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1 b-Adrenoceptor antagonists (‘b-blockers’) are one of the most widely used classes of drugs in
cardiovascular medicine (hypertension, ischaemic heart disease and increasingly in heart failure) as
well as in the management of anxiety, migraine and glaucoma. Where known, the mode of action in
cardiovascular disease is from antagonism of endogenous catecholamine responses in the heart
(mainly at b1-adrenoceptors), while the worrisome side effects of bronchospasm result from airway
b2-adrenoceptor blockade. The aim of this study was to determine the selectivity of b-antagonists for
the human b-adrenoceptor subtypes.
2 3H-CGP 12177 whole cell-binding studies were undertaken in CHO cell lines stably expressing
either the human b1-, b2- or the b3-adrenoceptor in order to determine the affinity of ligands for each
receptor subtype in the same cell background.

3 In this study, the selectivity of well-known subtype-selective ligands was clearly demonstrated:
thus, the selective b1 antagonist CGP 20712A was 501-fold selective over b2 and 4169-fold selective
over b3; the b2-selective antagonist ICI 118551 was 550- and 661-fold selective over b1 and b3,
respectively, and the selective b3 compound CL 316243 was 10-fold selective over b2 and more than
129-fold selective over b1.
4 Those b2-adrenoceptor agonists used clinically for the treatment of asthma and COPD were b2
selective: 29-, 61- and 2818-fold for salbutamol, terbutaline and salmeterol over b1, respectively. There
was little difference in the affinity of these ligands between b1 and b3 adrenoceptors.

5 The clinically used b-antagonists studied ranged from bisoprolol (14-fold b1-selective) to timolol
(26-fold b2-selective). However, the majority showed little selectivity for the b1- over the b2-
adrenoceptor, with many actually being more b2-selective.
6 This study shows that the b1/b2 selectivity of most clinically used b-blockers is poor in intact cells,
and that some compounds that are traditionally classed as ‘b1-selective’ actually have higher affinity
for the b2-adrenoceptor. There is therefore considerable potential for developing more selective
b-antagonists for clinical use and thereby reducing the side-effect profile of b-blockers.
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3-benzodioxole-2,2,dicarboxylate; COPD, chronic obstructive pulmonary disease; ICI 118551, (�)-1-(2,3-
[dihydro-7-methyl-1H-inden-4-yl]oxy)-3-([1-methylethyl]-amino)-2-butanol; ICI 215001, (S)-4-[2-hydroxy-3-phe-
noxypropylaminoethoxy]phenoxyacetic acid hydrochloride; ICI 89406, N-[2-[3-(2-cyanophenoxy)-2-hydroxypro-
pylamino]ethyl]-N0-phenylurea

Introduction

b-Adrenoceptor antagonists (b-blockers) are one of the most

widely used classes of drugs in clinical practice. Pronethalol

and propranolol, the first b-blockers, were first shown to lower

blood pressure and have beneficial effects in the management

of angina (Black et al., 1965). By binding to cardiac b-
adrenoceptors, these early b-blockers were able to block the

binding (and therefore action) of the endogenous catechola-

mines adrenaline and noradrenaline, resulting in a reduction in

the rate and force of cardiac contraction. As well as their

major use in cardiovascular disease (hypertension, ischaemic

heart disease and increasingly heart failure; Prichard, 1988;

CIBIS-II, 1999; Heidenreich et al., 1999; Prichard et al., 2001;

COMET, 2003), b-blockers are also used in the treatment of

glaucoma, tremor, anxiety, migraine and hyperthyroidism

(Peet & Yates, 1981; Feely & Peden, 1984; Uitti, 1998;

Limmroth & Michel, 2001; Stamper et al., 2002).

However, while the main cardiovascular use of b-blockers
is the antagonism of cardiac b-adrenoceptor responses in the

heart (mainly b1-adrenoceptors), a main side effect is due to

antagonism of b2-adrenoceptors in the airways, resulting in

bronchospasm (Lewis & Lofthouse, 1993). Drugs that are

more cardio-selective (or b1-selective) have therefore been

developed, as these should offer a lower side-effect profile
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(Prichard, 1988). Initially, these drugs were screened for

‘selectivity’ by observing changes in heart rate (taken to be

b1-antagonism; Prichard, 1988), changes in contraction of

atrial appendages (b1) or bronchial smooth muscle (b2)
isolated from animals or humans (Harms, 1976). Although

a good reflection of tissue-binding affinities, this is more

difficult to extrapolate to specific receptor affinities. Firstly,

these comparisons were made in different cell backgrounds

and from different individuals, that is, atrial appendage from

one individual and bronchus from another. Secondly, these

measurements are subject to the changes involved in the

disease process or those induced by any previous medication

(Harms, 1976). For example, exposure to highly efficacious

agonists can alter the b2-adrenoceptor such that its affinity for

ligands is reduced 10-fold (Baker et al., 2003a). Thus, assays in

which cells have had prior exposure to agonists many therefore

give an underestimate of b2-adrenoceptor binding. Thirdly,

many tissues express more than one receptor subtype, which

may complicate the evaluation of ligand affinities.

Often, the affinity of antagonists is assessed by their ability to

inhibit agonist responses. Although this allows direct compar-

isons across many ligands and receptors to be made, by

definition, it also requires the presence of an agonist and this in

itself may alter receptor binding (Baker et al., 2003a). Further-

more, many of the b-blockers have been shown to possess

intrinsic efficacy of their own (e.g. Jasper et al., 1990; Azzi et al.,

2003; Baker et al., 2003b, c). As this can vary depending on the

cellular response being measured (Azzi et al., 2003; Baker et al.,

2003c), these properties provide additional complications to

ligand affinity measurements from functional studies.

Thus, although estimated b-adrenoceptor-binding affinity

legitimately varies between the tissues examined, to achieve a

true reflection of the individual receptor affinities, affinity

should ideally be measured in systems which guarantee the

existence of only a single receptor subtype, in the same cell

background and in the absence of agonists. The aim of the

present study was therefore to determine the selectivity of a wide

range of clinically used b-blockers for binding to recombinant

human b1, b2 and b3 adrenoceptors stably expressed in living

mammalian cells in the same cell background.

Methods

Materials

Cell culture reagents were from Sigma Chemicals (Poole,

Dorset, U.K.), except foetal calf serum, which was from PAA

Laboratories (Teddington, Middlesex, U.K.). White-sided

view plates were from Costar and Microscint 20 scintillation

fluid from Packard. 3H-CGP 12177 was from Amersham

International (Buckinghamshire, U.K.). Betaxolol, practolol,

pronethalol, ICI 215001, bisoprolol, salmeterol, CGP 12177,

ICI 118551, ICI 89406, salbutamol, sotalol, timolol, CL

316243 and xamoterol were from Tocris Life Sciences (Avon-

mouth, U.K.). All other reagents were from Sigma Chemicals.

Cell lines

Mammalian cells (CHO-K1) stably expressing either the

human b1-adrenoceptor (Baker et al., 2003b) or the human

b2-adrenoceptor (Baker et al., 2002) were used. A further

stable cell line was made by transfection of CHO-K1 cells with

the human b3-adrenoceptor (DNA from Guthrie DNA

Resource Centre) using Lipofectaime and Optimem according

to the manufacturer’s instructions. Transfected cells were

selected for 3 weeks using resistance to neomycin (at

1mgml�1). A single clone was then isolated by dilution

cloning.

Cell culture

All the CHO cells were grown in Dulbecco’s modified Eagle’s

medium nutrient mix F12 (DMEM/F12) containing 10%

foetal calf serum and 2mM L-glutamine in a 371C humidified

5% CO2 : 95% air atmosphere. The day prior to experimenta-

tion, the cells were seeded into white-sided, clear-bottomed

96-well view plates such that they were confluent for the

following day’s experiment.

3H-CGP 12177 whole cell binding

On the day of experimentation, the media was removed from

each well of the 96-well view plate. The b-ligand under

investigation (diluted in DMEM/F12 containing 2mM

L-glutamine only, that is, serum-free media) followed imme-

diately by radioligand 3H-CGP 12177 (0.3–0.6 nM for b1- and
b2-expressing cells and 6–20 nM for b3-expressing cells) were

then added to each well. The cells were incubated for 1.5 h at

371C. The cells were washed twice by the addition and removal

of 200 ml phosphate-buffered saline. Microscint 20 (200 ml) was
added to each well, a white base applied to the plate to convert

the wells into white-sided/white-bottomed wells and the plates

counted on a Topcount.

Data analysis

All data points on each binding curve were performed in

triplicate and each 96-well plate also contained triplicate

determinations of total and nonspecific binding. Nonspecific

binding was determined in the presence of 100 nM CGP

20712A for the b1-adrenoceptor, 100 nM ICI 118551 for the

b2-adrenoceptor and 100mM CGP 12177 for the b3-adreno-
ceptor. In all cases where a KD value is stated, increasing

concentrations of the competing ligand were used until

the specific binding of 3H-CGP 12177 was completely

inhibited. The following equation was then fitted to the data

using Graphpad Prism 2.01 and the IC50 was then determined

as the concentration required to inhibit 50% of the specific

binding

%uninhibited binding ¼ ð100�NSÞ
ð½A�=IC50 þ 1Þ þNS

where [A] is the concentration of the ligand, IC50 is the

concentration at which half of the specific binding of 3H-CGP

12177 has been inhibited and NS is the nonspecific binding.

From the IC50 value and the known concentration of

radioligand 3H-CGP 12177, a KD (concentration at which half

the receptors are bound by the competing ligand) value was

calculated using the equation:

KD ¼ IC50

1þ ð½3H-CGP12177�=KD
3H-CGP12177Þ
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Results

The KD for 3H-CGP 12177 in the b1 cell line has been

previously determined from saturation-binding experiments

and was 0.42 nM, with a receptor expression level of

1146 fmolmg�1 protein (Baker et al., 2003b). The KD value

for 3H-CGP 12177 in the b2 cell line was 0.1770.01 nM

(n¼ 11) and receptor expression level 466 fmolmg�1 protein

(Baker et al., 2002). For the b3 cells, saturation-binding

experiments were performed and an estimate of the KD value

for 3H-CGP 12177 of 97727 nM (n¼ 5) obtained. However,

the maximum concentration of 3H-CGP 12177 that could be

achieved (220 nM) was only two-fold over this KD value and

the specific binding at this concentration was only 30.6%

of total binding. When CGP 12177 was used to displace the

binding of a lower concentration of 3H-CGP 12177, the

KD value obtained from the above equation (which simpli-

fies to KD¼ IC50�[3H-CGP 12177]) was 109.2711.9 nM

(logKD¼�6.9970.05; n¼ 12) and the receptor expression

level 789.77130 fmolmg�1 protein. This value (109.2 nM) was

used as the KD value for 3H-CGP 12177 in all subsequent

calculations of KD values of the competing ligands at the

b3-adrenoceptor. At the concentration of 3H-CGP 12177 used

in the competition-binding experiments, specific binding

represents 98.8, 93.2 and 50.0% of total binding for the b1,
b2 and b3 cells, respectively. This concentration of 3H-CGP

12177 will not detect binding to the secondary non-catechol-

amine site of the b1-adrenoceptor (Baker et al., 2003b).
CGP 20712A, the selective b1-adrenoceptor antagonist,

was found to have 501 times higher affinity for the b1- than
the b2-adrenoceptor, and 4169 times higher affinity for the

b1- than the b3-adrenoceptor (see Table 1). Likewise, the

selective b2-adrenoceptor ligand ICI 118551 was 543-fold

selective for the b2- over the b1-adrenoceptor and 661-fold

selective for b2- over the b3-adrenoceptor. The b2-agonists
used in the clinical management of asthma and COPD were

b2-selective: 29-, 61- and 2818-fold for salbutamol, terbutaline

and salmeterol over b1, with little b1/b3 selectivity.

However, although the majority of clinically used b-blockers
showed great variation in their ability to bind to the receptors

(from nanomolar affinity for timolol to micromolar for

atenolol, see Table 1, Figures 1 and 2), very little selectivity

is seen for binding between the b1 and b2 adrenoceptors. Only

CL 316243 was found to be b3 selective.

Discussion

b-Adrenoceptor antagonists (b-blockers) are one of the most

widely used classes of drugs in clinical practice and are

currently used in the management of hypertension, ischaemic

heart disease, heart failure, anxiety, tremor, migraine and

glaucoma. This study suggests that many ligands previously

considered to have b1-selectivity, for example, metoprolol and

atenolol (Lewis & Lofthouse, 1993), have poor b1/b2
selectivity, while others that are often prescribed for cardio-

vascular, disorders, for example, carvedilol, sotalol and timolol

actually have higher affinities for the b2-adrenoceptor
(Table 2).

Although the affinity of a great many b-adrenergic ligands

has been assessed over the years, direct comparisons are often

difficult to interpret as studies have been conducted in different

Table 1 Log KD values of b-blockers and b-agonists for binding to the human b1-, b2- and b3-adrenoceptors

LogKD values
b1 n b2 n b3 n

b-ligands
CGP 20712A �8.8170.03 10 �6.1170.05 4 �5.1970.09 6
ICI 89406 �8.9170.09 6 �7.0770.06 5 �5.6970.06 6
Practolol �6.1470.05 4 �4.9970.07 4 4�4 7
Xamoterol �7.2270.04 5 �6.0770.08 5 �4.4570.07 8
Bisoprolol �7.8370.04 4 �6.7070.05 4 �5.6770.10 6
Betaxolol �8.2170.07 6 �7.3870.06 8 �5.9770.08 7
Atenolol �6.6670.05 7 �5.9970.14 9 �4.1170.07 7
ICI 215001 �6.3770.05 6 �5.8670.04 5 �6.6370.11 7
Acebutolol �6.4670.03 9 �6.0870.07 6 �4.4170.12 7
Metoprolol �7.2670.07 7 �6.8970.09 9 �5.1670.12 7
CGP 12177 �9.2170.04 8 �9.3970.07 7 �6.9970.05 12
Labetolol �7.6370.05 4 �8.0370.07 10 �6.1870.10 6
Carvedilol �8.7570.09 7 �9.4070.08 5 �8.3070.11 6
Pronethalol �6.4470.07 7 �7.3670.07 5 �5.8970.15 6
Propranolol �8.1670.08 5 �9.0870.06 8 �6.9370.11 7
Sotalol �5.7770.11 7 �6.8570.09 10 �5.0570.07 8
CL 316243 4�3 3 �4.1070.19 3 �5.1170.05 6
Alprenolol �7.8370.06 9 �9.0470.07 8 �6.9370.07 7
Bupranolol �8.5170.04 4 �9.8570.05 4 �7.0470.13 6
Nadolol �7.2370.04 8 �8.6070.07 6 �6.1870.20 7
Timolol �8.2770.08 5 �9.6870.02 4 �6.8070.11 7
ICI 118551 �6.5270.02 4 �9.2670.03 12 �6.4470.16 6

Clinically-used b-agonists
Salbutamol �4.6670.07 6 �6.1270.07 9 �4.3370.08 7
Terbutaline �3.8270.07 5 �5.6270.06 9 �3.9070.10 7
Salmeterol �5.3870.01 6 �8.8370.07 11 �5.7370.12 8

Values represent mean7s.e.m. of n separate experiments.
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tissues, from different species and by different methods. At

times, species differences are very important, for example, ICI

118551 is not subtype specific in the pig (Liang & Mills, 2001).

The methods of determining ligand affinity are also important.

As mentioned above, measurements made in the presence of an

agonist may alter ligand affinity measurements. There are also

likely to be discrepancies in antagonist affinities at GPCRs in

studies made in intact cells and those from membrane

preparations. In intact cells, there is always endogenous GTP

present. The GPCR–G-protein complex will therefore be
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Figure 1 Inhibition of 3H-CGP 12177 binding to whole cells by
CGP 21712A in (a) CHO b1 cells, (b) CHO b2 cells and (c) CHO b3
cells. Bars represent total 3H-CGP 12177 binding and nonspecific
binding was determined in the presence of (a) 100 nM CGP 20712A,
(b) 100 nM ICI 118551 or (c) 100mM CGP 12177. The concentrations
of 3H-CGP 12177 present in each case are (a) 0.35, (b) 0.35 and (c)
13.2 nM. Data points are mean7s.e.m. of triplicate determinations.
These single experiments are representative of (a) 10, (b) four and (c)
six separate experiments. CGP 20712A shows high b1-selectivity.
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Figure 2 Inhibition of 3H-CGP 12177 binding to whole cells by
sotalol in (a) CHO b1 cells, (b) CHO b2 cells and (c) CHO b3 cells.
Bars represent total 3H-CGP 12177 binding and nonspecific binding
was determined in the presence of (a) 100 nM CGP 20712A, (b)
100 nM ICI 118551 or (c) 100 mM CGP 12177. The concentrations of
3H-CGP 12177 present in each case are (a) 0.35, (b) 0.58 and (c)
6.9 nM. Data points are mean7s.e.m. of triplicate determinations.
These single experiments are representatives of (a) seven, (b) 10 and
(c) eight separate experiments. Sotalol has relatively little b-
adrenoceptor selectivity.
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dissociated and the GPCR will be in the low receptor–ligand

affinity state. In membrane preparations in the absence of

GTP, two site-binding affinities for agonists are seen as

receptors also exist in a high-affinity G-protein-bound state

(where the G-protein is unable to dissociate in the absence of

GTP; Kobilka, 1992). Whole cell-binding studies would

therefore be expected to yield measurements similar to the

low-affinity sites normally detected in membranes in the

presence of GTP. In keeping with this, only a single-site

competition-binding curve was seen with the b-agonists in this

study.

Despite these difficulties, a few studies do exist that have

examined the selectivity in the same cell background. Smith &

Teitler (1999) examined the selectivity of seven b-blockers
using membranes from insect cells transfected with recombi-

nant human b1- and b2-adrenoceptor receptors. The selectivity
ratios obtained (for bisoprolol, betaxolol, atenolol, metopro-

lol, carvedilol, propranolol and ICI 118551) are very similar to

those in this study and also suggest that carvedilol and

propranolol are actually more b2-selective. Another study,

assessing the b-adrenoceptor subtype selectivity of 12 antago-

nists at human b1, b2 and b3 adrenoceptors expressed stably

in CHO cells, has very recently been published (Hoffmann

et al., 2004). In this study, Hoffmann et al. (2004) used
125I-cyanopindolol binding to membranes to assess receptor

selectivity. Although the authors did not detect any salbutamol

or terbutaline b1/b2 selectivity, selectivity was demonstrated

with ICI 118551 and CGP 20712A. Bisoprolol, metoprolol and

atenolol were found to be more b1-selective in membrane

preparations than reported here in intact cells, although, again,

carvedilol and propranolol showed slight b2-selectivity in both

systems. However, despite a few differences between studies, it

is clear that, although highly selective b1 compounds do exist,

the b-blockers currently available for clinical use do not show

much selectivity between the b-adrenoceptors.
Thus, although in the clinical setting b-blockers are

primarily used for their b1-antagonist effect, the majority

actually appear to have rather poor b1/b2 selectivity (Table 2).

However, despite this, b-blockers have been and continue to be

a highly effective treatment for many cardiovascular disorders.

The effectiveness of the drugs in man obviously depends on

more than just receptor affinity. The pharmacokinetic profile

of the drugs, the absorption, metabolism, tissue distribution

and elimination of the drugs, as well as their longevity of

action at the given receptors, also are important. Also, there

are several different polymorphic variants of the b-adrenocep-
tors within the population and this may give rise to different

drug affinities and actions both in the laboratory and in a

clinical setting.

Finally, many ‘b-blockers’ are not neutral antagonists,

but have some agonist and inverse agonist actions of their

own at the different b-adrenoceptors (Jasper et al., 1990;

Chidiac et al., 1994; Bond et al., 1995; Azzi et al., 2001;

2003; Baker et al., 2003b, c; Hoffmann et al., 2004). The

contribution of this to their overall clinical effects is so far

unknown. However, the clinical benefit of b-blockers in heart

failure does not appear to be a class effect, nor is it completely

explained by b1-antagonism (CIBIS-II, 1999; BEST, 2001;

COMET, 2003). The agonist and inverse agonist effects of the

different b-blockers may therefore explain some of the

Table 2 Selectivity ratios of the b-blockers for human b1-, b2- and b3-adrenoceptors, where a ratio of 1 demonstrates no
selectivity for a given receptor subtype over another

Selectivity ratios
b1 vs b2 b2 vs b3 b1 vs b3

b-ligands
CGP 20712A 501.2 8.3 4168.7
ICI 89406 69.2 24.0 1659.6
Practolol 414.1 49.8 4138.0
Xamoterol 14.1 41.7 588.8
Bisoprolol 13.5 10.7 144.5
Betaxolol 6.8 25.7 173.8
Atenolol 4.7 75.9 354.8
ICI 215001 3.2 5.9 1.8
Acebutolol 2.4 46.8 112.2
Metoprolol 2.3 53.7 125.9
CGP 12177 1.5 251.2 166.0
Labetolol 2.5 70.8 28.2
Carvedilol 4.5 12.6 2.8
Pronethalol 8.3 29.5 3.5
Propranolol 8.3 141.3 17.0
Sotalol 12.0 63.1 5.2
CL 316243 412.6 10.2 4128.8
Alprenolol 16.2 128.8 7.9
Bupranolol 21.9 645.7 29.5
Nadolol 23.4 263.0 11.2
Timolol 25.7 758.6 29.5
ICI 118551 549.5 660.7 1.2

Clinically-used b-agonists
Salbutamol 28.8 61.7 2.1
Terbutaline 63.1 52.5 1.2
Salmeterol 2818.4 1258.9 2.2

Thus, the affinity of CGP 20712A is 501-fold more at the b1- than b2-receptor.
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differences between drugs and their mode of action in

conditions where b1-antagonism does not seem to be the

whole explanation.

In conclusion, although selective b1-antagonism is the goal

of most b-blocker treatment regimes, the majority of clinically

used b-blockers have little selectivity for the human b1- over
the human b2-adrenoceptor in intact living cells. Clearly, as

more b1-adrenoceptor-selective antagonists do exist than those

currently clinically available (e.g. CGP 20712A), there is

considerable potential for developing more selective b-antago-
nists for clinical use and thereby reducing the side-effect profile

of b-blockers.

J.G. Baker is a Wellcome Trust Clinical Scientist Fellow and thanks
Professor S.J. Hill for his helpful comments in the preparation of this
manuscript.
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