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B.-Adrenoceptors and non-B-adrenoceptors mediate
effects of BRL37344 and clenbuterol on glucose
uptake in soleus muscle: studies using

knockout mice
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and Jonathan R.S. Arch

Clore Laboratory, University of Buckingham, Buckingham, UK

Background and purpose: In previous work, 10 pM BRL37344 and 10 pM clenbuterol stimulated glucose uptake in mouse
soleus muscle. Ten nM BRL37344 also stimulated uptake but 100 nM clenbuterol inhibited uptake. Antagonist studies
suggested that the opposite effects of 10 nM BRL37344 and 100 nM clenbuterol are mediated by the P,-adrenoceptor.
BRL37344 and clenbuterol have been studied in muscles that lack 8-, B2- or all three B-adrenoceptors. Effects of B-adrenoceptor
antagonists on responses to the agonists have been studied further using muscles from wild-type mice.

Experimental approach: Soleus muscles of wild-type or B-adrenoceptor knockout mice were incubated with 2-deoxy[1-'*C]-
glucose, and B-adrenoceptor ligands. Formation of 2-deoxy[1-'*C]-glucose-6-phosphate was measured.

Key results: Concentration-response relationships were similar for BRL37344 and clenbuterol in normal muscle and muscle
lacking Bs-adrenoceptors. Ten pM BRL37344 and clenbuterol stimulated glucose uptake in muscle lacking B,-adrenoceptors or
all three B-adrenoceptors, but 10 nM BRL37344 did not stimulate uptake in either case, and 100 nM clenbuterol stimulated,
rather than inhibited, uptake in muscle lacking ,-adrenoceptors. One hundred nM clenbuterol also stimulated glucose uptake
in normal muscle when B,-adrenoceptors were blocked with ICI118551, and this was not prevented by antagonism of B- or
Bs-adrenoceptors.

Conclusions and implications: Ten nM BRL37344 and 100 nM clenbuterol have opposite effects on glucose uptake but both
effects are mediated by the ,-adrenoceptor — apparently an example of agonist-directed signalling. Ten pM BRL37344, 10 pM
clenbuterol and 100 nM clenbuterol in the presence of ICI118551 stimulate glucose uptake via B-adrenoceptor-independent
mechanisms, demonstrating unknown properties for the agonists.
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Introduction et al., 2004), rat L6 skeletal muscle cells (Tanishita et al., 1997;
Nevzorova et al.,, 2002) and rat skeletal muscle (Abe et al.,
B-Adrenoceptor agonists directly and acutely alter the rate of =~ 1993; Liu et al., 1996). In brown adipocytes and L6 cells, these
glucose uptake in rat and mouse brown adipocytes (Marette  effects display the pharmacology of the predominant
and Bukowiecki, 1990; Shimizu et al., 1996; Chernogubova  B-adrenoceptor (normally B; in adipocytes and B, in L6 cells);
they are solely stimulatory, and they follow a classical
concentration-response relationship.
In skeletal muscle, by contrast, very different profiles have
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Bs-adrenoceptors. Higher concentrations had no effect or elic-
ited an inhibitory response (Abe et al., 1993; Liuet al., 1996). In
mouse soleus muscle, we have reported (Ngala et al., 2008) that
very low concentrations (10 or 100 pM) of BRL37344 and the
selective B,-adrenoceptor agonists clenbuterol and salbutamol
stimulated glucose uptake, whereas higher concentrations
(100 nM) of clenbuterol and salbutamol that stimulate
B.-adrenoceptors inhibited glucose uptake. BRL37344 (10 nM)
also displayed a second, more pronounced stimulatory effect,
contrasting with its inhibitory effect at similar concentrations
in some other studies (Abe et al., 1993; Liu et al., 1996; Board
et al., 2000).

Studies with subtype selective B-adrenoceptor antagonists
revealed pharmacological profiles for the stimulatory effects
of 10 pM clenbuterol and BRL37344 that were not typical of
any B-adrenoceptor subtype, whereas the effects of the higher
concentrations of both agonists displayed [,-adrenoceptor
pharmacology in that they were antagonized by (*)-1-[2,
3-(dihydro-7-methyl-1H-inden-4-yl)oxy]-3-[(1-methylethyl)
amino]-2-butanol hydrochloride (ICI118551) but not by con-
centrations of other antagonists that would be expected to
block B;- or Bs-adrenoceptors. Moreover, glucose uptake in
C2C12 cells, in which B,- but not B;- or Bs;-adrenoceptors
could be detected by RT-PCR, responded to clenbuterol and
BRL37344 in a similar fashion to soleus muscle. As 100 nM
clenbuterol inhibited, whereas 10 nM BRL37344 stimulated
glucose uptake, this suggested that these agonists might affect
different signalling mechanisms via the B,-adrenoceptor, a
phenomenon previously identified with compounds that had
originally been described as antagonists of B-adrenoceptors
(Summers, 2008).

In order to elucidate further the molecular nature of the
receptors that mediate responses to BRL37344 and clen-
buterol, we have studied soleus muscle from mice that lack
B2-, Bs- or all three B-adrenoceptors. Our results confirm and
extend our previous conclusions concerning the nature of the
receptors.

Methods

Animals and muscle preparation

Breeding, housing and husbandry procedures were conducted
in accordance with the UK Government Animals (Scientific
Procedures) Act 1986 and approved by The University of
Buckingham Ethical Review Board.

Male FVB/N mice aged-matched to 3,- and B;-adrenoceptor
knockout mice, and male wild-type C57B1/6 were obtained
from Harlan, Bicester, UK. Breeding pairs of FVB/N mice that
lacked the B,-adrenoceptor (Chruscinski et al., 1999) were
obtained with the permission of Professor Brian Kobilka from
Professor Lutz Hein, then at the University of Wuerzburg,
Germany. Breeding pairs of FVB/N mice that lacked the
Bs-adrenoceptor (Susulic ef al., 1995) were obtained with the
permission of Professor Brad Lowell from Professor Barbara
Cannon, Stockholm. Breeding pairs of mice that lacked all
three B-adrenoceptors and wild-type mice on the same mixed
background (129 Sv/ev, 129 Sv], FVB/N, C57BL/6] and DBA/2)
(Jimenez et al., 2002) were provided by Professor Francoise
Rohner-Jeanrenaud and Dr Cedric Asensio, Geneva. Mice
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were aged 7-14 weeks when used. They were fed ad libitum
and killed 3 to 4 h after the onset of the light cycle by a UK
Government Animals (Scientific Procedures) Act 1986
schedule 1 method.

The soleus muscle was dissected from each hind leg and
held under resting tension by a stainless steel clip as described
previously (Wang et al., 2003). Muscles were pre-incubated at
37°C for 45 min in Krebs-Henseleit bicarbonate that con-
tained 10 mM (4(2-hydroxyethyl)piperazine-1-ethanesulfonic
acid buffer (HEPES) (pH 7.4) gassed with 95% O,: 5% CO, and
containing 0.14% (w/v) fatty acid-free bovine serum albumin
and 5.5 mM glucose, as described previously (Ngala et al.,
2008).

2-Deoxyglucose uptake

Muscles were transferred to new flasks and 2-deoxy(1-"*C]
glucose (0.1 uCi-mL™") uptake was measured over 45 and
60 min, respectively, in the absence or presence of adrenocep-
tor agonists and antagonists, insulin (0.1 nM) and glucose
(5.5 mM), as described previously (Ngala et al., 2008).

B-Adrenoceptor expression
B-Adrenoceptor expression was
previously (Ngala et al., 2008).

measured as described

Statistics

Results are expressed as means =+ standard error of the mean.
Glucose uptake was calculated assuming that 2-deoxyglucose
and glucose are not distinguished by the uptake mechanism.
Data were analysed by analysis of variance (ANOVA) followed,
if the ANOVA was significant by Fisher’s least significant differ-
ence test. Where a range of concentrations of -adrenoceptor
agonist was used, comparisons were made only with peak
effects of the agonists (10 pM and 10nM BRL37344 in
Figure 1). Effects of the B-adrenoceptor agonists were analysed
by comparing with corresponding baseline values (asterisks in
the figures), and effects of B-adrenoceptor antagonists or
absence of B-adrenoceptors by comparing responses at the
same concentration of agonist (daggers or double daggers in
the figures). Baseline data are reproduced for clarity in the two
panels of Figure 3.

Materials

Radiochemicals were obtained from Amersham International
(Amersham, Bucks, UK). BRL37344 and clenbuterol were from
Tocris Cookson Ltd. (Bristol, UK). Bovine insulin and standard
chemicals were from Sigma Aldrich (Gillingham, UK).
Nomenclature for receptors and compounds is in accordance
with the British Journal of Pharmacology Guide (Alexander
et al., 2008).

Results

Glucose uptake in soleus muscle of FVB/N wild-type and
knockout mice

Wild-type FVB/N: The concentration-response relationship for
the effect of BRL37344 on 2-deoxyglucose uptake (hereafter
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Figure 1 Effects of (A) BRL37344 and (B) clenbuterol on glucose
uptake in soleus muscle of FVB wild-type (WT) and Bs-adrenoceptor
knockout mice (BsKO) (n=5 to 8). *P < 0.05, **P < 0.01 for the effect
of agonist compared with baseline.

=1

termed ‘glucose uptake’) in isolated soleus muscle from wild-
type FVB/N mice was similar to data reported previously for
soleus muscle from C57Bl/6 mice (Ngala et al., 2008). There
was a minor peak of stimulation at 10 pM BRL37344 and a
major peak at 10 nM BRL37344. The minor peak shown in
Figure 1A did not reach statistical significance in that experi-
ment. However, other experiments were conducted on the
effect of 10 pM BRL37344 in wild-type FVB/N mice. The data
are not included in Figure 1A because the experiments were
not conducted in parallel with the study in Bs;-adrenoceptor
knockout mice that is shown in Figure 1A. By using all
the data in FVB wild-type mice (including data shown
in Figure 3A), a two-way (experiment; concentration of
BRL37344) ANOVA conducted on data from three experiments,
each involving between 5 and 7 soleus muscles incubated in
the absence and presence of 10 pM BRL37344, demonstrated
a significant stimulation of glucose uptake by 10 pM
BRL37344 (P = 0.028). There was no significant difference
between the experiments or interaction between experiment
and the effect of BRL37344.

The concentration-response relationship for the effect of
clenbuterol on glucose uptake in isolated soleus muscle from
wild-type FVB/N mice (Figure 1B) was also broadly similar to
that reported previously for soleus muscle from C57Bl/6 mice
(Ngala et al., 2008): there was a peak of stimulation at 10 pM
clenbuterol and no stimulation at concentrations of 1 nM or
higher. In some experiments, including that shown in
Figure 1B, there was only a slight trend to suppression of
glucose uptake below the baseline value by 100 nM clen-
buterol. However, 100 nM clenbuterol suppressed glucose
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Figure 2 B-Adrenoceptor expression in soleus muscle of FVB
wild-type and B,-adrenoceptor knockout mice (n = 6). **P < 0.01 for
the effect of knockout of P.-adrenoceptor on expression of
Bs-adrenoceptors.

uptake significantly below the baseline value in the experi-
ment shown in Figure 3B, as it had in wild-type C57Bl/6 mice
(Ngala et al., 2008).

Bs-adrenoceptor knockout. The concentration-response rela-
tionships for both BRL37344 and clenbuterol were similar in
soleus muscles from wild-type and B;-adrenoceptor knockout
mice (Figure 1), indicating that the stimulatory responses
to 10 pM and 10 nM BRL37344, and to 10 pM clenbuterol
in FVB/N and C57Bl/6 mice were not mediated by
Bs-adrenoceptors. We did not investigate whether ;- or
B.-adrenoceptors were upregulated in skeletal muscle of these
mice. Others have not found increased ;- or B,-adrenoceptor
binding in ventricular myocardium of B;-adrenoceptor knock-
out mice (Ziskoven et al., 2007), but this does not preclude the
possibility that B;- or B,-adrenoceptors are up-regulated in
skeletal muscle. Nevertheless, these results are consistent with
the lack of effect of B;-adrenoceptor blockade on responses to
BRL37344 and clenbuterol (Ngala et al., 2008). No conclusion
could be drawn from this experiment regarding the suppres-
sion of glucose uptake by 100 nM clenbuterol in C57Bl/6
mice because, as explained earlier, a significant suppression
below baseline was not seen in the wild-type FVB mice used in
this experiment.

Be-adrenoceptor knockout. The expression of ;-adrenoceptor
mRNA in soleus muscle was similar in ,-adrenoceptor knock-
out mice and their wild-type controls, but the mean
Bs-adrenoceptor mRNA expression in knockout mice was only
45% of that in wild-type mice (Figure 2). In view of other data
that preclude a role for the B;-adrenoceptor in responses to
BRL37344 and clenbuterol, it is unlikely that ablation of
responses to 10 nM BRL37344 and 100 nM clenbuterol
described below was due to reduced expression of the
Bs;-adrenoceptor.

For the experiment shown in Figure 3, which was con-
ducted in B,-adrenoceptor knockout and age-matched con-
trols, BRL37344 and clenbuterol were wused only at
concentrations that elicited peak effects on glucose uptake.
For clarity, the effects of BRL37344 and clenbuterol are shown
in separate panels with baseline glucose uptake replicated.
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Figure 3 Effects of (A) BRL37344 and (B) clenbuterol on glucose
uptake in soleus muscle of FVB wild-type and ,-adrenoceptor knock-
out mice (n=6). *P < 0.05, *P < 0.01, ***P < 0.001 for the effect of
agonist, or agonist plus 300 nM ICI118551 compared with base line;
TTTP < 0.001 for the effect of knockout compared with wild type (P
= 0.086 for effect of knockout in 10 nM BRL37344-treated mice);
1P < 0.001 for the effect of ICIT18551 in muscle treated with
100 nM clenbuterol.

The B,-adrenoceptor antagonist ICI118551 (300 nM) was
added to some incubations with 10 nM BRL37344 and
100 nM clenbuterol because it had blocked the effects of these
concentrations in C57B1/6 mice, transforming the depressant
effect of clenbuterol into a stimulation (Ngala et al., 2008).

The stimulatory effect of 10 pM BRL37344 did not reach
statistical significance in wild-type FVB/N mice in this
experiment, but it did reach statistical significance in
the pB,-adrenoceptor knockout mice. By contrast, 10 nM
BRL37344 stimulated glucose uptake in wild-type but not
B.-adrenoceptor knockout mice (Figure 3A). Similarly, 10 nM
BRL37344 failed to stimulate glucose uptake in the presence
of 300 nM ICI118551 in either wild-type or knockout mice.
The presence of ICI118551 did not add to any effect of knock-
ing out the p,-adrenoceptor (Figure 3A). The effect of
ICI118551 was not statistically significant, though it was in
our previous work in C57Bl/6 mice (Ngala et al., 2008). Thus
the B,-adrenoceptor appears to mediate the stimulatory effect
of 10 nM BRL37344, but not that of 10 pM BRL37344.

The stimulatory effect of 10 pM clenbuterol was present in
both wild-type and PB,-adrenoceptor knockout mice. By con-
trast, 100 nM clenbuterol inhibited glucose uptake in wild-
type mice, but stimulated glucose uptake in B,-adrenoceptor
knockout mice. ICI118551 similarly changed the inhibitory
effect of 100 nM clenbuterol in wild-type mice into a stimu-
latory effect; it had no effect in B,-adrenoceptor knockout

Receptors for f-adrenoceptor agonists in muscle

RA Ngala et al 1679

mice (Figure 3B). Thus the inhibitory effect of 100 nM clen-
buterol, but neither the stimulatory effect of 10 pM clen-
buterol nor that of 100 nM clenbuterol in the presence of
ICI118551, was mediated by the ,-adrenoceptor.

Glucose uptake in soleus muscle of mixed background wild-type
and ‘B-less’ mice.

Preliminary work using a range of concentrations demon-
strated broadly similar effects of BRL37344 and clenbuterol on
glucose uptake in isolated soleus muscle from wild-type lit-
termates of the mice that lacked all three B-adrenoceptors
(‘B-less” mice). These results were similar to those reported
previously for soleus muscle from C57Bl/6 mice (Ngala et al.,
2008). There was stimulation at 10 pM BRL37344, 10 nM
BRL37344 and 10 pM clenbuterol and suppression of glucose
uptake at 100 nM clenbuterol (Figure 4a)

The stimulatory effects of 10 pM BRL37344 and 10 pM clen-
buterol were present in both wild-type and B-less mice, indi-
cating that they were not mediated by any B-adrenoceptor,
whereas the stimulatory effect of 10 nM BRL37344 was absent
(Figure 4B,C), as would be expected since it was absent in
FVB/N B,-adrenoceptor knockout mice. One hundred nM
clenbuterol did not suppress glucose uptake significantly
below the baseline level in this experiment, as happened in the
first experiment in wild-type FVB/N mice (Figure 1B), so it is
not possible to make any firm statement about the effect
of absence of B-adrenoceptors on the response to 100 nM
clenbuterol.

Glucose uptake in wild-type C57Bl/6 mice

Further studies were conducted in wild-type C57B1/6 mice to
clarify issues that were not fully resolved using the knockout
mice. First, as 100 nM clenbuterol did not inhibit glucose
uptake significantly in the B;-adrenoceptor knockout and
B-less mice, the possibility that the Bs;-adrenoceptor contrib-
uted to this inhibitory effect was studied in wild-type C57B1/6
mice using 1 pM SR59230A. A 1 uM SR59230A blocks B;- and
possibly also f;-adrenoceptors (Manara et al., 1996; Nisoli
et al., 1996; Hutchinson et al., 2001; Hutchinson et al., 2005.)
One uM SR59230A has no effect on baseline glucose uptake
(Ngala et al., 2008). One hundred nM clenbuterol inhibited
glucose uptake to similar degrees in the absence and presence
of 1 uM SR59230A (absence: 47% inhibition, P < 0.001; pres-
ence 41%, P < 0.001; n = 6 for each treatment).

Secondly, clenbuterol stimulated glucose uptake in
B.-adrenoceptor knockout mice, and in the presence of
ICI118551 in both FVB/N and CS57Bl/6 wild-type mice
(Figure 3 and Ngala et al., 2008), but it did not stimulate
glucose uptake in B-less mice (Figure 4). Three hundred nM
ICI118551, like 1 uM SR59230A and 300 nM CGP20712, has
no effect on baseline glucose uptake (Ngala et al., 2008). Thus
it was possible that the stimulatory effect of 100 nM clen-
buterol when B,-adrenoceptors were blocked or absent was
mediated by B;-or ;-adrenoceptors. However, the stimulation
of glucose uptake by clenbuterol in the presence of ICI118551
was suppressed by neither 300 nM CGP20712, which blocks
Bi-adrenoceptors (Kaumann, 1986; Zwaveling et al., 1996),
nor 1 uM SR59230A, which blocks Bs- and possibly also
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stimulation of glucose uptake by 100 nM clenbuterol in the presence
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(n=14). *P < 0.05; **P < 0.01 versus baseline; P < 0.001 versus
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Bi-adrenoceptors (Figure 5). Moreover, the combination of
ICI118551 and SR59230A also failed to affect the response to
100 nM clenbuterol in the presence of ICI118551 (glucose
uptake: baseline, 2.49 * 0.24; clenbuterol + ICI118551, 3.73 =
0.44; clenbuterol + all three antagonists, 3.63 = 0.26 umol g
wet weight™; n = 8 for all groups; P < 0.001 for both combi-
nations compared with baseline). Thus the stimulation of
glucose uptake by clenbuterol in the presence of ICI118551
was not mediated by a B-adrenoceptor.

British Journal of Pharmacology (2009) 158 1676-1682

Discussion

The current study confirms and extends the conclusions of
our previous work (Ngala et al., 2008) regarding the nature of
the receptors that mediate the effects of 10 pM and 10 nM
BRL37344, and 10 pM and 100 nM clenbuterol on glucose
uptake in mouse soleus muscle.

An important conclusion of our previous study was
that although 100 nM clenbuterol suppressed and 10 nM
BRL37344 stimulated glucose uptake, both acted via
B.-adrenoceptors. The current study confirms this conclusion
because both effects were abolished in B,-adrenoceptor knock-
out mice. This effect appears to be an example of ligand-
directed signalling, previously seen only with -adrenoceptor
ligands that were originally classified as antagonists (Summers,
2008). Clenbuterol and BRL37344 have always been classified
as agonists. An alternative interpretation would be that clen-
buterol behaves as an inverse agonist at the soleus muscle
B,-adrenoceptor. This would mean that constitutively active
signalling mechanisms that are further activated by BRL37344
are inhibited by clenbuterol. This possibility is being explored
further.

Not only was the inhibitory effect of 100 nM clenbuterol
abolished in B,-adrenoceptor knockout mice but it was trans-
formed into a stimulatory effect. This response was also seen
when B,-adrenoceptors were blocked with ICI118551 (Ngala
etal., 2008). We previously raised the possibility that
ICI118551 prevented clenbuterol from signalling to Goy
protein via the f,-adrenoceptor but somehow still allowed
signalling via Gos, so that, like BRL37344, it stimulated
glucose uptake. This is clearly not correct because 100 nM



clenbuterol stimulated glucose uptake in muscle from mice
that lacked B,-adrenoceptors.

It was conceivable that either ;- or B;-adrenoceptors medi-
ated the stimulatory effect of 100 nM clenbuterol in the pres-
ence of 300 nM ICI118551 This seemed likely when we found
that the stimulatory effect was absent in B-less mice, despite
the B,-adrenoceptor being disrupted in the same way in the
B-less and B,-adrenoceptor knockout mice (Chruscinski et al.,
1999; Jimenez etal.,, 2002). However, neither 300 nM
CGP20712A, nor 1 uM SR59230A, nor both together, blocked
the stimulatory effect of 100 nM clenbuterol in the presence
of ICI118551 in muscle from wild-type C57B1/6 mice. It there-
fore seems that this effect is not mediated by any
B-adrenoceptor and that the genetic background of the B-less
mice prevented stimulation of glucose uptake by 100 nM
clenbuterol plus ICI118551.

The current study also supports our previous conclusions
that the stimulatory effects of 10 pM BRL37344 and 10 pM
clenbuterol are not mediated by any B-adrenoceptor. For
10 pM clenbuterol, the conclusion was less secure because,
although 10 pM is 250-fold below the ECs, value of clenbuterol
for relaxation of rat uterus and guinea pig trachea (Ngala et al.,
2008), its effect was blocked by 300 nM ICI118551 and not by
1 uM atenolol, which might suggest the involvement of the
B:-adrenoceptor. However, any B,-adrenoceptor involvement
now seems very unlikely because both 10 pM BRL37344 and
10 pM clenbuterol stimulated glucose uptake in soleus muscle
from mice that lack .-, B;- or all three B-adrenoceptors. A
remaining possibility is that these effects were mediated by a
disrupted B,-adrenoceptor in the knockout mice. In view of the
major insertion made in the f,-adrenoceptor (Chruscinski
et al., 1999), in our following comments we do not classify
such a receptor as a f-adrenoceptor. It is most unlikely that
a disrupted s-adrenoceptor could be involved because
the Ps-adrenoceptor was disrupted in different ways in
the pB;-adrenoceptor and p-less mice, and the disrupted
Bs-adrenoceptor is not expressed in the B-less mice (Susulic
et al., 1995; Jimenez et al., 2002). It is also most unlikely that a
disrupted P;-adrenoceptor could be involved because it is
largely ablated in the B-less mice (Rohrer et al., 1996).

We do not know the molecular nature of the receptors that
mediate responses to 10 pM BRL37344, 10 pM clenbuterol or
100 nM clenbuterol in the presence of ICI118551. Our pre-
vious paper (Ngala efal., 2008) showed that the effect of
10 pM BRL37344 was blocked by both ICI118551 and
atenolol, and that of 10 pM clenbuterol by ICI118551 (both
antagonists at 1 uM). As discussed in that paper, other
workers have reported that BRL37344 interacts with other
receptors, but only at higher concentrations than those used
here. Similarly, clenbuterol blocks sodium channels, but only
in the 1-100 uM range (Fischer ef al., 2001). Ongoing studies
are investigating the signalling mechanisms involved in
both the B,-adrenoceptor- and non-B-adrenoceptor-mediated
responses.

In conclusion, 10 nM BRL37344 and 100 nM clenbuterol
had opposite effects on glucose uptake in mouse soleus
muscle but both effects were mediated by the ,-adrenoceptor.
Ten pM BRL37344 and 10 pM clenbuterol stimulated
glucose uptake via f-adrenoceptor-independent mechan-
isms. In the presence of ICI118551, 100 nM clenbuterol
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stimulated glucose uptake via a B-adrenoceptor-independent
mechanism.
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