agonist, i.e. noradrenaline
(that, for example, in CHF is markedly elevated). Thus,
in vitro it is possible to examine receptor activity in the
absence of other ligands; in vivo, on the other hand, it is

rather impossible to study receptors in isolation from
their endogenous ligands. Accordingly, inverse ago-
nism of β-AR blockers may reflect the presence of
endogenous agonist (in CHF elevated noradrenaline)
rather than constitutive receptor activity, and hence, β-
AR up-regulation by chronic β-AR blocker treatment
may be due to prevention and/or reversal of (endoge-
nous) agonist-induced down-regulation.

(2) Is the decrease in the (in CHF increased) activity of
cardiac Gi-protein beneficial or harmful to the failing
heart? As discussed earlier, increased Gi-protein activity
does not only contribute to attenuation of cardiac β-AR
functional responsiveness but can also prevent adrener-
gically-evoked apoptosis and arrhythmias. Thus, β-AR
blocker-induced decrease in Gi-protein activity might
promote apoptosis, and finally, may, by this, be rather
harmful to the failing heart.

(3) Does β-AR blocker-induced decrease in the (in CHF
increased) activity of cardiac GRK2 really contribute
to their beneficial effects? In several animal models, it
had been shown that inhibition of GRK2 activity
caused improvement of cardiac performance. Such an
inhibition of GRK2 was achieved by the C-terminal
domain of GRK2 (named βARKct) that competes
with GRK2 for free Gbg subunits in the membrane,
and thus prevents translocation of (cytosolic) GRK to
the membrane (Hata et al. 2004). However, it should
be considered that Gbg proteins exert their own
signaling properties including modulation of activity
of phospholipase C, potassium channels and other
second messenger systems (for recent review, see
McCudden et al. 2005). Thus, the beneficial effects of
βARKct could be also due to its inhibition of Gbg

signaling. In fact, Li et al. (2003) have recently shown
that, in rabbits with rapid ventricular pacing-induced
heart failure, phosducin (a known Gbg subunit-binding
protein) exerted very similar beneficial effects on heart
failure progression as did βARKct, but phosducin did
not restore β-AR responsiveness as did βARKct.
Thus, it is still an open question whether β-AR
blocker-induced decrease in the (in CHF increased)
activity of cardiac GRK2 (Leineweber et al. 2005) can
exert beneficial effects in the failing heart without
affecting Gbg signaling.

Taken together, several different mechanisms appear to
be involved in the beneficial effects of β-AR blocker
treatment in CHF. However, to decide which of these
multiple effects are predominantly responsible for their
effects remains to be elucidated by further careful clinical
investigations.

Nevertheless, as mentioned several times in this article,
the β-AR-G-protein(s)-adenylyl cyclase system is the most
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powerful physiological mechanism to augment human
cardiac performance. It should be considered, therefore,
that chronic desensitization of this system in CHF over a
long time period can not only be a “protective mechanism”
(to prevent all detrimental effects of chronic cardiac β-AR
overstimulation) but it also must impair and weaken cardiac
performance, and this might be rather harmful for the
human heart. Thus, it is quite likely that the most important
mechanism underlying the beneficial effects of chronic β-
AR treatment in CHF is the resensitization of this system
on all levels (up-regulation of previously down-regulated
β-AR, reductions of previously elevated Gi-protein and
GRK), whereby this occurs in a balanced manner: The β-
AR-G-protein(s)-adenylyl cyclase system is normalized to
be able to provide improved cardiac performance, but
overstimulation-induced detrimental effects of the system
will be prevented by the simultaneous blocking activity of
the β-AR blockers.
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