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Summary

1. In adult mammals, skeletal muscle mass is
maintained through a precise balance of protein synthesis
and protein degradation, while during development cellular
(not protein) turnover predominates. Whenprotein balance
is shifted towards synthesis, skeletal muscle hypertrophy
ensues, whereas increased protein degradation leads to
skeletal muscle atrophy. Insulin-like growth factor-I (IGF-
I) is among the best documented of the growth factors that
regulate skeletal muscle mass, by increasing protein
synthesis and decreasing protein degradation. However, an
IGF-I-independent growth pathway has been identified
which involves the activation of β-adrenoceptors and
subsequent skeletal muscle growth, development and
hypertrophy.

2. While the importance ofβ-adrenergic signalling in
the heart has been well documented and continues to
receive significant attention, it is only more recently that we
have begun to appreciate the importance of this signalling
pathway in skeletal muscle structure and function.Studies
have identified an important role ofβ-adrenoceptors in
myogenesis and work from our laboratory identified a novel
role for β-adrenoceptors in regulating skeletal muscle
regeneration after myotoxic injury. In addition, new data
suggest thatβ-adrenoceptors are upregulated dramatically
during differentiation of C2C12 cells.

3. It is now clear that β-adrenoceptors play an
important role in regulating skeletal muscle structure and
function. Importantly, a  clearer understanding of the
pathways regulating skeletal muscle mass may lead to the
identification of novel therapeutic targets for the treatment
of muscle wasting disorders including sarcopenia, cancer
cachexia, and the muscular dystrophies.

Introduction

Vertebrate skeletal muscle development, or
myogenesis, involves the proliferation and subsequent
specification of mesodermal cells (derived from the
somites) to the myogenic lineage. These muscle precursor
cells (termed myoblasts) undergo further rounds of
proliferation, and then exit the cell cycle to undergo
terminal differentiation and fusion to form mature
myofibres.1,2 The paired homeobox proteins Pax3 and Pax7,
and the myogenic regulatory factors Myf5, MyoD,
myogenin and MRF4 precisely regulate these processes of
specification, proliferation, differentiation, fusion and

maturation. Interestingly, a subset of muscle precursor cells
expressing Pax7 (called satellite cells) fail to differentiate,
but remain associated with the developing muscle fibres and
are believed to be responsible for the remarkable
regenerative capacity of adult skeletal muscle.2 The
processes of skeletal myogenesis and skeletal muscle
regeneration are precisely regulated through the actions of
numerous growth factors, cytokines and myokines.2,3 We
have previously identified the β-adrenergic signalling
pathway as a potential novel regulator of skeletal muscle
regeneration.4,5 In addition, we and others have postulated a
role for β-adrenoceptors in skeletal muscle growth6 and
development.7

Much of our knowledge regarding the effects of
β-adrenergic signalling in skeletal muscle comes from the
multitude of studies investigating the therapeutic potential
of synthetic β-adrenoceptor agonist (β-agonist)
administration to prevent or reverse skeletal muscle
weakness and wasting.6,8 The aim of this review is not to
examine the therapeutic potential ofβ-adrenergic
stimulation, but rather to summarize endogenous
β-adrenergic signalling in skeletal muscle, and then discuss
a potential role for this signalling pathway in both skeletal
myogenesis and regeneration following injury.

β-Adrenergic signalling in skeletal muscle

In adult mammals skeletal muscle mass is maintained
through a precise balance of protein synthesis and protein
degradation,3 whereas during development cellular (not
protein) turnover predominates. Whenthe protein balance
is shifted towards synthesis, skeletal muscle hypertrophy
ensues and during times of increased protein degradation,
skeletal muscle will atrophy. Insulin-like growth factor-I
(IGF-I) is among the best documented growth factors that
regulate skeletal muscle mass, by increasing protein
synthesis and decreasing protein degradation.9,10 While
IGF-I has long been considered the master regulator of
protein kinase B (Akt) activation with resultant downstream
signalling, a second IGF-I-independent growth pathway
involving the activation of β-adrenoceptors and subsequent
Akt activation has been proposed.11 Since we have
previously described a role forβ-adrenergic signalling in
the regulation of protein synthesis and degradation,6 only a
brief overview will be presented.

β-Adrenoceptors are members of the G-protein
coupled receptor (GPCR) superfamily; a class of receptors
defined by their selective coupling to a heterotrimeric G-
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Figure 1. β-Adrenergic signalling involves the binding of aβ-adrenoceptor agonist, which in turn results in the associa-
tion of a heterotrimeric G-protein with the third intracellular loop of theβ-adrenoceptor.This association results in a
conformational change in the heterotrimeric protein such that both theα- and βγ-subunits can activate downstream signal-
ing targets. Canonicalβ-adrenergic signalling involves the Gα mediated activation of adenylate cyclase and subsequent
production of cAMP. Binding of cAMP to PKA allows for the activation of numerous downstream targets. Innon-canoni-
cal β-adrenergic signalling the Gβγ protein dimer is believed to activate the PI3K/Akt signalling pathway. Phosphorylation
of Akt has numerous downstream effects, including: the phosphorylation and subsequent inhibition of GSK3β; the activa-
tion of mTORC1via phosphorylation of TSC2; and the phosphorylation and subsequent nuclear exclusion of FoxO1 tran-
scription factors. Theend result of both the Gα and Gβγ mediated signalling pathways is an increase in protein synthesis
and a decrease in protein degradation.6

protein (Gαβγ). Three isoforms of β-adrenoceptors have
been identified,β1-, β2- and β3-adrenoceptors, with skeletal
muscle containing a population of predominantly
β2-adrenoceptors, with approximately 7-10%
β1-adrenoceptors also present.12,13 To date, no study has
clearly delineated roles for each of the receptor isoforms in
skeletal muscle. Therefore, for the remainder of this
review, we will discuss β-adrenergic signalling without
specific reference to individualβ-adrenoceptor isoforms.

Upon activation, theβ-adrenoceptor has traditionally
been thought to couple with the stimulatory Gα subunit
(Gαs) which allows binding to adenylate cyclase (AC),
resulting in the conversion of ATP to cyclic AMP (cAMP)
and the subsequent activation of protein kinase A (PKA).
Activation of this pathway has been linked to the inhibition
of proteolytic pathways, and possibly to increased protein
synthesis (Figure 1).6

In addition to canonical Gαs-AC-cAMP-PKA
signaling,β-adrenoceptors have been found to signalvia the
Gβγ subunits of the G-protein to activate the well described
phosphoinositol 3-kinase (PI3K)-Akt signaling pathway
(Figure 1).11 In this pathway PI3K is believed to
phosphorylate the membrane phospholipid
phosphatidylinositol-4,5-bisphosphate (PIP2), generating
phosphatidylinositol-3,4,5-trisphosphate (PIP3), and
initiating the phosphorylation and subsequent activation of
the serine/threonine kinase Akt.Akt activation, in turn,
results in the phosphorylation of numerous downstream

activators, including glycogen synthase kinase 3β (GSK3β),
tuberous sclerosis complex 2 (TSC2, leading to the
subsequent activation of mammalian target of rapamycin
complex1, mTORC1)14,15and members of the forkhead box
O (FoxO) family of transcription factors (Figure 1).16,17

A role for β-adrenoceptors in the regulation of
mTORC1 signalling was first proposed by Sneddon and
colleagues (2001), who found that 5 days ofβ-adrenoceptor
stimulation using theβ-agonist, clenbuterol, was sufficient
to increase the phosphorylation of two of the best described
targets of mTORC1, 4EBP1 (eIF4E binding protein 1) and
S6K (p70 ribosomal protein S6 kinase1) in skeletal
muscle.19 The mTORC1 mediated phosphorylation of S6K
is known to promote translation, while phosphorylation of
4EBP1 prevents the inhibition of eIF4E and allows the
progression of cap-dependent mRNA translation.20 A direct
role for β-adrenoceptor regulation of mTORC1 has been
confirmed by Kline and colleagues (2007) who found that
activation of the β-adrenoceptor signalling pathway
phosphorylates Akt and results in the subsequent activation
of mTORC1.11

In addition to suggesting a role forβ-adrenoceptors
in regulating mTORC1, Kline and colleagues (2007)
identified a β-adrenoceptor mediated decrease in the
expression of the two E3 ubiquitin ligases MuRF1 (muscle
ring finger1 protein) and MAFbx (muscle atrophy F-box
protein).11 These two ubiquitin ligases have been termed
‘atrogenes’, since their upregulation is associated with
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numerous forms of muscle atrophy.21,22 Transcription of
MuRF and MAFbx is regulated via the FoxO family of
transcription factors,16,17and Akt phosphorylation is known
to result in the phosphorylation, and subsequent nuclear
exclusion of FoxO proteins, preventing its activation of
MuRF and MAFbx. It is interesting to note that while Akt
mediated phosphorylation of FoxO1 has been found to
reduce transcription of MuRF and MAFbx, phosphorylation
of FoxO3a appears only to reduce MAFbx
transcription.16,17 While FoxO1 and FoxO3a remain the
best characterised regulators of MuRF and MAFbx, FoxO4
has been identified to induce transcription of MAFbx (in
response to TNFα) in an Akt independent manner.18 Further
research is required to determine whetherβ-adrenoceptor
signalling can also inhibit FoxO4 mediated activation of
MAFbx.

Thus it appears thatβ-adrenoceptor stimulation,
through activation of Akt and/or PKA signalling pathways,
can increase protein synthesis and inhibit protein
degradation.

While much research has focused on the role of
β-adrenergic signalling in adult skeletal muscle, less is
known about the potential role of this signalling pathway
during the process of skeletal myogenesis.

β-adrenergic signalling in myogenesis

The process of skeletal myogenesis has been
described in detail previously.1,23,24 Briefly, the paraxial
mesoderm of the embryo divides into somites, with the
dorsal portion of the somite forming the dermomyotome
and giving rise to all muscles of the body and limbs.The
epaxial dermomyotome (the portion closest to the neural
cord) forms the muscles of the deep back and trunk, while
the hypaxial dermomyotome (furthest from the neural cord)
gives rise to the limb muscles. Myogenic precursor cells
delaminate from the dermomyotome and migrate to either
the myotome (to become trunk muscles) or the limb buds,
where they undergo a period of intense proliferation.After
the period of proliferation, the myogenic precursor cells
(termed myoblasts) exit the cell cycle and begin to
differentiate and fuse together to form multinucleated
myotubes. Whilemyotubes express some muscle-specific
proteins (e.g.myosin) they still lack many of the specialised
structures of mature muscle fibres.Myotubes then undergo
a period of maturation which primarily involves
organisation of the cellular architecture (e.g.formation of t-
tubules) before becoming mature muscle fibres.

The signalling proteins initiating specification to the
myogenic lineage differ between the epaxial and hypaxial
dermomyotome – the epaxial dermomyotome seems to be
controlled predominately by Wnt and SIX family
transcription factors, while the hypaxial dermomyotome is
controlled by SIX and EYA. Regardless of the signalling
pathway responsible for triggering specification, the
myogenic precursor cells begin to express the muscle
regulatory factors Myf5 and MyoD, which in turn promote
the expression of myogenin and MRF4. Expression of the
MRFs promotes exit from the cell cycle, differentiation and

fusion of the myoblasts into myotubes, and maturation of
myotubes into muscle fibres. Although few studies have
examined the role ofβ-adrenoceptors during this process
directly, both arms of theβ-adrenergic signalling pathway
have been demonstrated to play important roles in
myogenesis – the cAMP/PKA pathway is believed to be
involved in the early stages of the myogenic process25,26

while mTOR is involved in the later stages of differentiation
and maturation of myotubes.27-31

To determine whetherβ-adrenoceptor levels are
regulated during the processes of proliferation and
differentiation, we used qRT-PCR to examine the mRNA
expression levels of Adrb1 and Adrb2 (β1- and
β2-adrenergic receptor genes) in proliferating C2C12
myoblasts at 50% and 100% confluence, and differentiating
myotubes incubated for 1, 2, 3, or 4 days in differentiating
media. We found that the expression ofAdrb2 andAdrb1
were increased dramatically at two days post-differentiation
(Figure 2). These results support previous microarray data
collected from proliferating and differentiating C2C12
cells,32,33 and suggest thatβ-adrenoceptors may play an
important role in the latter stages of myogenesis, including
differentiation, fusion and maturation.Interestingly,
microarray studies revealed an upregulation of cyclin
dependent kinase inhibitor, p21, in mouse skeletal muscle
following β-adrenergic stimulation.34 As p21 is known to
promote terminal differentiation, these results provide
further support for a role forβ-adrenoceptors in
differentiation.
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Figure 2. Quantitative real-time PCR was used to mea-
sure Adrb1 and Adrb2 (β1- and β2-adrenoceptor genes,
respectively) mRNA levels in C2C12 myoblasts at 50% and
100% confluency, and myotubes following 1, 2, 3 or 4 days
of differentiation. Interestingly bothAdrb2 and Adrb1
mRNA was increased dramatically after two days in differ-
entiation media. N = 3 samples/timepoint (*,p < 0.05 vs.
50% confluence).

Further in vivo confirmation of the role of
β-adrenergic signalling in embryonic growth and
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development came from Auman and colleagues (2002) who
demonstrated that during fetal and neonatal development,
cardiacβ-adrenoceptors were resistant to desensitization (a
decrease in receptor responsiveness following a period of
chronic stimulation).35 This finding, coupled with previous
studies showing increased catecholamine levels in the
neonate,36 suggests thatβ-adrenoceptors in skeletal muscle
may be responsible, at least in part, for the rapid growth and
development observed during the fetal and neonatal stages.
In support of this hypothesis is the finding that
β-adrenoceptor stimulation in neonatal rats increases
skeletal muscle mass.7,37 These results indicate
β-adrenoceptors are present in fetal and neonatal skeletal
muscle and likely involved in muscle growth.

With the advent of β-adrenoceptor knock-out
mice,38-40 it will be important to examine the skeletal
muscle development in these mice to determine the
contribution ofβ-adrenoceptors to myogenesis.

β-adrenergic signalling in skeletal muscle regeneration

Skeletal muscle injury can occur as a result of direct
physical trauma such as contusion, laceration or crush, or
from extreme changes in temperatures, and even as a
consequence of certain types of contractions (i.e.
lengthening or eccentric contractions).Regardless of the
initiating event, skeletal muscle injury can severely impair
mobility and quality of life, and is a significant health issue
that costs billions in health care every year in most
developed nations. Luckily, skeletal muscle has a
remarkable intrinsic regenerative capacity (believed to be a
result of satellite cell proliferation and differentiation), a
process that mimics, to some extent, the myogenic process
described previously.2

Similar to myogenesis,β-adrenergic signalling has
been proposed as an important regulator of skeletal muscle
regeneration. Skeletal muscleβ-adrenergic stimulation can
hasten the structural and functional recovery of regenerating
rat skeletal muscle after myotoxic injury.4,5,41,42In addition,
studies from our laboratory have indicated that regenerating
rat skeletal muscles have a 2-3-fold increase in
β-adrenoceptor density, which may be associated with an
increased responsiveness to circulating catecholamines and
an increased rate of regeneration.4,5

While the mechanism for the increase in
β-adrenoceptor density in regenerating skeletal muscle
remains unclear, de novo synthesis ofβ-adrenoceptors is
known to be regulated at motifs identified in the 5′ and
3′untranslated regions flanking theβ-adrenergic receptor
genes.43 The net effects of these feedback mechanisms
influence transcriptional activity and RNA stability during
translation. Interestingly, the Polycomb group protein Ezh2
(a histone methyltransferase) is recruited to the promoter of
theβ2-adrenoceptor gene (ADRB2) in prostate cancer cells,
resulting in repression ofADRB2transcription.44 As Ezh2
is known to play a key role in the regulation of
myogenesis,45 future studies should focus on the role of
Ezh2 (and conversely, histone demethylase proteins) in the
regulation of ADRB2 transcription during skeletal muscle

regeneration.

Conclusions

The β-adrenergic signalling pathway represents a
novel therapeutic target for the treatment of skeletal muscle
wasting and weakness due to its critical roles in the
mechanisms controlling protein synthesis and degradation.6

However, clinical applications have so far been limited,
largely because of cardiovascular side effects.8,46,47 One
exciting new avenue of research that may obviate these
unwanted side-effects involves the use of designer GPCRs,
that allow for tight spatiotemporal control of GPCR
signalling.48 This process involves the development of both
a synthetic receptor and activator (neither of which activates
or impairs endogenous GPCR signalling) and therefore
limiting signalling to the tissue/region of interest, a result
that current β-adrenoceptor agonists cannot achieve.
However, for novel therapeutic strategies such as this to be
effective in skeletal muscle wasting and weakness, a better
understanding of the regulation of this pathway is required.

A clearer picture of the importance ofβ-adrenergic
signalling in skeletal muscle is beginning to emerge, and
the potential therapeutic application ofβ-adrenoceptor
stimulation cannot be ignored.It is our recommendation
that future studies focus not solely onβ-agonist induced
hypertrophy, but rather on the mechanisms underlying these
responses.
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