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The discovery of long acting b2-adrenoreceptor agonists
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Abstract—The design and profile of a series of saligenin containing long acting b2-adrenoreceptor agonists is described. Evaluation
of these analogues using a guinea-pig tissue model demonstrates that analogues within this series have significantly longer durations
of action than salmeterol and have the potential for a once daily profile in human.
� 2007 Elsevier Ltd. All rights reserved.
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Long acting b2-adrenoreceptor agonists are a highly
precedented drug class used for the treatment of asthma
and chronic obstructive pulmonary disease (COPD) and
as such there is high confidence in the need of these
agents.1,2 There are currently two marketed long acting
b2-adrenoreceptor agonists, salmeterol3 and formoter-
ol,4,5 neither of which provides a once daily dosing reg-
imen (Fig. 1). It is believed that there is an opportunity
for a once a day agent that in the future could become
the therapy of choice over salmeterol or formoterol.

The desire for a once daily b2-adrenoreceptor agonist
(while retaining the known efficacy of this class) would
be increased convenience and so potentially compliance
within the patient population. Asthma is a chronic
inflammatory disorder of the airways causing recurrent
episodes of wheezing, breathlessness, chest tightness
and coughing. These symptoms often occur at night or
in the early morning, impacting on sleep patterns and
so reducing overall quality of life. A once daily profile
would therefore be a valued addition to the treatment
of asthmatics.

COPD is the fourth leading cause of death in the US and
is characterized by airflow obstruction due to chronic
bronchitis or emphysema and symptoms are typically
breathing-related (e.g., chronic cough, exertional dys-
pnoea, expectoration and wheeze). A quality long acting
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b2-adrenoreceptor agonist would again be of tremen-
dous value in the treatment of this condition.

There has been considerable interest in the discovery of
a once daily b2-adrenoreceptor agonist with a recent
flurry of presentations, patent applications and licencing
agreements from a number of institutions.6 There are
numerous publications around how structurally differ-
ing long acting b2-adrenoreceptor agonists achieve their
duration of action including discussions around slow
offset phenomena, however, this argument appears lim-
ited with relatively few publications.7 The majority of
papers focus on the ability of salmeterol to bind to an
exosite on the b2-adrenoreceptor near the agonists’ bind-
ing site, termed the exosite theory.8 However, formoter-
ol would be unable to access this exosite and an
alternative hypothesis suggests that the lipophilic, basic
nature of these compounds allows them to partition
effectively into the lipid bilayers of smooth muscle
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Figure 1. Structures of salmeterol and formoterol.
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following inhalation. This partitioning then allows an
effective concentration of agonist to be present over time
and delivers duration of action, this is known as the dif-
fusion microkinetic theory.9 Regardless of the exact
molecular mechanism of sustaining duration of action
an elegant QSAR analysis of data within an inhaled long
acting dual D2-receptor/b2-adrenoreceptor agonists’
programme shows that lipophilicity and pKa are key
parameters within this project.10

We have previously reported the design and profile of a
novel series of b2-adrenoreceptor agonists exemplified
by 1 using an indole derived template discovered from
a high throughput screen.6 From the structural overlay
it is clear that even though there is significantly less con-
formational flexibility in the indole series compared to
salmeterol these analogues can still potentially access
the exosite binding region to drive duration of action
(Fig. 2). These compounds are also isolipophilic with
salmeterol so that the diffusion microkinetic theory
would also suggest an extended duration of action to
be present in these compounds.

Following on from the indole series the remit of the pro-
ject was to retain the excellent pharmacological profile
present in 1 and utilize common synthetic intermediates
while delivering a structurally differentiated series. We
decided to remain within the saligenin series as we had
experience with this motif and we were also keen to ini-
tially use benzylamines for the amide coupling partner.
This was due to the large number of commercially avail-
able benzylamines that we could use readily to investi-
gate structure–activity relationships/physiochemical
space without requiring bespoke synthesis. The amide
expression was also an attractive feature for reasons be-
yond its synthetic utility. It has been documented that
after inhalation of salmeterol a significant contribution
to the systemic effects results from the oral bioavailabil-
ity of the swallowed fraction of the inhaled dose.11

Reducing the oral bioavailability of our compounds
was a key goal by simultaneously limiting absorption
across the gut wall and ensuring high hepatic turnover
of any fraction absorbed.12 There have been numerous
analysis’s investigating molecular properties that influ-
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Figure 2. Structural overlay of salmeterol (purple) with 1.
ence oral bioavailability.13,14 Some of the properties that
have an effect include molecular weight, lipophilicity,
conformational flexibility, basicity as well as many oth-
ers. Retaining the secondary amide present in 1 and its
propensity for hydrogen bonding to potentially limit
its ability to cross the gut wall was a desirable feature.15

With this project strategy we turned to replacing the
indole linker using structural overlays to guide design
and prepared phenyl acetic alternatives to the indole,
Table 1.

Pleasingly, initial analogues were in the same potency
range as salmeterol and highly selective over the b1-adre-
noreceptor when assessed using human recombinant
b-adrenoreceptors expressed in a CHO cell line. The ef-
fect of 2–4 and salmeterol on airway smooth muscle was
investigated using tracheal strips taken from the guinea-
pig. The pharmacology of b2 agonists in this model cor-
relates well with clinical data and gives a measurement
of potency, efficacy and duration of action.16 Isolated
tracheal strips were contracted via stimulating the re-
lease of endogenous acetylcholine with electrical field
stimulation and test agents were assessed for their ability
to oppose this through functional antagonism. A dura-
tion of action was defined as the time taken for the mus-
cle tone at a just Emax concentration of the compound
to recover by 50% of the inhibition induced where the
Emax is the maximum inhibition achievable by that
compound. In this study all the compounds were essen-
tially equipotent with salmeterol and also equivalent in
the magnitude of Emax. Compared to salmeterol they
were all significantly shorter in their durations of action,
with compound 2 being the shortest. With the relatively
low lipophilicity of these compounds (logD 6 1) we
were not surprised to find that their durations of action
when assessed using guinea-pig trachea were signifi-
cantly shorter than that of salmeterol. Compounds 3
and 4 were assessed for their human liver microsomal
(HLM) stability and we were delighted to find that even
with their relatively low lipophilicity they were both rap-
idly metabolised (half-life <20 min). The cell permeabil-
ity as measured by apical to basal flux rate through a
Table 1. Potency, selectivity and logD for initial analogues
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R1 R2

Compound b2 EC50
a (nM) b1/b2

b logD

2 R1 = R2 = H 0.096 8597 0.4

3 R1 = R2 = Me 0.020 51418 1.0

4 R1 = Me, R2 = H 0.009 10054 0.8

Salmeterol 0.070 7885 2.5

a Potency and efficacy at human recombinant b2 and b1-adrenorecep-

tors expressed in CHO cells assessed as elevations in cyclic AMP. In

this assay, all compounds appeared to be full agonists.
b Ratio of EC50’s generated at human recombinant b2 and b1-adre-

noreceptors expressed in CHO cells assessed as elevations in cyclic

AMP.
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monolayer of CaCo-2 cell was also low, predicting for
poor oral absorption in human.17 These in vitro phar-
macokinetic data suggested the profile we desired of
poor gut wall permeability coupled with high first pass
metabolism was achievable in this expression (Table 2).

To increase the duration of action we decided to prepare
further analogues in the series exemplified by 4 and to
investigate the structure–activity relationship of the benz-
ylamine group. A key design feature was to increase the
overall lipophilicity of the compounds to a logD range
>1.5. If we could achieve this initial goal then the com-
pounds would be progressed to in vitro pharmacokinetic
studies to prioritise for rat in vivo work to assess oral
Table 2. Tissue potency, duration and logD for analogues

N
H

OH

OH

OH

Compound logD CaCo-2 fluxc, Papp · 10�6 cm

*

OMe

MeO

5 0.8 Not done

* 6 1.6 1

*

F

Cl

7 1.5 1

*
8 1.5 Not done

*

F

CF3

9 2.2 2

*

OCF3

10 2.4 Not done

*
Cl

Cl

11 2.6 1

*
Cl

Cl

12 2.3 1

* 13 2.2 Not done

Salmeterol — 2.1 —

a All potencies in the guinea-pig trachea model are quoted relative to salmet
b A duration of action is measured as the time taken for the muscle tone a

inhibition induced where the Emax is the maximum inhibition achievable
c Apical to basal flux rate of compound through a monolayer of CaCo-2 cel
d Half-life of compound in microsomal preparation when assayed at 1 lM.
bioavailability. A concern was that as we increased the
lipophilicity we may also increase the cell permeability
of the analogues and this was to be closely monitored.

In terms of potency all the analogues prepared were in
the same range as that of salmeterol when tested in the
guinea-pig trachea model. Assuming that compounds
5–13 have a similar binding mode to that of salmeterol
it would suggest that the b2-adrenoreceptor is tolerant
of differing substituents of this right-hand side phenyl
ring. The durations of action in the trachea model do
appear to correlate generally to the lipophilicity of the
compounds with a logD > 2 having a longer duration
of action, except for compound 13. Compounds 9–12
O

N
H

R

/s HLM (min)d Potencya Duration of action (h)b

Not done 0.30 1.5 (n = 2)

Not done 0.10 5.4 (n = 2)

Not done 0.07 5.2 (n = 2)

2 1.00 3.9 (n = 3)

9 0.90 6.6 (n = 4)

15 1.00 8.1 (n = 2)

4 0.40 9.0 (n = 4)

8 0.50 7.2 (n = 2)

10 0.50 4.6 (n = 2)

— 1.00 6.9 (n = 5)

erol so that a compound that is twice as potent will be quoted as 0.5.

t an Emax concentration of the compound to recover by 50% of the

by that compound.

ls at 25 lM, pH 7.4.
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where the logD > 2 have durations of action in the same
region as salmeterol or even significantly longer as for
compound 11. For compound 11 there was still incom-
plete tissue recovery after 14h in this model which could
be reversed using the selective b2-adrenoreceptor antag-
onist ICI-118551 thus demonstrating the effects were b2

mediated. It is interesting to compare compounds 11
and 13 which are structurally similar and also essentially
isolipophilic yet have profoundly differing durations of
action in the guinea-pig trachea. The difference in phar-
macology is hard to rationalise particularly as they are
also equipotent, however, if the exosite model is invoked
it could suggest that there are differing structure–activity
relationships regarding potency and duration in this re-
gion of the b2-adrenoreceptor.

The most interesting compounds were all progressed to
in vitro pharmacokinetic assays and all analogues were
rapidly metabolised in a human microsomal assay with
short half lives (<20 min). With these data compound
11 was further progressed to assess cell permeability
as measured by apical to basal flux rate through a
monolayer of CaCo-2 cells. This assay suggested that
not only did compound 11 possess intrinsically poor
cell permeability but it was also highly effluxed by
transporter proteins with an A to B:B to A ratio of
1:15. These in vitro data confirmed that 11 should have
low oral bioavailability due to poor absorption
through the gut wall and high first pass metabolism,
this warranted progression of 11 into rat in vivo stud-
ies. Following iv administration the volume of distribu-
tion was high (Vd = 16.6 L/kg), however, with a
clearance of greater than liver blood flow (123 ml/
min/kg) the measured half-life was 1.5 h. An oral leg
was not performed as the iv data and the in vitro
CaCo-2 data suggested that the oral bioavailability
would be very low. Compound 11 was also screened
for off target pharmacology and showed no significant
affinity (<100 nM) for other receptors, enzymes or ion
channels.

In conclusion, we have described our efforts to deliver a
b2-adrenoreceptor agonist that has a longer duration of
action than salmeterol in the well-validated guinea-pig
trachea model. Additionally a key design feature was
to ensure that compounds would have low oral bioavail-
ability compared to salmeterol to reduce systemic effects
through the swallowed fraction after inhalation. This
was achieved through introducing amide functionality
with high hydrogen bonding potential to limit absorp-
tion while also ensuring high first pass metabolism.
Compound 11 delivers this pharmacology profile with
improved potency and duration of action compared to
salmeterol in the guinea-pig trachea model. Since salme-
terol is reported to have a duration of action of up to
18 h in human this warranted further progression of
11 into further in vivo studies where its superior dura-
tion of action was confirmed.

Furthermore 11 possesses the required in vivo pharma-
cokinetics with clearance greater than liver blood flow
in the rat and consequently short half-life. Further work
and efforts in this series will be described in future
publications.
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