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Systemic administration of f,-adrenoceptor agonists, formoterol

and salmeterol, elicit skeletal muscle hypertrophy in rats
at micromolar doses
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1 f,-Adrenoceptor agonists provide a potential therapy for muscle wasting and weakness, but their
use may be limited by adverse effects on the heart, mediated in part, by ff;-adrenoceptor activation.
2 Two fr-agonists, formoterol and salmeterol, are approved for treating asthma and have an
extended duration of action and increased safety, associated with greater ff,-adrenoceptor selectivity.
3 The pharmacological profiles of formoterol and salmeterol and their effects on skeletal and cardiac
muscle mass were investigated in 12-week-old, male F344 rats. Formoterol and salmeterol were each
administered via daily i.p. injection at one of seven doses (ranging from 1 to 2000 ugkg™"' day™), for
4 weeks. Rats were anaesthetised and the EDL and soleus muscles and the heart were excised and
weighed. Dose-response curves were constructed based on skeletal and cardiac muscle hypertrophy.

4 Formoterol was more potent than salmeterol, with a significantly lower EDs, in EDL muscles
(1 and 130 ugkg='day~!, P <0.05), whereas salmeterol had greater intrinsic activity than formoterol
in both EDL and soleus muscles (12% greater hypertrophy than formoterol). The drugs had similar
potency and intrinsic activity in the heart, with a smaller leftward shift for formoterol than seen in
skeletal muscle. A dose of 25 ugkg™'day™" of formoterol elicited greater EDL and soleus hypertrophy
than salmeterol, but resulted in similar -adrenoceptor downregulation.

5 These results show that doses as low as 1 ugkg='day~! of formoterol can elicit significant muscle
hypertrophy with minimal cardiac hypertrophy and provide important information regarding the

potential therapeutic use of formoterol and salmeterol for muscle wasting.
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Introduction

A severe loss of muscle mass and strength is associated with
numerous conditions and disease states, including: dystrophy,
cancer cachexia, chemotherapy, sepsis, acquired immune
deficiency syndrome, burn injury, and sarcopenia (Barton &
Morris, 2003; Jackman & Kandarian, 2004). The continual
loss of muscle protein can lead to an increase in morbidity, and
in extreme cases, an increased mortality rate. Thus, therapies
that aim to alleviate the symptoms of muscle wasting are
directed towards preserving existing muscle fibres, enhancing
muscle fibre regeneration, and promoting muscle fibre growth.
Agents that stimulate an increase in muscle size (hypertrophy),
by either increasing protein synthesis or decreasing protein
degradation, or both, have the potential to be applied clinically
to combat muscle wasting conditions (Lynch, 2004).
Synthetic f,-adrenoceptor agonists (f,-agonists) were initi-
ally developed to facilitate bronchodilation to relieve asthma
(Solis-Cohen, 1900). However, it became apparent that at
doses higher than used therapeutically, f,-agonists were
capable of eliciting significant skeletal muscle hypertrophy
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(Emery et al., 1984). Since then, f,-agonists such as clenbuterol
and fenoterol have been examined in numerous animal models
of muscle wasting (Maltin ez al., 1987; Chen & Alway, 2000;
Sneddon et al., 2000; Zeman et al., 2000; Beitzel et al., 2004;
Ryall et al., 2004). Some agonists, such as albuterol, have been
used in clinical trials for the treatment of neuromuscular
disorders (Martineau et al., 1992; Kissel et al., 1998; 2001;
Fowler et al., 2004). The first clinical trials using albuterol to
treat young boys with facioscapulohumeral dystrophy, found
that year-long administration at doses of 16 and 32mgday "
had only limited beneficial effects on strength, and was
associated with some adverse cardiac-related events (Kissel
et al., 1998). In a more recent study, Fowler ez al. (2004)
administered a lower dose of 8 mgday~' of albuterol for 28
weeks to boys with Duchenne and Becker muscular dystrophy,
and found modest increases in strength with no reported side
effects. These results suggested that low doses of f,-agonists
were well tolerated, but elicited only a modest improvement in
skeletal muscle mass and strength.

In the past 15-20 years, much research on asthma has
focused on extending the bronchodilating actions of f,-
agonists, while maintaining or improving their safety profile
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(Lofdahl and Svedmyr, 1989; Ball et al., 1991; Guhan et al.,
2000). To this end, two f,-agonists, formoterol fumarate
and salmeterol xinafoate, have been recently approved in the
U.S. for the treatment of asthma. These f,-agonists have
an extended duration of action in relaxing smooth muscle
compared with traditional asthma medications, such as
albuterol and terbutaline (L6fdahl & Svedmyr, 1989; Roux
et al., 1996; Waldeck, 1996). In addition to an extended
duration of action, the safety profiles of formoterol and
salmeterol, defined as the frequency of adverse events, have
been improved significantly, because of an increased selectivity
for the f,-adrenoceptor (Guhan et al., 2000; Pearlman et al.,
2002). Since the skeletal muscle adrenoceptor population
consists predominantly of f,-adrenoceptors, and cardiac
muscle consists primarily of f;-adrenoceptors (Ryall et al.,
2002; 2004; Gregorevic et al., 2005), a more selective fS,-agonist
is likely to lessen any adverse effects on cardiac performance.
While cardiac muscle consists primarily of f§;-adrenoceptors,
there is a significant proportion of fi,-adrenoceptors, generally
in a ratio of 2:1 (Brodde, 1991; Ryall et al., 2002; Gregorevic
et al., 2005). The cardiac f,-adrenoceptor is known to have
dual coupling properties (Xiao et al., 1999; Kilts et al., 2000),
whereby stimulation activates not only the traditional adre-
noceptor-Gs—cAMP-PKA pathway, but also a Gi-mediated
signal, believed to be involved in cell survival (Foerster et al.,
2003; Ponicke ef al., 2003; Bernstein et al., 2005). Formoterol
is reported to have a f,: 3, adrenoceptor selectivity ratio of
between 200 and 400, while salmeterol has a selectivity ratio of
> 10,000 (Anderson, 1993; Johnson et al., 1993).

The exact mechanism for the extended duration of action of
both formoterol and salmeterol is still unclear, although two
hypotheses have been proposed. The first, and most popular
explanation, is known as the ‘diffusion microkinetic hypo-
thesis’, and it relates to the greater lipophilic nature of
formoterol and salmeterol (compared to other f-agonists, such
as fenoterol and clenbuterol; Waldeck, 1996), a property
conferred by a long carbon side-chain (Anderson, 1993). The
second explanation relates to the presence of a secondary
binding site, or ‘exo-site’ (Johnson et al., 1993).

It has been reported previously that both formoterol and
salmeterol are capable of producing significant muscle
hypertrophy (Moore et al., 1994; Busquets et al., 2004) at
high (milligram) doses, but the potency and maximal
hypertrophic effect of these drugs on skeletal and cardiac
muscle has yet to be determined fully. We hypothesised that
due to their extended duration of action, a relatively low dose
of formoterol or salmeterol administered to rats would elicit
skeletal muscle hypertrophy, whereas their high f,-:pf;-
adrenoceptor selectivity ratio would minimise cardiac hyper-
trophy. In addition, we examined the f-adrenoceptor down-
regulation associated with 4 weeks of ff-agonist administration
to rats at a single therapeutic dose of 25 ugkg ' day .

Methods

All experiments were approved by the Animal Experimenta-
tion Ethics Committee of The University of Melbourne, and
were conducted in accordance with the guidelines for the care
and use of experimental animals as outlined by the National
Health and Medical Research Council of Australia. Rats were
housed in a pathogen-free environment in standard cages with

free access to drinking water and food. Rats were housed
under an artificial light:dark cycle with light between 0600
and 1800 h.

B,-Agonist administration and tissue collection

Male 3-month-old Fischer 344 rats (F344, n=128 rats, body
mass (BM) ~270g) obtained from the Animal Resource
Centre (Canning Vale, Western Australia) were allocated into
either control or one of two f,-agonist-treated groups. Treated
rats (n= 112, 8 ratsdose™") received 1,10, 25, 250, 500, 1000, or
2000 ugkg™' of formoterol in saline, while salmeterol was
administered in a 1:10 cremphor:saline vehicle due to its
highly lipophilic nature. f,-Agonist treatment consisted of
once daily intraperitoneal (i.p.) injections for a period of 4
weeks. Control rats received an identical volume of saline only
(n=8), or a cremphor:saline mix (for salmeterol control,
n=238). All animals were weighed daily throughout the study.

Following 4 weeks of treatment, rats were anaesthetised
with sodium pentobarbitone (Nembutal, Rhone Merieux,
Pinkenba, QLD, Australia: 60 mgkg™', i.p.), with supplemen-
tal doses administered to maintain an adequate depth of
anaesthesia, such that there was no response to tactile
stimulation. The EDL (fast-twitch) and the soleus (slow-
twitch) muscles were surgically excised from both hindlimbs,
blotted on filter paper, trimmed of their tendons, and weighed
on an analytical balance. The rats were killed by opening the
thoracic cavity and immediate cardiac excision. The heart was
blotted on filter paper, trimmed of large vessels, and weighed.
All tissues were frozen immediately in thawing isopentane and
then stored at —80°C for later biochemical analyses.

Muscle protein concentration

To determine the effect of daily injection of cremphor vehicle,
skeletal muscle protein concentration was determined in saline
control- and cremphor vehicle-treated animals using a
Bradford protein assay (Bio-Rad, Hercules, CA, U.S.A.), with
bovine serum albumin standards. Protein assays were com-
pleted in triplicate on 96-well microplates (Nalgene Nunc
International, Rochester, NY, U.S.A.) and read on a
Multiskan Spectrum microplate spectrophotometer, running
Multiskan Spectrum software (V1.00, Thermo Electron
Corporation, Milford, MA, U.S.A.).

Pharmacological characterisation of B-agonist-induced
hypertrophy

Tissue mass (as a % of control) was plotted against the
negative logarithm of dose (as molkg 'day™!, due to
differences in molecular weights (MW) of formoterol fuma-
rate, 841, and salmeterol xinafoate, 604). Nonlinear regression
analysis was performed using GraphPad Prism v. 4.02 for
Windows (GraphPad Software, San Diego, CA, U.S.A.) using
the following sigmoidal dose-response (variable slope) rela-
tionship

Y = Yoot + (Yiop — Yoor)/(1 + (10008Pe0 20 )

where Y, is the value at the bottom of the plateau, Y., is the
value at the top of the lateau, and X and Y are the dose—
response variables.
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B-Adrenoceptor radioligand-binding assay

A working dose of 25ugkg'day”! was chosen for an
examination of agonist-induced f-adrenoceptor downregula-
tion. This was the lowest dose at which both formoterol and
salmeterol elicited skeletal muscle hypertrophy.

Both EDL and soleus muscle cell membrane samples were
assayed for total f-adrenoceptor density using methods
described in detail previously (Sillence et al., 1991; Beitzel
et al., 2004; Ryall et al., 2004). Briefly, frozen EDL and soleus
muscles were placed in 2ml of ice-cold buffer A (mm: Tris
(pH 7.0) 50, sucrose 250, EGTA 1; pH 7.4 at 4°C) and
homogenised (Polytron PT 2100, Kinematica AG, Luzerner-
strasse, Switzerland) separately for 30s. Cell membrane
fragments were prepared by centrifugation at 1,000, 10,000
and 100,000 x g at 4°C, with wash stages (in buffer A) between
each centrifugation, to obtain the cell membrane fraction for
analysis, as described previously (Sillence et al., 1991).

Single-point saturation assays were performed by incubating
400 ul cell membrane suspension with 50 ul ['*IJiodocyano-
pindolol (135pM, ICYP, the radioligand), and 50 ul of either
buffer (to determine the total counts of ICYP bound to f,-
adrenoceptors, in mM: 50 Tris (pH 7.7), 10 MgCl,, 150 NaCl;
pH 7.4 at 37°C) or DL-propranolol (2 uM; a nonselective f-
adrenoceptor antagonist that determines nonspecific binding
of ICYP to the membrane) in polyethylene tubes (12 x 75 mm).
Assays were initiated with the addition of cell membranes, and
tubes were incubated for 90 min in a shaking water bath set at
37°C (130 cyclesmin™"). Separation of bound ligand from free
ligand was achieved by filtering the contents of each tube
through Whatman GF-C glass fibre filter papers (Whatman
GF-C filter paper, Maidstone, U.K.) with 21 ml of ice-cold
buffer, using a cell harvester (Brandel M-48R cell harvester,
Biomedical Research and Development Labs, Gaithersburg,
MD, U.S.A.). Radioactivity remaining on the filters was
determined in a gamma counter (1470 Wizard-automatic
gamma counter, Wallac OY, Turku, Finland) at a counting
efficiency of 78%. Results were obtained as y-radiation counts
per minute for all tubes and then converted into concentration
of p-adrenoceptor per milligram of protein (Sillence et al.,
1991; Ryall et al., 2002; 2004; Beitzel et al., 2004). Previous
experiments have shown that rat muscle contains a predomi-
nant population of f,-adrenoceptors, with f;-adrenoceptors
usually undetectable by this technique (Sillence et al., 1991).
Hence the pf-adrenoceptors measured were designated
pr-adrenoceptors.

B>-Adrenoceptor agonists

Formoterol fumarate dihydrate (2-hydroxy-5-[(1 RS)-1-hydro-
xy-2-][[(1RS)-2-(p-methoxyphenyl)-1-methylethylamino]ethyl]
formanilide fumarate dihydrate and salmeterol xinafoate
(4-hydroxy-u«[[[6-[4-phenylbutyl)oxy]hexyllJamino]methyl]
1,3-benzenedimethanol) were kindly supplied by Astra-Zeneca
(Molndal, Sweden).

Statistical analyses

Individual variables were compared between groups using
separate one-way ANOVA with Fisher’s least significant
difference post hoc multiple comparison procedure used to
determine significance between groups. Significance was set at

P<0.05. All values are expressed as mean=+s.e.m. unless
specified otherwise.

Results
Body mass

Grouped BM data, following administration of formoterol or
salmeterol at different doses, are presented in Figure 1. Both
control groups (saline and cremphor) exhibited a significant
increase in BM during the 4-week experimental period (saline,
124+0.01%; cremphor, 16+0.01%, P<0.0001), indicating
normal growth and development at this age. Interestingly,
the cremphor control animals exhibited greater weight gain
than saline control animals (P <0.05), and for this reason all
further results will be compared relative to the respective
controls.

High doses of formoterol (2000, 1000, and
500 ugkg ' day') administered for 4 weeks caused a signifi-
cant decrease in BM from days 2 to 5, compared to saline-
treated rats (P<0.05), after which time BM was equivalent to
that of saline-treated rats. Following 28 days of treatment,
only the highest dose of 2000 ugkg='day~! failed to cause a
significant increase in BM above that seen in saline control
(response, in decreasing order of dose; 4, 7, 5, 6, 9, and 7%,
respectively, P<0.05, Table 1).

Only the highest dose of salmeterol (2000 ugkg™'day™")
was associated with an initial decrease in BM, which occurred
from days 2 to 3, when compared to cremphor-treated rats
(P<0.05). The higher doses of salmeterol (250, 500, 1000, and
2000 ug kg day') all caused an increase in BM above that of
cremphor-treated rats, following 4 weeks administration (25,
30, 30, and 28%, respectively, P <0.05, Table 2). while doses of
1, 10 and 25ugkg 'day~' did not affect BM significantly.
Cremphor vehicle-treated rats exhibited a lower protein
concentration in both the EDL and soleus muscles (data not
shown), likely indicating an increase in fluid retention.

EDL, soleus, and heart mass

Formoterol treatment for 4 weeks of increased absolute EDL
muscle mass above that of saline control rats at all doses
investigated (P<0.05), with a maximal increase in mass
observed at a dose of 500 ugkg 'day ' (36% greater than in
saline control rats, P<0.05, Table 1). When corrected for
changes in BM, formoterol elicited a maximal response in the
EDL at doses of 250 ugkg 'day™' and above. Salmeterol
treatment caused significant hypertrophy of the EDL muscle
compared to cremphor control rats at doses of
25ugkg'day™' and above, with a maximal increase in
absolute EDL muscle mass observed at doses above
1000 ugkg='day™' (39% greater than cremphor control,
P<0.05, Table 2). The EDL-to-BM ratio was increased at
doses of 25 ugkg~'day~! and above, with a maximal response
observed at doses of 1000 ugkg~'day~! and above (P<0.05).

Formoterol treatment increased absolute soleus muscle mass
above that of saline control rats at all doses tested (P<0.05).
As for the EDL muscle, a dose of 500 ugkg 'day™' of
formoterol produced the greatest hypertrophy in the soleus
muscle (26% above saline control). The soleus-to-BM ratio
was increased at doses of 250 ugkg~'day~' and above, with a
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Increase in BM following 4 weeks of treatment with (a) formoterol, or (b) salmeterol. Note the initial drop of BM in the

first 3—4 days associated with the high doses of both formoterol and salmeterol (initial BM: formoterol, 267 +2 g; salmeterol,

268+2g).

maximal increase observed at a dose of 500 ugkg 'day .
Salmeterol produced hypertrophy of the soleus muscle at doses
of 10ugkg'day™' and above, and elicited a maximum
response at doses above 500 ugkg 'day ' (28% above that
of cremphor vehicle rats, P<0.05). When corrected for BM,
salmeterol had a maximal effect at doses of 500 ugkg~'day™!
and above.

In contrast to skeletal muscle, the lowest dose of formoterol
treatment did not cause significant cardiac hypertrophy
(Table 1). Doses of 10 ugkg™' and above were required to
elicit cardiac hypertrophy, with a maximal response observed
at doses of 250 ugkg='day~! and above (22, 26, 21, and 24%
increases above that of control for doses of 250, 500, 1000, and
2000 ugkg'day~!, P<0.05). Formoterol induced the largest
observed increase in the heart mass-to-BM ratio, which
occurred at a dose of 2000 ugkg~'day~'. Salmeterol adminis-
tration for 4 weeks produced cardiac hypertrophy at doses of
25ugkg'day™' and above (P<0.05), with a maximal

response occurring at doses of 1000, and 2000 ugkg ' day
(25 and 16%, respectively, compared to that of cremphor
vehicle, Table 2). The heart mass-to-BM ratio was increased
in rats treated with doses of 25ugkg 'day' of salmeterol
and above, with a maximal increase observed at a dose of
1000 ugkg'day~".

Dose—response profiles of formoterol and salmeterol

Dose-response curves were plotted for formoterol and
salmeterol, based on EDL, soleus and cardiac hypertrophy
relative to vehicle control (i.e. % of control, Figure 2). The
relative potency (EDs,) and intrinsic activity (E,.,) values were
calculated based on a nonlinear regression of f,-agonist dose
and the percentage increase in mass above respective control
(Table 3). From these profiles it was determined that
formoterol and salmeterol exhibited significantly different
curves for changes in EDL and soleus muscle, and heart mass

British Journal of Pharmacology vol 147 (6)
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Table 1 Selected morphometric parameters following 4 weeks of daily formoterol administration (n=8 ratsdose™")

Control (vehicle) 1 10

Final BM (g) 298 +4 320+6* 325+ 5%
EDL mass (mg) 104+ 1 1174 2% 1334 2%
EDL mass/BM 0.3540.01 0.4240.01* 0.41+0.01%
Soleus mass (mg) 94+1 105+2%* 106+ 1%
Soleus mass/BM 0.314+0.01 0.3440.01* 0.32+0.01
Heart mass (mg) 661+12 693+ 14 751+ 10*"
Heart mass/BM 2.22+0.03 2.1640.02  2.31+0.03*"

Dose (ugkg™")

25 250 500 1000 2000
315+ 5% 3134+ 3* 318+ 3* 311+4* 307+£3
128 +2%* 1334 1% 141 4 1% 13542% 134+ 1%
0.404+0.01* 0.4340.01*" 0.4440.01* 0.4440.01* 0.44+0.01*
107 £2* 109 42* 118 42%7 110£2* 108 £2*
0.3440.01* 0.3540.01* 0.3740.01*" 0.354+0.01* 0.35+0.01*
748 +19% 807+ 16%* 830+ 17* 802+ 9% 821+9*
2.3640.02% 2.5840.05%" 2.614+0.05% 2.5840.02% 2.68+0.03*"

BM: body mass, EDL: extensor digitorum longus, *P<0.05 treated vs respective control, "P<0.05 significantly different from previous

(lower) dose. Results presented as mean+s.e.m.

Table 2 Selected morphometric parameters following 4 weeks of daily salmeterol administration (n =8 ratsdose™)

Control (vehicle) 1 10

Final BM (g) 31242 30945 309+6
EDL mass (mg) 10941 10742 112417
EDL/BM 0.35+0.01 0.36+0.01 0.36+0.01
Soleus mass (mg) 97+1 10142 1024+2%*
Soleus/BM 0.3140.01 0.3340.01 0.33+0.01
Heart mass (mg) 68946 677+10 699+ 19
Heart/BM 2.2140.03 2.1940.02 2.26+0.05

Dose (ugkg™")

25 250 500 1000 2000
322+4 341 £2%* 346 +3* 339+4* 329+ 5%
11942%F 140+ 2% 144 +2%* 15242%F 152+2%
0.3740.01* 0.4140.01*" 0.41+0.01* 0.454+0.01*" 0.46+0.01*
106+ 1* 117 2% 124 42%F 1234+2% 124 +2%*
0.33+£0.01* 0.34+0.01* 0.36+0.01* 0.36+0.01* 0.38+0.01*
732+ 12* 798 +13*7 821+ 12%7 8634+ 19*" 801 +19*
2.2840.03* 2.3540.03* 2.37+0.02% 2.55+0.05*" 2.43+0.03*

BM: body mass, EDL: extensor digitorum longus, *P<0.05 treated vs respective control, "P<0.05 significantly different from previous

(lower) dose. Results presented as mean+s.e.m.

(P<0.05). E,.. was 12% greater in the EDL and the soleus
muscles for salmeterol compared to formoterol administration
(P<0.05). When EDs, of each drug was calculated, formoterol
was more potent than salmeterol in the EDL muscle (P <0.05,
Table 2), and exhibited a similar trend (not significant) in the
soleus muscle.

In the heart, formoterol and salmeterol exhibited similar
intrinsic activity and potency, with the formoterol dose—
response curve shifted to the left slightly (P<0.05), so that at
each dose measured the increase in cardiac mass was greater
with formoterol treatment.

B-Adrenoceptor downregulation

Radioligand assay was used to determine f-adrenoceptor
density in EDL and soleus muscle cell membrane preparations
following treatment with 25ugkg 'day™' of formoterol or
salmeterol, compared to their respective control levels (Figure 3).

From the saline control groups, it was determined that the
soleus muscle contained 61% more f-adrenoceptors than the
EDL (P <0.05), supporting previous results which have shown a
greater f-adrenoceptor density in slow- than fast-twitch muscle.
Compared to saline control, 4 weeks of formoterol treatment
produced significant f-adrenoceptor downregulation in both
the EDL and soleus muscles (54 and 63%, respectively).
Salmeterol treatment also resulted in a significant downregula-
tion of EDL and soleus f-adrenoceptor population (40 and
47%, compared to cremphor control, P<0.05).

Discussion

The most important finding of this study was that doses of less
than 25 ugkg™'day~' of formoterol and salmeterol are capable

of eliciting significant skeletal muscle hypertrophy with
minimal or no cardiac hypertrophy, thus highlighting their
significant clinical potential for muscle wasting conditions.
While previous experiments had suggested that doses of more
than 1000 ugkg='day~!, of p,-agonists such as clenbuterol
were required to elicit skeletal muscle hypertrophy (Lynch
et al., 2000; Sneddon et al., 2000; Ryall et al., 2002; 2004), we
provide conclusive evidence that newer generation f3,-agonists,
formoterol, and to a lesser extent salmeterol, are capable of
producing skeletal muscle hypertrophy at microgram doses.
Our pharmacologic characterisation of formoterol and
salmeterol suggests that formoterol has a greater margin of
selectivity between skeletal muscle and heart. When the
formoterol EDs, values are compared between skeletal muscle
and the heart, formoterol is 11- and 16-fold more selective for
the EDL and soleus muscles, while salmeterol tended to be
more selective for the heart, than skeletal muscle. These results
provide important information for current clinical trials
utilising low-dose fr-agonist therapy for muscle-wasting
pathologies (Kissel et al., 2001; Fowler et al., 2004).
Although fi,-adrenoceptor agonists have been proposed as
possible treatments for skeletal muscle wasting (Maltin et al.,
1987; Lynch et al., 2000; Sneddon et al., 2000; Zeman et al.,
2000; Ryall et al., 2002; 2004), their clinical potential has been
limited by the associated adverse effects, most notably cardiac
hypertrophy (Duncan et al., 2000; Gregorevic et al., 2005).
Chen & Alway (2000) proposed that a low dose of the
p>-agonist clenbuterol may cause an increase in skeletal muscle
mass and strength at the relatively low dose of
10 ugkg™" day™', but they observed only modest effects in rat
slow-twitch skeletal muscle and no discernable effect in fast-
twitch skeletal muscle. In contrast, our results show quite
conclusively that formoterol elicits skeletal muscle hypertro-
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Figure 2 Dose-response graphs for (a) EDL, (b) soleus, and (c)
heart following 4 weeks of treatment with either formoterol or
salmeterol. Results are presented as percentage increase above
control. Formoterol and salmeterol had different dose-response
profiles (as determined by nonlinear regression) in both fast and
slow-twitch skeletal muscle, as well as in cardiac muscle. Lines
indicate response to a dose of 25ugkg~'day~' of formoterol
(dashed), or salmeterol (dotted). Note: The log-scale on the abscissa
is expressed in mol due to different MW of formoterol fumarate
(MW =841) and salmeterol xinafoate (MW = 604).

phy in both fast- and slow-twitch skeletal muscles at a dose of
only 1ugkg 'day™!, without a significant increase in cardiac
mass.

Previous studies have shown that high (5mgkg™") doses of
the f,-agonist clenbuterol induce apoptosis and necrosis in
both the soleus muscle and the heart (Burniston et al., 2002;
2005). Our results suggest that doses as low as 1 ugkg™' day™!
can be used to elicit skeletal muscle hypertrophy, thus
minimizing any potential necrosis or apoptosis. Further work
is required to determine whether the use of micromolar doses
of these agents elicits apoptosis or necrosis.

Pr-Agonist administration to animals, whether via drinking
water, oral ingestion, or systemic administration (Benson
etal., 1991; Moore et al., 1994; Smith et al., 2002), is associated
with an initial drop of 5-10% of BM in the first 2-5 days of
treatment. This response is believed to be due to stimulation of

Table 3 Selected pharmacologic parameters follow-
ing 4 weeks of daily formoterol or salmeterol admin-
istration (n =28 ratsdose™")

Formoterol Salmeterol
EDL
Epax (% control) 130.2+2.1 142.7+3.1*
LogEDs, (mMkg~'day™")  —5.8+0.3 —3.740.9*
EDs, (ugkg 'day™") (0.3<1<6)  (63<130<253)*
Soleus
Epnax (% control) 119.1+44 130.74+4.1*
LogEDs, (mMkg~'day™")  —6.140.9 -3.940.3

EDs, (ugkg ™' day™') (0.003<0.7<167) (16<74<337)

Heart

Eax (% control) 125.4+3.2 120.3+2.9
LogEDs, (mMkg~'day™")  —4.9+0.3 -4.0+0.3
EDs, (ugkg ' day ™) 02<11<69)  (9<59<401)

CI: confidence interval, EDL: extensor digitorum longus,
EDs: drug concentration at half of the maximum effect, E,.:
maximum hypertrophic effect. ¥ P<0.05 formoterol vs salme-
terol.

Note that EDs, values are presented as 95% CI.

central f,-adrenoceptors in the hypothalamus, which causes
a transitory suppression of appetite (Bendotti ez al., 1986). A
suppression of appetite, however short, may prove to be
detrimental to a patient receiving treatment with a f,-agonist
to reverse muscle wasting because they are already in a
weakened state. Thus, our finding that the initial drop in BM
only occurs at high doses (greater than 500 ugkg™' day™") of
formoterol and salmeterol further supports the potential of a
low-dose approach to f5,-agonist therapy.

Many muscle-wasting conditions, such as that associated
with the normal process of aging, require only small (10-15%)
increases in muscle mass and strength to significantly improve
the quality of life. We have shown previously that treating old
rats with the f,-agonist fenoterol not only restored muscle
mass and strength, but actually increased them to such an
extent that muscles from treated old rats were larger and
stronger than those from adult control rats (Ryall ez al., 2004).
This finding suggested that, in the case of age-related muscle-
wasting, a maximal response was not required, and a dose of
1 ngkg'day~! may be all that is required to increase muscle
mass and strength in an elderly person that would allow them
to complete the tasks of daily living.

The possible use of formoterol and salmeterol as a
therapeutic intervention for muscle wasting is further sup-
ported by the fact that both drugs are currently in use for the
prevention and treatment of asthma. Formoterol and salme-
terol are administered via inhalation, at single doses of up to
120 and 500 pg, respectively (Palmqvist ez al., 1999). Doses of
50 and 400ugday™' are recommended for maintenance
therapy (Pearlman et al., 2002).

Previous studies using isolated smooth muscle preparations
from both experimental animals and humans have found that
salmeterol is less efficacious and less potent than formoterol in
causing smooth muscle relaxation (Jeppsson et al., 1992;
Lindén et al., 1993; Palmqvist et al., 1999). Our results for
skeletal muscle potency are in agreement with previous studies
on smooth muscle, with formoterol being more potent than
salmeterol. However, our data on skeletal muscle mass suggest
that, when administered in vivo, salmeterol has a higher
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Figure 3 Adrenoceptor downregulation as a result of f/,-agonist treatment. Both formoterol and salmeterol caused f-adrenoceptor
downregulation at a dose of 25 ugkg ' day™' (*P<0.05 treated vs respective control; "P<0.05 EDL vs soleus).

intrinsic activity than formoterol. This result may be explained
by the differences in lipophilicity of salmeterol and formoterol.
Salmeterol, being highly lipophilic, is entirely localised to the
lipid bilayer, whereas the less lipophilic formoterol is less
strongly relocated to the lipid membrane and is more easily
washed out (Ball et al., 1991; Anderson, 1993). Thus,
salmeterol is likely to elicit a cAMP response for a longer
duration. The importance of this would not necessarily be
apparent in vitro, where smooth muscle contractile effects are
recorded over several minutes or a few hours (Jeppsson et al.,
1992). In vivo, however, our observations represent the effect
of salmeterol over 24 h between successive injections. Thus, it
is possible that a larger response might have been seen with
formoterol if injections had been given with greater frequency.

The dose-response curves for salmeterol and formoterol
provide evidence for the previously described, although yet to
be defined, difference in response between fast- and slow-
twitch skeletal muscle (Ryall ez al., 2002; 2004; Beitzel et al.,
2004). Both drugs elicited significantly greater hypertrophy in
the EDL than soleus muscles, despite the fact that the soleus
muscle has a greater density of f-adrenoceptors. At the dose
examined, it was interesting to note that compared to the
respective control, there seemed to be a greater absolute
decrease in the density of adrenoceptors in the soleus than
EDL muscle, for both formoterol and salmeterol. This
observation could help explain the differences in response
between fast- and slow-twitch skeletal muscles to f$,-agonists,
as it has been proposed that receptor downregulation is a
significant factor in limiting the anabolic response to
p-agonists (Rothwell er al, 1987; Sillence et al., 1991;
Kim et al., 1992; Huang et al., 2000; Ryall et al., 2002).
Further experiments are required to determine the exact
mechanism for the different response between these fast and
slow muscles.

In a previous study (Ryall et al., 2004), we demonstrated
that another f,-agonist, fenoterol, induced f-adrenoceptor
downregulation in the EDL, but not the soleus, muscles of
16-month-old F344 rats. This was in contrast to the current
finding of downregulation in both the EDL and the soleus
muscles of 12-week-old F344 rats. This could be attributed to a

number of mechanisms about which we can only speculate,
including a faster rate of adrenoceptor synthesis in soleus
muscles of young rats, a hypothesis supported by the previous
finding that fenoterol induced receptor downregulation in
the soleus muscles of 16-week-old rats (Ryall et al., 2002).
Nevertheless, despite this difference in sensitivity, it is clear
from our data that this does not translate to a difference in
responsiveness, as f-adrenoceptors in soleus muscles will
downregulate if they are treated with a compound of sufficient
intrinsic activity, and at a sufficient dose. Future experiments
will need to look at the possible influence of advancing age on
receptor downregulation.

The present study did not attempt to measure drug residues
in the cell membrane fragment; thus, it is possible that there
was some tissue contamination with residual formoterol or
salmeterol. In theory, such contamination could have con-
tributed to the apparent reduction in the number of binding
sites for ICYP, which was attributed to receptor down-
regulation. As the degree of whole tissue contamination by
residual drugs varies according to the lipophilicity and half-life
of the compound in question (Sillence et al., 1993), it is not
unreasonable to suggest that residual levels of salmeterol may
have increased our measurement of f-adrenoceptor down-
regulation. However, due to the relatively high pK value for
ICYP in rat skeletal muscle (pK=11.01; Sillence et al., 1993)
and multiple wash stages in the membrane preparation
procedure, we believe that residual contamination did not
affect our measurements of f-adrenoceptor downregulation.
In support of the effectiveness of the wash procedure is the
finding that the f,-adrenoceptor downregulation caused by
clenbuterol is counteracted by the f-adrenoceptor antagonist
sotalol (Sillence et al., 1991), which would not have been
apparent if residual clenbuterol had not been removed by our
washing procedure. However, we cannot discount this
possibility of drug residues altering our adrenoceptor measure-
ments.

Finally, while our results show that the increase in EDL
and soleus muscle mass is associated with a reduction in
p-adrenoceptor density, it should be noted that we did not
measure adrenoceptor density in the heart. Of particular
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importance to the current study was the examination of
skeletal muscle hypertrophy compared with cardiac hypertro-
phy. We chose to look only at skeletal muscle adrenoceptors to
determine whether we could elicit skeletal muscle hypertrophy
without causing adrenoceptor downregulation. Thus, future
studies should examine whether similar ff-adrenoceptor down-
regulation occurs in the heart after treatment with either
formoterol or salmeterol.

In conclusion, our findings demonstrate for the first time a
novel pharmacological intervention for the treatment of
muscle wasting, at doses that are currently used therapeutically
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