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Characterization of f;-selectivity, adrenoceptor-G¢-protein
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1 Intrinsic activity and f;-selectivity are important features of f-blockers in the treatment of
patients with coronary syndromes and heart failure. In human myocardium, intrinsic activity and f;-
selectivity of the novel f-adrenoceptor antagonist nebivolol have not yet been determined.

2 The study examines intrinsic activity, f-adrenoceptor-G-protein coupling and f-selectivity of
nebivolol and bisoprolol in human ventricular myocardium. Furthermore, intrinsic activity of both
compounds is compared to the one of bucindolol, carvedilol and metoprolol in human atrial
myocardium.

3 Radioligand binding studies (['**I]-lodocyanopindolol) were performed on membrane prepara-
tions of human failing and nonfailing myocardium and on COS-7 cells transfected with human f;-
and f,-adrenoceptors, respectively. Functional experiments were carried out on isolated muscle
preparations of human left ventricular and right atrial myocardium from failing and nonfailing
hearts.

4 Radioligand binding studies reveal 3—4 fold f;-selectivity for nebivolol and 16—-20 fold f;-
selectivity for bisoprolol in human myocardium. In COS-7-cells, f;-selectivity is 3 fold for nebivolol
and 15 fold for bisoprolol.

5 Neither the binding of nebivolol nor of bisoprolol is
guanylylimidodiphosphate (Gpp(NH)p).

6 Nebivolol and bisoprolol exert similar inverse agonist activity in human ventricular as well as
atrial myocardium. In atrial myocardium, inverse agonism of both compounds is higher compared
to bucindolol, equal to carvedilol and lower compared to metoprolol.

7 Favourable haemodynamic effects of nebivolol in humans are not due to f3;-selectivity or partial
agonist activity of this agent. Other mechanisms, i.e. the production of nitric oxide, may thus be
responsible for its unique haemodynamic profile.
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Abbreviations: [-AR, f-adrenergic receptor; ECsg, concentration achieving 50% of maximum effect; FOC, force of contraction;
Gpp(NH)p, guanylylimidodiphosphate; Gs,), stimulatory G-protein (z-subunit); ICYP, ['*I]-lodocyanopindo-
lol; ISA, intrinsic sympathomimetic activity; K, K;, dissociation constant; NF, nonfailing; NO, nitric oxide; ny,
pseudo Hill coefficient (slope factor); NYHA, New York Heart Association; Ry, receptors in a high-affinity
state; Ky, K;, dissociation constant of receptors in a high (Ky) and low affinity (K;) state
Introduction

In patients with chronic heart failure, p-blockers have
favourable effects on ventricular function and survival. These
benefits are provided by second-generation f3;-selective
(bisoprolol, CIBIS II, 1999; metoprolol, MERIT-HF, 1999)
as well as third-generation non-selective agents (carvedilol,
Packer et al., 1996). In contrast, xamoterol, a partial agonist,
has led to an increase of mortality (Nicholas, 1990). A recent
study with bucindolol in patients with heart failure (BEST-
trial) had to be terminated due to a lack of benefit (Bristow,
2000). It is currently discussed whether this negative result
may be due to comparable high intrinsic activity of
bucindolol that has been observed in animal models (Willette
et al., 1998) and also human myocardium (Maack et al.,
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2000). These data indicate that intrinsic activity of f-blockers
has to be considered for therapeutic reasons.

Nebivolol is a novel third-generation f-blocker, being a
racemic mixture of equal amounts of d-(SRRR-) nebivolol
and 1-(RSSS-) nebivolol. The d-isomer is reported to be
highly selective for ff;-adrenoceptors in several animal and
cell models (Pauwels et al., 1989; 1991), whereas the I-isomer
accounts for vasodilatory effects that are mediated by
endothelial generation of nitric oxide (Mangrella et al.,
1998). A special feature of nebivolol is that, in contrast to
classical f-blockers, its acute administration increases
ejection fraction and maintains cardiac output despite
lowering of blood pressure in patients with cardiovascular
diseases (Stoleru et al., 1993). From these clinical results it
cannot be excluded that besides vasodilation a positive
inotropic or lack of negative inotropic effect of nebivolol
may contribute to the acute increase of ejection fraction.
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Inotropic effects of p-adrenoceptor ligands are generally
related to their intrinsic activity. To date, no determination
of intrinsic activity of nebivolol in human myocardium has
been performed.

In its unoccupied condition, the f-adrenoceptor exists in
an equilibrium between its active (R*) and inactive
conformation (R). The binding of an agonist induces a
conformational change towards R*, whereas the binding of
an inverse agonist stabilizes the inactive conformation of the
receptor (Bond ez al., 1995). The R* conformation allows the
interaction of the receptor with the stimulatory G-protein
(Gs). Subsequent dissociation of the o-subunit from the fy-
subunits of Gg leads to stimulation of adenylate cyclase. Due
to the influence of receptor systems and experimental
conditions (i.e. different stoichiometry of receptors/G-pro-
teins, different sensitization state of receptors etc.), the same
ligand may behave as an inverse agonist, a neutral antagonist
or even a partial agonist (de Ligt et al., 2000; Chidiac et al.,
1996). In the present study, [-adrenoceptor-G-protein
interaction of the novel fS-blocker nebivolol is evaluated in
comparison to bisoprolol by radioligand binding experiments
with ["**I]-lodocyanopindolol in the absence and presence of
guanylylimidodiphosphate (Gpp(NH)p). Furthermore, intrin-
sic activity of nebivolol is compared to bisoprolol,
metoprolol, carvedilol and bucindolol by functional experi-
ments on human myocardium.

In animal studies and cell systems, nebivolol was reported
to be highly f;-selective (Pauwels et al., 1989; 1991).
However, up to date, no direct assessment of binding
characteristics of nebivolol to human myocardial f;- and
fr-adrenoceptors has been performed. In the present study,
affinity of nebivolol and bisoprolol to fi-and f,-adrenocep-
tors is determined by radioligand binding experiments in the
absence and presence of ICI 118.551 and CGP 207.12A,
respectively. Furthermore, the results of these experiments on
human myocardium are confirmed by binding studies on
COS-7-cells that have been transfected with human f;- and
pr-adrenoceptors, respectively.

Methods
Myocardial tissue

Experiments were performed on human right atrial trabecu-
lae obtained during open-heart bypass surgery and on left
ventricular muscle strip preparations or cell membrane
preparations from failing and nonfailing human hearts
obtained during cardiac transplantations. Tissue was brought
to the laboratory and prepared for functional experiments
immediately. Tissue samples for binding experiments were
stored at —80°C until assay. Failing hearts were taken from
17 patients with end-stage heart failure (New York Heart
Association (NYHA) class IV), resulting from either
idiopathic dilated (n=7) or ischemic (n=10) cardiomyopathy
(15 male, two female; age, 55+1 years). Nonfailing hearts
were taken from five organ donors whose hearts could not be
used for transplantation (four male, one female; age 45+4
years). For the latter group, echocardiography revealed
normal left ventricular contractility. Bypass patients (mean
age, 67+ 2 years, 17 male, six female) had no signs of atrial
dilation or arrhythmias or of left ventricular dysfunction. All

patients gave written informed consent before surgery. Since
nebivolol and bisoprolol were mostly compared in tissue
samples from the same hearts (radioligand binding and
functional experiments), there were no significant differences
between these two groups concerning i.e. age, sex and
medication. Tissue preparation for functional experiments
and membrane preparation for binding experiments has been
described elsewhere (Maack et al., 2000; Béhm et al., 1990b).

Isolated cardiac muscle strip preparation and
measurement of force of contraction

Isometric force of contraction was determined on isolated,
electrically driven muscle preparations as described previously
(Bohm et al., 1990b). Bathing solution was maintained at
37°C, pH 7.4, and aerated with 95% O, and 5% CO,.
Muscles of uniform size (length, 5—6 mm; thickness, 1—
2 mm) were stretched to the length at which force of
contraction was maximal (5—8 mN). In experiments with
inotropic prestimulation, muscle strips were pre-exposed to
isoprenaline (1 umol 17!, =ECy) for 30 min and to forskolin
(0.3 umol 17!, =~ECsy) for at least 45 min. The B-adreno-
ceptor antagonists nebivolol (110,000 nmol 1-"), bisoprolol
(1-10,000 nmol 17"), bucindolol (0.1-1000 nmol 17", carve-
dilol (0.1-1000 nmol 171) and metoprolol (1-
100,000 nmol 1-') were applied cumulatively to the organ
bath for 30 min at each concentration. When concentrations
of f-blockers are indicated as K; or 100 x K; (bar graphs), the
results are also derived from these cumulative dose-response
curves. In atrial myocardium, the normal decline of force of
contraction was determined by a control group without f-
blocker treatment. The decrease of contractility by the
respective ff-blocker was related to the decline in the control
group. In ventricular myocardium, force of contraction in the
control group remained constant.

Cell culture and transfection

COS-7 cells were cultured and transfected using the Transfec-
tam reagent (Promega, Heidelberg, Germany) as described
previously (Schnabel et al., 1993). Membrane preparations
were performed as described (Schnabel et al., 1993), except
that the pellet was resuspended in a buffer containing
50 mmol 1-' Tris/HCI, pH 7.4 and 10 mmol 1-' MgCl,.

p-adrenoceptor binding studies

f-adrenoceptors in cardiac tissue were investigated using
[**1]-iodocyanopindolol (ICYP) as the radiolabelled ligand.
Cold ligand binding affinity was measured by ligand-ICYP
competition curves using 37.5 pmol 17! of ICYP to maintain
the radioligand concentration at approximate K; The assay
was performed in a total volume of 250 ul. The total amount
of protein used per assay was 20—30 pg. Protein concentra-
tions were determined according to the method of Lowry et
al. (1951). The incubation at 25°C for 60 min allowed
complete equilibration of the fS-adrenoceptors with the
radioligand. The reaction was terminated by rapid vacuum
filtration through Whatman GF/C filters (Whatman Inc.,
Clifton, NJ, U.S.A.). The filters were washed immediately
three times with 6 ml of ice-cold incubation buffer. All
experiments were performed in triplicate.
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Statistical analysis

Regression analysis was performed with the computer
program GraphPadPrism (GraphPad Software, San Diego,
CA, U.S.A)). Competition curve slope (pseudo-Hill coeffi-
cient, ny), the concentration at which 50% of receptors are
occupied (ECsp) and the percentage of receptors in a high
affinity (%Ry) or low affinity (%Ry) state were determined
by nonlinear regression analysis, comparing the fitting of the
curve to either one or two receptor states by F-test analysis.
Cold ligand dissociation constants for a high affinity (Ky) or
a low affinity receptor state (K;) were calculated according to
the method of Cheng & Prussoff (1973). K; values were
calculated from ECs, values that were determined by fitting
the results of competition experiments with a nonlinear
regression analysis assuming only one receptor state,
regardless if they actually reflect one or two affinity states.

Unless indicated, the data shown are mean+s.e.mean. For
multiple comparisons, ANOVA analysis was performed.
Otherwise, statistical significance was analysed with the
Mann-Whitney- or Wilcoxon-test. A value of P<0.05 was
considered significant.

Materials

Nebivolol (a racemic mixture of equal parts of (+)-SRRR-
and RSSS-nebivolol) was donated from Berlin Chemie,
Berlin, Germany. (#)-Bisoprolol was purchased from
Biotrend, Cologne, Germany. Carvedilol and bucindolol are
from Smith Kline Beecham (King of Prussia, U.S.A).
Metoprolol was provided from Astra Chemicals (Hamburg,
Germany). ['*I]-ICYP was produced by Amersham-Buchler
(Freiburg i.Br., Germany). All other chemicals were of
analytic grade or the best commercially available.

Results
Radioligand binding studies

Figure 1 shows representative results from competition
experiments of the f-adrenoceptor ligands ICI 118.551,
CGP 207.12A and isoprenaline on human nonfailing
myocardium.

The highly selective ligands ICI 118.551 (f3,-selective, Figure
1A) and CGP 207.12A (f;-selective, Figure 1B) exerted
biphasic binding curves, allowing the discrimination of the
total f-adrenoceptor population into approximately 70% f3;-
and 30% f,-adrenoceptors. When performing binding experi-
ments in the presence of the indicated concentrations of ICI
118.551 and CGP 207.12A, respectively, binding characteristics
of the studied ligand (nebivolol or bisoprolol) can be
determined selectively on f3;- and f>-adrenoceptors.

On myocardial membranes of the same heart, the agonist
isoprenaline exerted a biphasic binding curve with the
identification of a high- and a low-affinity binding site
(Figure 1C). In the presence of guanylylimidodiphosphate
(Gpp(NH)p), a non-hydrolyzable guanine nucleotide, binding
became monophasic with the detection of only one (low-
affinity) binding site. As a consequence, the slope factor (ny)
steepened from 0.43 to 0.67. This indicates that in the
examined heart, a fraction of 30% of f-adrenoceptors were in
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Figure 1 ['IICYP competition curves in human left ventricular
myocardium from a nonfailing heart. (A) ICYP-ICI 118.511
competition. The identification of two affinity sites allows the
discrimination into 29% f,- and 71% f;-adrenoceptors. (B) ICYP-
CGP 207.12A competition. 71% f;- and 29% fr-adrenoceptors are
identified. The indicated concentrations (dashed lines) are used to
determine binding properties of fi-adrenoceptor ligands at f3;- and f3,-
adrenoceptors specifically. (C) ICYP-isoprenaline competition in the
absence and presence of 100 umol 1=! of Gpp(NH)p. In the absence
of Gpp(NH)p, 30% of adrenoceptors are in a high affinity state. This
high affinity state is eliminated in the presence of Gpp(NH)p.

a high affinity state and thus sensitive for the detection of
eventual agonist-like binding properties of the examined f-
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Figure 2 ['*I]-ICYP competition curves in human left ventricular myocardium from a nonfailing heart. (A, C, E) ICYP-nebivolol
competition in the absence and presence of 100 umol 17! of Gpp(NH)p. (B, D, F) ICYP-bisoprolol competition in the absence and
presence of Gpp(NH)p. (A, B) competition experiments in a mixed f§;- and fr-adrenoceptor population. (C, D) Experiments in the
presence of ICI 118.551 (50 nmol 17'), determining the affinity of the respective f-blocker to f§;-adrenoceptors. (E, F) Experiments
in the presence of CGP 207.12A (300 nmol 17"), determining the affinity of the respective f-blocker to ff,-adrenoceptors. (G, H) All
experiments in the presence of Gpp(NH)p, in the presence of ICI 118.551 or CGP 207.12A, respectively, indicating f3;-selectivity of
the f-blockers.
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blockers. The average amount of f-adrenoceptors in a high
affinity state was 16+5% (not shown).

In Figure 2, binding characteristics of nebivolol (left
panels) and bisoprolol (right panels) are compared on a
representative nonfailing heart. In Table 1, the cumulative
results are listed. In the majority of experiments (11 of 16),
nebivolol modelled for a one-site binding curve (Figure 2A).
The slope factor of 0.90+0.07 approached unity, indicating
similar dissociation constants of nebivolol for ;- and f,-
adrenoceptors. In the presence of Gpp(NH)p, in two
experiments the two-affinity site binding was converted into
monophasic curves (Table 1). However, neither the slope
factor nor the pKj-value were significantly affected by the
presence of Gpp(NH)p. Table 2 indicates that there were no
differences in the binding of nebivolol to f-adrenoceptors on
nonfailing and failing myocardium.

In contrast to nebivolol, bisoprolol modelled for two
distinct affinity sites in nine out of 10 experiments in the
absence and in eight out of 10 experiments in the presence of
Gpp(NH)p (Figure 2B, Table 1). The slope factors in both
cases were significantly different from unity and also from the
slope factors of nebivolol. Neither pKj-values nor slope
factors of bisoprolol were affected in the presence of
Gpp(NH)p. Also, binding characteristics did not differ
between nonfailing and failing myocardium (Table 2).

In the presence of ICI 118.551 and CGP 207.12A,
respectively, binding curves revealed slightly higher pK;-
values for nebivolol on f;- compared to f,-adrenoceptors
(Figure 2C,E, Table 1). The calculated f,/f,-ratio, expressing
P1-selectivity, was 2.8 +£0.8 in the absence and 4.5+2.2 in the
presence of Gpp(NH)p (Table 1). Slope factors were not
affected by the presence of ICI 118.551 or CGP 207.12A,
respectively. In contrast, in the majority of the experiments
with bisoprolol in the presence of ICI 118.551 or CGP
207.12A, respectively, binding curves were converted into
monophasic curves. The slope factors steepened significantly
towards unity and the pKj-values were significantly different
between ;- and f,-adrenoceptors (Table 1). The calculated
Pa/pi-ratio was 19.7+9.7 in the absence and 15.6+5.8 in the
presence of Gpp(NH)p and significantly higher compared to
nebivolol. In the presence of ICI 118.551 or CGP 207.12A,
respectively, Gpp(NH)p neither affected binding character-
istics of nebivolol nor of bisoprolol.

Another way of calculating f3;-selectivity of a compound is
to determine the dissociation constants of the high- and the

low-affinity site in two-site fitted binding curves. Table 3 gives
the results discriminated into experiments with the detection
of two and experiments with the detection of only one affinity
site. According to the calculation of fi-selectivity from the
high- and low-affinity binding site, the f;-selectivity was
substantially higher for both compounds compared to the
calculation in Table 1. Again, bisoprolol displayed higher f;-
selectivity in the absence (143 vs 76) as well as in the presence
of Gpp(NH)p (242 vs 66) compared to nebivolol. However,
due to the limited number of experiments in the nebivolol
group, this difference was statistically not significant. Also, it
has to be considered that nebivolol modelled for two-site
binding in the minority and bisoprolol in the majority of
experiments. Thus, these selectivity data do not represent the
cumulative results of all experiments.

Table 4 displays the pKj-values from binding experiments
in COS-7-cells transfected with human f;- and f,-adreno-
ceptors, respectively. The f,/f-ratios for nebivolol (3.0) and
bisoprolol (15.1) were in agreement with the selectivity ratios
derived from experiments on human myocardium (Table 1).

Functional studies

In order to estimate the implications of pf-adrenoceptor
binding properties of nebivolol and bisoprolol on myocardial

Table 2 Radioligand binding experiments in failing and
nonfailing myocardium

n PK;
Agent GppNHp (2-s-fjtotal) (mol 1) ny
Nebivolol
Nonfailing — 2/5 7.2340.12 0.83+0.13
+ 1/5 7.244+0.10 0.75+0.06
Failing - 3/11 7.53+0.17 0.93+0.09
+ 2/ 11 7.43+0.16 0.80+0.09
Bisoprolol
Nonfailing — 3/3 6.914+0.48 0.51+0.14
+ 3/3 6.71+0.33 0.56+0.13
Failing — 6/7 6.834+0.06 0.48+0.05
+ 5/7 6.85+0.14 0.57+0.09

GppNHp, in the absence (—) and presence (+) of
Gpp(NH)p; n (2-s-f/total), number of experiments modelled
for a two-affinity site fit/number of all experiments; ny,
pseudo Hill coefficient (slope factor).

Table 1 Radioligand binding experiments in human ventricular myocardium

Agent GppNHp n (2-s-f/total)

Nebivolol
+I1CI
+CGP

Bisoprolol

(el RV IRV IV IV e e

+ICI

+CGP

—— e~ —

OO =N OO—WWWwWu
NG TG G TN S G G U Y

+1+1+1 +1 +1 + 1

pK; (mol 17") ny Selectivity
7.44+0.13 0.90+0.07
7.37+0.11 0.79+0.06
7.32+0.28 0.81+0.10
7.2940.24 0.7640.08
7.08+0.12 0.84+0.06 2.77+0.81
6.98+0.20 1.01+0.08 4.46+2.19
6.874+0.13 0.4940.05%**
6.81+0.13 0.57+0.07*
7.11+£0.25 0.76 +£0.05*
7.18+0.31 0.78+0.13
6.38+0.10 1.00+0.15% 19.7+9.67*
6.16+0.15 0.82+0.07** 15.64+5.75*

*P<0.05; **P<0.005 vs —ICI/-CGP; ***P<0.001 vs Nebivolol. GppNHp, in the absence (—) and presence (+) of Gpp(NH)p; n (2-s-
f/total), number of experiments modelled for a two-affinity site fit/number of all experiments; ny, pseudo Hill coefficient (slope factor).
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Table 3 Radioligand binding experiments — subgroup analysis

Agent G fit 1 Su (%) Ky (nmol 1I7Y) Ky (nmol17Y)  pKy (mol17')  pK, (mol17") ny BB
Nebi — 2 5 57.6+9.7 22.349.2 1473+719 7.89+0.28 6.03+0.24 0.61+0.05 76+13
1 11 — — 87.2+59.1 — 7.564+0.17 1.03+0.07 —
+ 2 3 47.0+27.6 30.2+15.8 1557+ 1144 7.71+0.35 6.124+0.40 0.55+0.06 66125
1 13 — — 74.6+34.4 — 7.474+0.11 0.84+0.07 —
Biso — 2 9 43.8+3.8 23.7+14.9 856+218 8.13+0.22 6.15+0.09 0.47+0.05 143 +41
1 1 — — 171 — 6.77 0.72 —
+ 2 8 51.5+4.8 41.7+329 1474 4+ 600 8.01+0.35 6.12+0.20 0.51+0.06 242 +113
1 2 — — 210.54+48.5 — 6.69+0.10 0.83+0.18 —

G, in the absence (—) and presence (+) of Gpp(NH)p; fit, experiments modelled for a two- (2) or one- (1) affinity site fit; fy, fraction of
receptors in a high affinity state; Ky, dissociation constant of high affinity state receptors; K;, dissociation constant of low affinity state
receptors; ny, pseudo Hill coefficient (slope factor); f»/f1, fi-selectivity; Nebi/Biso, nebivolol/bisoprolol.

Table 4 Radioligand binding studies on COS-7-cells

Agent AR n pK; (mol 171) beta 2|beta 1
Nebivolol b1 4 8.204+0.12

pa 7 7.7940.15 3.0
Bisoprolol b1 3 7.8240.08

fa 3 6.69+0.17 15.1

AR, adrenergic receptor.

contractile function, experiments on left ventricular and right
atrial muscle strips from failing and nonfailing hearts were
performed.

In contraction experiments, muscles were stretched to the
length at which force of contraction was maximal. In all
experiments on ventricular as well as atrial myocardium,
diastolic tension did not differ between different treatment
groups (not shown). In human ventricular myocardium, the
application of 1 umol I=' of isoprenaline enhanced basal
force of contraction by 123+16% (n=11). After equilibra-
tion, cumulative concentrations of nebivolol or bisoprolol
were added to the organ bath. There were no significant
differences among the three groups in basal as well as in
isoprenaline-enhanced force of contraction (Table 5). At
concentrations occupying 50% (K;) and 100% (100 x K;) of f-
adrenoceptors, both f-blockers significantly antagonized
isoprenaline enhanced force of contraction (Figure 3A,B).

In order to determine the intrinsic activity of both agents,
the coupling of f-adrenoceptors to adenylate cyclase was
facilitated by forskolin (0.3 umol 1-"). By this method, both
partial agonist (Bohm ez al., 1990b) as well as inverse agonist
activity (Mewes et al., 1993) of ligands can be detected.
Forskolin increased force of contraction by 81+20%
(n=16). Nebivolol and bisoprolol induced similar decreases
of contractility at the cumulative concentrations (Figure 3C).
Accordingly, when relating the decrease of contractility to the
respective K;-values, the decrease of contractility was not
different between both agents (Figure 3D). Also in
myocardium not pretreated with forskolin or isoprenaline,
force of contraction was significantly reduced by both f-
blockers (Figure 4).

When examining intrinsic activity of p-adrenoceptor
antagonists, it is of importance to compare various
compounds within the same system, since intrinsic activity
of ligands is strongly dependent on the underlying tissue type
(de Ligt et al., 2000). Thus, we compared the intrinsic activity

Table 5 Force of contraction of ventricular myocardium at
baseline and after treatment

Baseline Treatment
Stimulation Agent n (mN) (mN)
Isoprenaline Nebivolol 4 22403 5.6+0.4
Bisoprolol 7 2.34+0.6 47+1.1
Forskolin Nebivolol 10 21404 3.3+0.6
Bisoprolol 6 2.1+0.9 3.5+0.9

of nebivolol and bisoprolol to the one of bucindolol,
carvedilol and metoprolol in human atrial myocardium. In
Figure 5, the effects of all agents on contractility are
compared at concentrations occupying 50% (Figure S5A)
and 100% (Figure 5B) of f-adrenoceptors. At both
conditions, bisoprolol and nebivolol displayed significantly
higher amounts of inverse agonism compared to bucindolol
and lower amounts compared to metoprolol. Carvedilol
exerted slightly lower inverse agonism compared to nebivolol
and bisoprolol. In general, f-blockers with Gpp(NH)p-
modulatable binding properties, like bucindolol and carvedi-
lol (Yoshikawa et al., 1996; Maack et al., 2000), displayed
less inverse agonist activity than agents without these
properties. A typical feature of inverse agonists is that their
negative inotropic effect can be antagonized by a ligand with
lower inverse agonist activity (ideally a neutral antagonist). In
Figure 6 it is illustrated that in human myocardium
pretreated with forskolin, the negative inotropic effect of
nebivolol could be antagonized in the presence of bucindolol.

Discussion

The main findings of the present study are that in human
myocardium, nebivolol and bisoprolol behave as inverse
agonists. The rank order of inverse agonism in human
myocardium is metoprolol > >bisoprolol=nebivolol >
carvedilol >bucindolol. Furthermore, nebivolol is nonselec-
tive for myocardial f;- and f,-adrenoceptors, while bisopro-
lol is 16—20 fold f;-selective.

Intrinsic activity
Determination of intrinsic activity in intact human myocar-

dium is complicated by several mechanisms. In myocardium
from patients with heart failure, f-adrenoceptor density is
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Figure 3 (A, B) Effects of nebivolol (n=4) and bisoprolol (n=7) on isoprenaline (1 ymol 1) prestimulated force of contraction in
human ventricular myocardium. Both f-blockers significantly inhibit the isoprenaline induced increase in force of contraction. (C)
Cumulative dose-response curves of nebivolol (#7=10) and bisoprolol (7=6) in the presence of forskolin (0.3 umol1-"). (D)
Inotropic effect of nebivolol and bisoprolol at concentrations occupying 50% (K;) and 100% (100 x K;) of f-adrenoceptors. Data are
derived from cumulative dose-response curves (C), related to the respective dissociation constants determined in radioligand binding
experiments (Table 1). Concentrations are as follows: nebivolol, 0.03 (K;) and 3 umol ™' (100 x K;); bisoprolol, 0.1 (K;) and
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Figure 4 Effect of cumulative doses of nebivolol (n=10) and

bisoprolol (n=6) on force of contraction in human atrial
myocardium.

reduced (Bristow et al., 1982), and remaining receptors are
uncoupled from Gg (Hausdorft er al., 1990). In addition,
increased membrane concentrations of inhibitory G-protein
a-subunits (B6hm er al., 1990a) might also reduce partial
agonist or inverse agonist responses. Therefore, contraction
experiments were performed in the presence of forskolin, a
diterpene that facilitates the coupling of Gg, to adenylate
cyclase. By this method, effects of partial agonists and also
inverse agonists become detectable (Bohm er al., 1990b).
With this approach, in a recent study we determined
intrinsic activity of bucindolol, carvedilol and metoprolol
(Maack et al., 2000). In the mentioned study, metoprolol
behaved as a strong inverse agonist, while bucindolol and
carvedilol displayed Gpp(NH)p-modulatable binding and
significantly lesser amounts of inverse agonist activity
compared to metoprolol. In a part of the experiments,
bucindolol even behaved as a partial agonist. Since in some

British Journal of Pharmacology vol 132 (8)



1824 C. Maack et al

Inverse agonism of nebivolol in human myocardium

>

50% B-AR Occupation

100+ * %
=
-
§§ 75
S %
OS 50
%5
SR s
=]
W
0. ;
C Buc Carv Nebi Biso Meto

B 100% B-AR Occupation

100+

~
[
1

Force of Contraction
(% of Maximum)

C Buc Carv Nebi Biso Meto

1 8-Blockers with Gpp(NH)p-modulatable binding
B-Blockers without Gpp(NH)p-modulatable binding

*  p<0.05 vs. bucindolol
** p<0.01 vs. bucindolol

*%%* p<0.01 vs. bucindolol, carvedilol,
nebivolol, bisoprolol

Figure 5 Inotropic effects of bucindolol (n=15), carvedilol (n=38),
nebivolol (n=16), bisoprolol (n=12) and metoprolol (n=6) on
human atrial myocardium in the presence of forskolin (0.3 ymol 17")
at concentrations occupying 50% (K;, panel A) and 100% (100 x K,
panel B) of f-adrenoceptors. K-values are derived from radioligand
binding studies of this study (Table 1, nebivolol and bisoprolol, see
also legend to Figure 3) and from Maack ez al. (2000) for bucindolol
0.01 (K;) and 1 umol 17" (100 x K;)), carvedilol (0.001 (K;) and
0.1 umol I~ (100 x K;)) and metoprolol (1 (K;) and 100 ymol 1~
(100 x K;)). Force of contraction is related to the respective vehicle-
control groups.

studies (Willette et al., 1998; 1999; Trochu et al., 1999;
Maack et al., 2000) bucindolol had revealed partial agonist
effects, yet not in other studies (Hershberger er al., 1990;
Bristow et al., 1992), intrinsic activity of f-blockers can be
system-dependent.

For nebivolol, in a study on reserpinized dogs and
spontaneously hypertensive rats, no partial agonist activity
could be detected (Janssens et al., 1989). In the pithed rat

model of normal and heart failure rats, bisoprolol also had no
partial agonist activity (Willette et al., 1999). In the present
study, contraction experiments in human myocardium were
performed in the presence of forskolin. Stimulation of
adenylate cyclase by forskolin is dependent on the presence
of Gg, (Darfler et al., 1982), but the dissociation of Gg, from
the fy subunits of the G-protein only occurs when the
receptor is in an activated conformation (R*). The negative
inotropic actions of nebivolol and bisoprolol in the presence
of forskolin may reflect a reduced Gg-mediated stimulation of
adenylate cyclase and thus indicate that both fS-blockers are
inverse agonists that primarily stabilize the inactive con-
formation of the f-adrenoceptor (R). Accordingly, neither
nebivolol nor bisoprolol induce a dissociation of Gg, from the
py-subunits as estimated by radioligand binding experiments
in the absence and presence of Gpp(NH)p.

When examining inverse agonist activity of f-blockers in
intact tissue, it is of importance to rule out that the negative
inotropic effects of the compounds are due to the presence of
contaminating endogenous catecholamines. This can be done
by performing contraction experiments in the presence of a
rather weak inverse agonist (ideally a ‘neutral antagonist’). In
our experiments, the negative inotropic effect of nebivolol
could be specifically antagonized in the presence of bucindo-
lol. This further indicates that the negative inotropic effect of
nebivolol can be related to its action on f-adrenoceptors and
is not due to a decrease of myofilamental calcium sensitivity
(Zeitz et al., 2000) or non-specific effects.

The activation state of f-adrenoceptors has an impact on
receptor regulation. Benovic er al. (1988) observed a
correlation of the intrinsic activity of partial and full agonists
with the degree of receptor phosphorylation by f-adrenergic
receptor kinase (f-ARK), which is a prerequisite for receptor
desensitization and downregulation (Hausdorff e al., 1990).
In mice transfected with a constitutively active mutant of the
fr-adrenoceptor, treatment with the inverse agonist ICI
118.551 led to a 50 fold upregulation of myocardial f-
adrenoceptor density (Samana et al., 1997). According to
these data, it may be hypothesized that in patients with heart
failure, phosphorylation of the f-adrenoceptor by p-ARK
and subsequent desensitization or even down-regulation
might be effectively prevented by nebivolol and bisoprolol.
In fact, in patients undergoing coronary artery bypass
grafting, chronic treatment with bisoprolol increased myo-
cardial f;-adrenoceptor density (Motomura et al., 1990). For
nebivolol, no data concerning its effects on fS-adrenoceptor
regulation exist.

Pi-selectivity

Another important feature of f-blockers is selectivity for f;-
adrenoceptors. Nebivolol is frequently termed a f3;-selective
compound. In fact, in a study of van de Water er al. (1988)
nebivolol revealed a 293 fold f3;-selectivity. However, in that
study dissociation constants were determined by Schild plot
analysis of inhibitory effects of nebivolol on p-adrenergic
responsiveness of right atrial (1) vs tracheal (f,) tissue in
guinea-pigs. Pauwels er al. (1989) performed radioligand
binding studies on rabbit lung (f;-) and rat lung (f5,-)
adrenoceptors and observed a 4855 fold f-selectivity of
nebivolol. In CHO-cells transfected with human f;- and f»-
adrenoceptors, the same group (Pauwels et al., 1991) found
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Figure 6 The negative inotropic effect of nebivolol (Nebi,
1 yumol 17') in human atrial myocardium was antagonized in the
presence of bucindolol (Buc, 0.1 umol 17'). Experiments (n=15) were
carried out in the presence of forskolin (0.3 gmol 17").

Table 6 Force of contraction of atrial myocardium at
baseline and after treatment

Baseline  Treatment
Stimulation Agent n (mN) (mN)
Isoprenaline Nebivolol 11 33404 9.0+0.7
Bisoprolol 12 3.6+04 9.1+1.0
Forskolin Nebivolol 16 3.540.6 5.6+0.7
Bisoprolol 12 3.4+0.6 5.7+41.1
Bucindolol 15 39406 6.9+0.8
Carvedilol 8 26+0.5 3.940.6
Metoprolol 6 43+13 7.5+1.7
No pretreatment ~ Nebivolol 10 6.440.8 —
Bisoprolol 6 6.1+09 —

only a 10 fold pi-selectivity of nebivolol assessed by
radioligand binding studies. In the present study, in human
ventricular myocardium f;-selectivity of nebivolol was 2—4
fold, which is more or less non-selective. Also in COS-7 cells
transfected with human f;- and f,-adrenoceptors, selectivity
was only 3 fold. In contrast, the f§;-selectivity of bisoprolol was
16—20 fold in human myocardium and 15 fold in COS-7 cells.

The importance of fi-selectivity in the treatment of
patients with heart failure is controversial. Both the f;-
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