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Reduction of exercise tachycardia in man after
propranolol, atenolol and bisoprolol in comparison

to beta-adrenoceptor occupancy
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In a double blind, placebo controlled study, propranolol (240mg), atenolol (200mg) or bisoprolol
(JOOmg) were administered as a single oral dose to groups of 6 healthy male volunteers. Exercise
tachycardia was monitored for 84 hours after administration of the drugs to monitor beta blockade in vivo.
Plasma samples drawn in parallel with these effects were used to detect beta,- or beta2-adrenoceptor
occupancy in two subtype selective in vitro receptor binding assays. Reduction of exercise tachycardia
parallels beta,-adrenoceptor occupancy. Furthermore, at comparable beta,-adrenoceptor occupancy, less
beta2-adrenoceptor occupancy was observed after bisoprolol than after atenolol. The latter finding is in
agreement with the two-fold higher beta,Ibeta2-selectivity ratio of bisoprolol (75-fold) versus atenolol
{35-fold). It is concluded, that beta blockade observed via the reduction of exercise tachycardia can be
delineated from the in vitro occupancy of beta,-adrenoceptors by an antagonist present in plasma samples.

Introduction

In earlier studies'11, we have shown that the time
course of reduction of exercise tachycardia (RET)
after a single oral dose of propranolol is reflected
by the antagonist concentration present in plasma
samples at each time point. Furthermore, receptor
occupancy detected by in vitro incubation of
plasma samples with a beta-adrenoceptor prepar-
ation'2', allows for a prediction of the relative
extent of beta-adrenoceptor antagonistic effects in
man. This approach was also valid to monitor
effects after penbutolol'3' and also in i.v.
cumulative studies comparing propranolol and
bufuralol'4'. In addition, the inhibitory effects on
RET during 72 hours of steady state concentrations
via transdermal delivery of bupranolol were
directly reflected by inhibition of radioligand
binding at beta-adrenoceptors in vitro{i\ This
allows for a rational comparison of beta blockers of
the rather non-selective type.

These findings in man are in accordance with ex
vivo receptor binding studies in rats'6' after
cumulative administration of propranolol or ateno-
lol. It has been shown in these investigations, that
the occupancy of beta-adrenoceptors in different

tissues can be predicted from the presence of an
antagonist in the plasma compartment of rats. In
addition, studies in man have shown a parallel
decline of the right shift of isoprenaline dose-
response curves and plasma concentrations of
propranolol in man'7'.

Besides the standard drugs propranolol and
atenolol189', the recently introduced drug
bisoprolol'101 was used in the present studies. For
the latter a high selectivity has been shown in
vitro[u'l3]. In man, elimination half-lives from the
plasma compartment of 10 hours for bisoprolol'141,
and 6 hours for atenolol18'5' were reported earlier.
Assuming effective doses of 5 mg for
bisoprolol11617', we expected from the theoretical
model described earlier11', that antagonist effects
should prevail for more than 50 hours after a
100 mg dose of bisoprolol. After 240 mg of
propranolol111 and 200 mg of atenolol18-91, 48 hours
were shown to be sufficient for a complete decline
of antagonism. Based on these considerations, we
decided to monitor the volunteers for 84 hours with
respect to effects and plasma sampling.

The aims of our study were thus, to find out
whether the beta,-subtype or beta2-subtype selec-
tive assay of beta-adrenoceptor occupancy in vitro
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can predict the antagonistic effects observed from
the reduction of exercise tachycardia in man.
Furthermore, it was of interest to see, to what
extent the subtype selectivity of different beta
blockers being compared is represented by the in
vitro assay of ex vivo plasma samples. The
intention was to contribute a rational basis for a
comparison of different drugs of one class by the
application and combination of in vitro and in vivo
methods.

Methods

Receptor binding studies at beta-adrenoceptors
present in rat salivary glands and at beta-
adrenoceptors present in rat reticulocytes were
carried out as described earlier'1"1. A hydrophilic
antagonist was used as a radiolabelled tracer for
beta-adrenoceptors (3H-CGP 12177; spec. act.
35-45 Cimmor1; Amersham-Buchler; Braunsch-
weig, F.R.G.). The receptor occupancy was
calculated1 li2) from the inhibition of radioligand
binding by an antagonist present in the plasma
samples, and is shown relative to the maximum
occupancy possible.

Studies in healthy, male volunteers (N = 24;
22-26 years of age) were carried out after written
and informed consent in four different groups
(TV = 6 for each group). The protocol was identical
to that used in a previous study with propranolol'1'.
At different time intervals (see figures) after
double-blind drug administration (7 am; 200 ml of
water, overnight fasting), blood was sampled into
heparinized syringes and plasma was separated by
centrifugation and stored frozen until use. There-
after, the volunteers exercised for 4 minutes on a
bicycle ergometer at 75% of maximum work
capacity (horizontal position with the head
elevated by 15°). Heart rate was read from an ECG
every minute. Only the data from minute 3 are
shown here. Data from minutes 1,2 and 4 gave
similar results.

STATISTICS

Mean ± SEM values are shown for the heart
rates. From receptor binding studies mean data
only are shown, since the SEM did usually not
exceed 5%. Drugs were derived from the sources
described earlier'11151. Racemates of propranolol
(Dociton 80 tablets), atenolol (Tenormin 50
tablets) and bisoprolol (Concor 10 tablets) were
administered enclosed in a wafer.

Results

As can be seen from Table 1, propranolol shows
a small subtype2-selectivity at beta-adrenoceptors,
atenolol a 35-fold and bisoprolol a 75-fold beta,
selectivity in the in vitro systems employed.
Penbutolol, carteolol and bupranolol can be
termed rather non-selective, whereas metoprolol
and betaxolol clearly belong to the class of
beta,-selective antagonists; the drug ICI 118,551
still under investigation is the most selective ligand
with a pronounced 300-fold selectivity for beta2

versus beta,-adrenoceptors.

Table 1 Beta1/beta2-adrenoceplor subtype selectivity
ratios of different beta-adrenoceptor blocking drugs. Given
are the ratios of Krvalues derived from receptor binding
studies at rat salivary and rat reticulocyte membranes*12!

Non-selective: Beta, selective:

Carteolol 1/1-2
Bupranolol 1/1-1
Penbutolol 1/1
3H-CGP 12177 1/1

Metoprolol 20/1 Propranolol 1/1-8
Atenolol 35/1 ICI 118,551 1/300
Betaxolol 35/1
Bisoprolol 75/1

Exercise heart rates in the placebo group showed
only minor variations and thus rule out relevant
diurnal bias of the antagonist effects (not shown).
After 240 mg of propranolol (Fig. 1, top), the reduc-
tion of exercise heart rate declined in parallel with
beta-adrenoceptor occupancy in agreement with
our earlier studies'1'. After 200 mg of atenolol (Fig.
2, top) a reduction of exercise tachycardia was
apparent until 36 h after administration. Beta2-
adrenoceptor occupancy in vitro by the antagonist
present in the plasma samples was detectable only
within the first 12 hours, and thus cannot explain
the inhibition of tachycardia. In vitro beta,-
adrenoceptor occupancy, however, showed a good
relation to the in vivo effects. A subtype,
occupancy was observed until 36 hours after
atenolol intake. At the maximum effect of atenolol
(3 h after administration), the relation between
beta2- and beta,-adrenoceptor occupancy was
25%/80%. From the data shown, it can be
estimated, that single daily doses of 50 to 100 mg of
atenolol should be sufficient to inhibit exercise
tachycardia for a 24 hours period.

100 mg of bisoprolol inhibited exercise tachycar-
dia for 60 hours after administration (Fig. 3, top).
24 hours after drug administration no more
beta2-adrenoceptor occupancy was detected from
the plasma samples (Fig. 3, bottom). Beta,-
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Figure I Reduction of exercise tachycardia (top;
mean±SEM; N = 6) and in vitro beta-adrenoceptor
occupancy (bottom; beta, = beta2) after a single oral dose
of propranolol (240 mg).
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tachycardia (top;
mean±SEM; N = 6) and in vitro beta-adrenoceptor
occupancy (bottom; beta, > beta2) after a single oral dose
of atenolol (200 mg).
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adrenoceptor occupancy, however, paralleled the
effects on exercise tachycardia with respect to the
relative duration and extent. At a beta2-
adrenoceptor occupancy of 25% comparable to the
maximum observed with atenolol (time point 12
hours), 95% of beta,-adrenoceptors were occupied
during the bisoprolol regimen. Thus, the higher
beta,-selectivity ratio of bisoprolol versus atenolol
(see Table 1) can also be read from these in
vitro/ex vivo data. From the effect data shown in
Fig. 3, one can estimate, that a single daily dose of
5 to 10 mg of bisoprolol should be sufficient to
antagonize the sympathetic drive monitored in the

present study from the exercise procedure without
a relevant occupancy of beta2-adrenoceptors.

Discussion

In the present study, we have extended our
comparison of beta blockers in man and in receptor
binding studies in ui/ro'1'3"51 to the use of
beta,-selective antagonists. As expected from
simulations with in vitro data of atenolol and data
taken from literature1'81, we are able to predict the
relative reduction of exercise tachycardia (RET)
also for this beta,-selective antagonist by the use of
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Figure 3 Reduction of exercise tachycardia (top;
mean ± SEM; N = 6) and in vitro beta-adrenoceptor
occupancy (bottom; beta, > beta2) after a single oral dose
of bisoprolol (100 mg).

a selective assay of beta-adrenoceptor occupancy in
vitro. More interestingly, one can even relate
exercise tachycardia mainly to a beta, effect, if
there is disappearing beta2-blockade after 24 h
whereas a submaxial reduction of exercise heart
rate still persists (Fig. 3).

The question of reliable estimates of subtype
selectivity measurements with the receptor binding
assay shown here (Table 1) can be solved by a
comparison with data from independent ex-
perimental approaches. The selectivity ratios of the
drugs stated in Table 1 have been validated by
functional studies and receptor binding studies in a
wide range of tissues from different species with
different response measurements and numerous
selective agonists and antagonists110121319 27'. Fur-

thermore, the advantageous selectivity of
bisoprolol versus atenolol also prevails in the ex
vivo I in vitro part of the study: at a comparable
beta2-adrenoceptor occupancy, the beta, occupancy
of bisoprolol present in the plasma samples is
indeed higher than that of atenolol.

Finally, the prediction from the in vitro
studies of the effective doses of atenolol or
bisoprolol is confirmed by the findings in thera-
peutic studies. For atenolol daily doses of
50 mg to 100 mg are approved doses for cardiovas-
cular therapy. From our studies, this recommenda-
tion can be fully supported as described in the
'Results' and Fig. 2. For bisoprolol 5 to 20 mg were
efficient in therapy of angina pectoris'16' and
hypertension'171 with the major response at doses
between 5 and 10 mg. These doses were also
approved for general use in the Federal Republic
of Germany. From our studies in vitro (Fig. 3
bottom) one can read, that the antagonist
concentration within the 24 hours interval between
36 h and 60 h is sufficient to occupy beta,-
adrenoceptors from 75% to 30%. The half-life of
bisoprolol in plasma was described as about 10
hours"4151. Thus, at 36 hours after 100 mg of
bisoprolol, i.e. after 3-6 elimination half-lives, less
than 1/10 of drug is still in the body. Doses below
10 mg should therefore be sufficient for beta
blockade without a significant blockade of beta2-
adrenoceptors. Taking a small accumulation by
daily intake of the drug into consideration, one can
predict that 5 mg to 10 mg should suffice during
beta-blocker therapy using bisoprolol. It is
worthwhile to mention that at the time interval
after administration of the 100 mg that reflects this
low dose, an in vitro beta2 blockade was not
apparent (Fig. 3 bottom).

We conclude, that the approach presented,
allows for a rational comparison of various drugs
from one class. Such a comparison and conse-
quences therefrom, may be essential in view of the
constantly extending market of antihypertensive
drugs. We have recently presented a parallel
comparison of angiotensin converting enzyme
inhibitors on the basis of a classic pharmacologic
technique1281: Schild-plots in man129"31'. We feel,
that the wide spectrum of methods used in basic
pharmacology can serve for therapeutic purposes
much more than imagined at present.

The experimental help of Ms B. Welter with the
binding studies is gratefully acknowledged. The computer
facilities and liquid scintillation counter were gifts of the
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Dr Robert-Pfleger-Stiftung (Bamberg, FRG). Laboratory
equipment for receptor binding studies was purchased
from funds of the Paul- and Cilli-Weill-Stiftung
(Frankfurt, FRG). The studies were supported by grants
from the Deutsche Forschungsgemeinschaft.

Part of the results are taken from the doctoral thesis of
B. Pett and R. Polsak.
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