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Abstract 

Skeletal muscle plays a fundamental role in human health and so understanding the biological processes that regulate skeletal 
muscle mass in health and disease is critical. We know that resistance exercise increases rates of muscle protein synthesis (MPS) 
in a mechanistic target of rapamycin complex 1 (mTORC1)-dependent manner. However, the exact molecule(s) that ‘sense’ 
mechanical loading and translate that signal to a biochemical event leading to upregulation of MPS remains elusive. Similarly, in 
response to periods of unloading there is a decrease in MPS and potentially a transient increase in muscle protein breakdown 
(MPB), but the relative contribution of MPS and MPB to muscle atrophy remains unknown. The aim of this review is to briefly outline 
the molecular mechanisms that regulate skeletal muscle protein mass in response to both mechanical loading and unloading 
(disuse). We discuss recent developments in the field of molecular exercise biology as well as present a working hypothesis as to 
the physiological basis for muscle disuse atrophy.  
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Introduction 

The human body is ~45% skeletal muscle by mass (Kim et al., 
2002; Zhao et al., 2013). Skeletal muscle is a critical organ 
playing a key role in the generation of contractile force, post-
prandial glucose disposal (Richter and Hargreaves, 2013) and is 
positively associated with improved metabolic health (Wolfe, 
2006). It also is a highly plastic tissue capable of adapting to 
alterations in the load, frequency and duration of imposed 
contractile activity. It is known that contraction results in both 
acute and chronic changes in gene/protein expression and 
whole-body metabolism (Baar and Esser, 1999; Chen et al., 
2002; Egan and Zierath, 2013). The nature of these adaptions 
often is highly specific to the type of stimulus. For example, 
performing repeated longer duration sessions of low intensity 
contractions (i.e., aerobic exercise) results in improved fatigue 
resistance in part due to a shift in mitochondrial density and 
oxidative capacity (Henriksson, 1977; Holloszy, 1967). 
Contrastingly, repeated bouts of exposure to fatiguing intense 
loaded contractions (i.e., resistance exercise), induces an 
increase in fiber cross sectional area (Campos et al., 2002; 
Davidsen et al., 2011; Goodman et al., 2011a; Mitchell et al., 
2012). Resistance exercise (RE) training also induces increases 
in strength and minimally affects endurance (Sale, 1988). 
Training with RE has long been utilized as an effective strategy 
to increase strength and improve athletic performance as well 
as enhance health (American College of Sports Medicine 
position stand, 2009; Delorme and Watkins, 1948). 

The size of human skeletal muscle mass is dictated by the 
coordinated relationship between diurnal changes in muscle 
protein synthesis (MPS) and muscle protein breakdown (MPB) 
(Phillips et al., 2009; Phillips et al., 1997). In healthy humans, it 
is the changes in MPS in response to protein feeding-induced 

and contraction-induced stimulation that is the major 
determinant of muscle mass and size (Phillips et al., 2009). For 
this reason, the focus of many studies in humans has been on 
factors that ultimately influence MPS. It is known that amino 
acid ingestion stimulates a rise in rates of MPS and that this 
effect is potentiated by RE. Put simply, RE sensitizes skeletal 
muscle to the anabolic effect of amino acid feeding an effect 
that lasts for up to 24 h (Burd et al., 2011). However, our 
understanding of how RE (loading) or disuse (unloading) 
influences the translation and subsequent incorporation of new 
muscle proteins into the contractile apparatus at the molecular 
level, remains unclear. We also are largely ignorant of the 
mechanisms responsible for the loss of muscle mass during 
periods of disuse. The aim of this review is therefore to provide 
a brief overview of existing knowledge in these areas with 
specific emphasis on current concepts in the field. We will not 
cover the intricacies of protein transcription, translation or 
elongation, nor will we discuss ribosomal biogenesis [for 
reviews see (Chaillou et al., 2014; Gingras et al., 1999b; 
Hershey, 1991; Mahoney et al., 2009; Sonenberg and 
Hinnebusch, 2007)]. Rather, we aim to provide a brief overview 
of how loading/unloading alters the putative regulators of protein 
turnover. For the interested reader we refer them to other 
excellent review articles on this topic (Goodman et al., 2011b; 
Jewell and Guan, 2013; Jewell et al., 2013; Mahoney et al., 
2009; Murton et al., 2008; Wall et al., 2013a).  

Setting the scene: the mechanistic (mammalian) 
target of rapamycin complex 1 (mTORC1) 

An often-unifying feature of studies that aim to delineate the 
molecular regulation of MPS in response to exercise and 
nutrition is the assessment of changes in the activity of the 
mechanistic target of rapamycin complex 1 (mTORC1) (Apró 
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and Blomstrand, 2010; Areta et al., 2013; Churchward-Venne et 
al., 2014; Guertin and Sabatini, 2007; McGlory et al., 2014). The 
mTORC1 protein is an evolutionary conserved serine/threonine 
protein kinase that is critical for cell survival, cell proliferation, 
lipid synthesis and more relevant to this review, protein 
synthesis (Foster and Fingar, 2010; Lamming and Sabatini, 
2013; Laplante and Sabatini, 2012). mTORC1 is composed of 
the catalytic subunit, mechanistic target of rapamycin (mTOR) 
and the associated partner proteins, regulatory-associated 
protein of mTOR (Raptor), Mammalian lethal with SEC13 
protein 8 (mLST8), DEP domain-containing mTOR-interacting 
protein (Deptor) and Proline-rich Akt substrate of 40 kDa 
(PRAS40) (Foster and Fingar, 2010).  Aberrant activity of 
mTORC1 is proposed to be implicit in the aetiology of ageing 
(Cuthbertson et al., 2005; Fry et al., 2011) and the 
pathophysiology of many diseased states, including cancer 
(Guertin and Sabatini, 2007). Hence, examination of how 
mTORC1 and its adapter proteins are regulated by both 
exercise, and nutrition, is relevant not only to exercise scientists, 
but also for those who aim to develop pharmaceutical 
countermeasures to combat disease.  

There are numerous molecular input signals to mTORC1 that 
can regulate its activity. One such input is the guanosine 
triphosphatase (GTPase) Ras homolog enriched in brain (Rheb). 
When in a guanosine triphosphate (GTP)-bound state, Rheb is 
required for appropriate mTORC1 assembly; however, when in 
the guanasine diphosphate  (GDP)-bound state mTORC1 
assembly and activation is prevented. This specific process is 
controlled by the upstream GTPase activating protein (GAP) 
called tuberous sclerosis 2 (TSC2) (Aspuria and Tamanoi, 
2004). When active, TSC2 activates Rheb driving its GTPase 
activity, increasing the guanosine diphosphate (GDP)/GTP-
bound state of Rheb, thus inhibiting its interaction with, and 
activity of, mTORC1 (Inoki et al., 2003a). In turn, the influence 
of TSC2 on Rheb, is enhanced by adenosine monophosphate-
activated protein kinase (AMPK) (Inoki et al., 2003b). As a 
cellular energy sensor, AMPK also has been shown to exert an 
inhibitory effect on mTORC1 via phosphorylation of Deptor 
(Gwinn et al., 2008). In contrast, protein kinase B (PKB) 
phosphorylates TSC2 to inhibit its ability to activate Rheb (Inoki 
et al., 2002) as well as directly targeting PRAS40, (Haar et al., 
2007) exerting a dual stimulatory effect on mTORC1 activity. 
Once active, mTORC1 interacts with many downstream 
substrates including but not limited to the ribosomal protein of 
70 kDa S6 kinase 1 (p70S6K1) and 4E-binding protein-1 (4E-
BP1) (Dickinson et al., 2011; Gingras et al., 1999a; Pearson et 
al., 1995) (see Figure 1). Both p70S6K1 and 4E-BP1 play 
important roles in the MPS response to stimulation, in fact, 
phosphorylation of p70S6K1 has been shown be correlated with 
hypertrophy (Baar and Esser, 1999; Terzis et al., 2008). Indeed, 
mTORC1 phosphorylates p70S6K1 on Thr389 to upregulate 
translation initiation via the S6K1 Aly/Ref like target (SKAR) 
protein (Ma et al., 2008; Richardson et al., 2004) as well as 
translation elongation via eukaryotic elongation factor-2 kinase 
(eEF2K) (Wang et al., 2001). 4E-BP1 also is targeted by 
mTORC1 via phosphorylation on Thr37/46. Phosphorylation of 
4E-BP1 reduces its affinity for eukaryotic initiation factor 4E 
(eIF4E), enabling eIF4E to interact with eukaryotic initiation 
factor 4G (eIF4G) to form the 43S preinitiation complex. These 
steps are key to the commencement of protein initiation 
(Gingras et al., 1999a). We acknowledge the existence other 
signaling proteins and protein kinases that either regulate 
(Hamilton et al., 2014), or are targets of mTORC1, however, the 

discussion of their role in mTORC1 signaling is not within the 
remit of the present review, so we refer interested readers to 
other informative articles (Dowling et al., 2010; Gkogkas et al., 
2010; Laplante and Sabatini, 2013).  

Resistance exercise and protein synthesis 

Loading in the form of RE is a potent driver of human skeletal 
muscle strength and hypertrophy (Booth et al., 1998; Delorme 
and Watkins, 1948; Goldberg, 1968). More recent data have 
shown that isolated bouts of RE increase rates of MPS (Phillips 
et al., 1997) and this increase in MPS is largely driven by 
increased mRNA activity (protein synthesis per mRNA) most 
likely due to enhanced translation initiation (Baar and Esser, 
1999; Chesley et al., 1992; Gingras et al., 1999b). Given that 
translation initiation is proposed to be orchestrated by 
mTORC1-p70S6K1 signaling (Gingras et al., 1999b; Ma et al., 
2008), it is unsurprising that increased rates of MPS in response 
to RE are often accompanied by elevations in the 
phosphorylation status of mTOR and p70S6K1 (Areta et al., 
2013; Baar and Esser, 1999; Churchward-Venne et al., 2012; 
Mitchell et al., 2012; Moore et al., 2009). In addition, as 
mentioned some have observed correlations between increases 
in the phosphorylation status of kinases/proteins and exercise-
induced changes in MPS (Burd et al., 2010; Kumar et al., 2009) 
and even RE-induced hypertrophy (Baar and Esser, 1999; 
Mitchell et al., 2013; Terzis et al., 2008). Using the 
immunosuppressant rapamycin (an mTORC1 inhibitor) many 
studies have now demonstrated the importance of mTORC1 in 
the regulation of MPS. In one seminal study conducted by 
Bodine and colleagues (Bodine et al., 2001b) rapamycin 
administration reduced both mTORC1 signaling as well as 
muscle hypertrophy in response to synergist ablation in rodents 
and similar findings also have been demonstrated in mice with 
rapamycin resistant mutants of mTOR (Goodman et al., 2011a). 
But in contrast, to date, there are fewer studies in humans that 
have used rapamycin to show similar effects. In a landmark 
study by Drummond et al, (Drummond et al., 2009) the 
administration of 12 mg of rapamycin 2 h prior to RE 
significantly reduced MPS during the initial 1-2 h recovery 
period. The depression in MPS was accompanied by blunted 
mTOR

ser2448
 and p70S6K1

thr389
 phosphorylation at 1 h post-RE. 

Similar findings have been replicated in blood flow restricted 
models of RE (Gundermann et al., 2014) as well as in response 
to the consumption of amino acids, known to stimulate both 
MPS and mTORC1 (Dickinson et al., 2011), Taken together with 
data from animal models (Bodine et al., 2001b; Goodman et al., 
2011a) these data (Dickinson et al., 2011; Drummond et al., 
2009; Gundermann et al., 2014) show that mTORC1 signaling 
plays a key role in contraction-induced increases in human 
skeletal MPS. It is important to note though that in the study of 
(Drummond et al., 2009) rapamycin treatment did not inhibit 
p70S6K1 2 h post-RE, nor did it exert any impact on 4E-BP1 
phosphorylation at any time point assessed during the recovery 
period, which is suggestive that there are redundant signaling 
pathways that may exert their influence on these proteins. In 
addition, whist rapamycin is successful in the amelioration of 
postprandial MPS (Dickinson et al., 2011), it does not reduce 
postabsoptive rates of MPS (Dickinson et al., 2013) so some 
constitutive mechanism must maintain MPS in this state that is 
not dependent on mTORC1. Thus, there are likely to be as yet 
unidentified pathways, which act in concert with mTORC1 to 
mediate MPS. 
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Figure 1. In response to mechanical loading, tuberous sclerosis 2 (TSC2) activation of Rheb guanosine triphosphatase (GTPase) is removed, 

leading to increased phosphorylation of mechanistic target of rapamycin complex 1 (mTORC1). mTORC1 activation leads to phosphorylation of 
many downstream targets, resulting in accompanying increases in muscle protein synthesis (MPS). Phosphorylation of 4E-binding protein-1 (4E-BP-
1)

thr37/46
  by mTORC1 enables the formation of the 43S preinitiation complex that includes eukaryotic initiation factor 4E (eIF4E) and eukaryotic 

initiation factor 4G (eIF4G) interaction. The phosphorylation of 70 kDa S6 kinase 1 (p70S6K1)
thr389

 by mTORC1 upregulates the pioneer round of 
translation initiation and elongation and may promote ribosomal biogenesis. During muscle disuse, skeletal muscle loss is often associated with the 
increased mRNA expression of E3 ubiquitin ligases including muscle RING finger-1 (MuRF-1) and muscle atrophy-box protein (MAFbx/Atrogin-1), 
which target proteins for degradation by the 26S and 20S proteasome. Importantly, accompanying measures of MPB during muscle disuse are rarely 
evident. Therefore, it is possible that these E3 ubiquitin ligases are targeting proteins other than the myofilaments, such as proteins and protein 
kinases involved in translation. 

Whilst mTORC1 has been firmly established as a central 
governor of MPS in response to loaded contractions, rather little 
is understood as to what signals regulate mTORC1. It is widely 
accepted that mTORC1 activation following contraction occurs 
in a 3-phosphoinositide-dependent protein kinase (PI3K)-PKB-
independent manner (Philp et al., 2011), potentially via a 
mitogen-activated protein kinase kinase (MEK)/extracellular 
signal-regulated kinase (ERK) mechanism (Miyazaki et al., 
2011). In addition, exercise-induced increases in circulating 
‘anabolic’ hormones (insulin-like growth factor [IGF-1] and 
testosterone) also play no, or at least a very minor role 
(Spangenburg et al., 2008; West et al., 2010). Even the 
autocrine production of growth factors is unlikely to be playing a 
role in RE induced signaling processes in muscle (Hamilton et 
al., 2010). In fact, it is now believed that the transmission of 
mechanical tension to the biochemical signals that regulate 
MPS is mediated by mechanisms that are intrinsic to the muscle, 
specifically via mTORC1. Yet the exact molecule(s) that sense 
mechanical tension remain elusive. The costamere complex, a 
sarcolemmal protein complex that connects the extracellular 
matrix to the contractile machinery, is a principle site of 
investigation (Ervasti, 2003; Hughes et al., 2015; Pardo et al., 
1983). Indeed, it has been suggested that focal adhesion kinase 

(FAK), an integrin-associated within the costameres of skeletal 
muscle (Burridge and Chrzanowska-Wodnicka, 1996), exhibits 
mechanical sensitivity and this effect has been observed in 
human and animal models of contraction (Klossner et al., 2013; 
Li et al., 2013). For example, in one study chronic overload of 
avian anterior latissimus dorsi was associated with an increase 
in FAK content and activity as well as the content of paxillin 
(Fluck et al., 1999). Furthermore, two weeks of leg 
immobilization in humans reduced FAK

Tyr576/577
 phosphorylation 

in humans (Glover et al., 2008) corroborating other reports (de 
Boer et al., 2007; Li et al., 2013) in which muscle cross sectional 
area also was reduced at the same time. Whilst informative, the 
functional relevance of FAK towards human, in vivo changes in 
rates of MPS remains unknown. Some data demonstrate that 
FAK is required for IGF-1-mediated increases in protein 
synthesis in myotubes via a TSC2-mTORC1-p70S6K1 signaling 
cascade (Crossland et al., 2013). Yet, in humans, RE-induced 
increases in systemic IGF-1 are not correlated with in vivo rates 
of MPS (West et al., 2009) or hypertrophy (West et al., 2010; 
West and Phillips, 2012). Clearly, more work is now needed to 
elucidate how changes in FAK content and activity influence 
muscle protein mass.  
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Another molecule that has been proposed to regulate mTORC1 
activity is phosphatidic acid (PA) (O'Neil et al., 2009). Increases 
in PA content following mechanical loading appear to influence 
mTORC1 activity by binding directly to the FKBP12 rapamycin-
binding domain of mTOR (You et al., 2014). Originally, it was 
believed that this occurred in a phospholipase D-dependent 
mechanism (Hornberger et al., 2006) but more recent data 
demonstrates that an enzyme responsible for the production of 
PA, diacylglycerol kinase-ζ (DGKζ), also is increased following 
passive stretch (You et al., 2014). The authors were able to 
show that stretch-induced increases in PA and mTORC1 activity 
were significantly compromised in DGKζ knockout mice while 
the over expression of DGKζ resulted in muscle hypertrophy. 
However, whether DGKζ plays a role in load-induced muscle 
hypertrophy in a physiological context in humans remains to be 
determined. Similarly, promising data have recently been 
published alluding to the role of the Yes-associated protein 
(YAP) in regulating cell size. In one of these studies, mechanical 
loading resulted in an increase in YAP whilst overexpression of 
YAP induced skeletal muscle hypertrophy in an mTORC1-
independent mechanism (Goodman et al., 2015). In the same 
year, another group demonstrated that overexpression of YAP 
promoted muscle hypertrophy again in an mTORC-1 
independent mechanism (Watt et al., 2015). However the latter 
study the authors were also able to show that this increase in 
skeletal muscle size was associated with increased rates of 
MPS, potentially via enhanced ribosomal biogenesis. These 
novel data now provide critical information that could be used to 
investigate the role of YAP in regulating MPS in response to 
exercise in a physiological context in humans (Watt et al., 2015).  

In addition to the phosphorylation status of anabolic signaling 
molecules, emerging data suggest that their subcellular 
localization in response to RE also may play an important 
regulatory function. The trafficking of mTOR to the lysosome 
where its co-activator Rheb resides has already been shown to 
mediate mTORC1 assembly in response to leucine provision in 
cell models (Sancak et al., 2010). This finding is particularly 
important given the critical role mTORC1 plays in protein 
synthesis. However, recently it was demonstrated that in 
response to eccentric contractions phosphorylated TSC2 
disassociates from the lysosome to the cytoplasm (Jacobs et al., 
2013a; Jacobs et al., 2013b). The significance of this work, 
together with the knowledge that amino acids simulate 
mTORC1 movement to the lysosome, is that it provides a 
mechanistic model by which RE and amino acids stimulate MPS. 
In this model, RE (through an unknown mechanism) removes 
TSC2 inhibition of Rheb that in the presence of amino acids 
interacts with mTOR to enhance translation initiation.  It is 
important to reiterate that these data were generated in rodent 
and cell lines and additional work in humans is now required to 
experimentally corroborate this hypothesis in humans. These 
data provide an interesting working model to explain the 
potentiation of MPS in response to amino acid after RE.  

Impact of muscle unloading on skeletal muscle mass 

Although loaded contractions are known to stimulate a rise in 
MPS, and ultimately skeletal muscle growth, periods of skeletal 
muscle unloading/disuse have been shown to result in muscle 
atrophy (Wall et al., 2013b). Indeed, there are many reports 
characterizing the negative impact of periods of muscle 
unloading on muscle size, strength and mass (Hvid et al., 2013; 
Thorlund et al., 2011). For example, prolonged periods of 
muscle disuse (> 10 days) have been estimated to result in 
muscle loss at a rate of ~0.5% per day (Wall et al., 2013a) with 
the decrement in strength occurring at an even more precipitous 
rate (Thom et al., 2001). Even short periods of muscle 
unloading lasting as little as 5 days result in measurable 
declines in muscle mass (Wall et al., 2014; Wall et al., 2013b). 

Despite the advances made in our understanding of the 
mechanisms that drive skeletal muscle hypertrophy, the exact 
physiological and molecular mechanisms underpinning skeletal 
muscle disuse atrophy remain disputed (Phillips and McGlory, 
2014a; Phillips and McGlory, 2014b; Reid et al., 2014a; Reid et 
al., 2014b). It has been proposed by some that muscle disuse-
mediated atrophy is predominantly driven by accelerated rates 
of proteolysis that is driven by the ubiquitin-proteasome pathway 
(Reid et al., 2014a). Indeed, there are numerous reports of 
increases in the mRNA expression of the E3 ubiquitin ligases 
such as muscle RING finger-1 (MURF-1) and muscle atrophy-
box protein) (MAFbx/Atrogin-1) in response to muscle unloading 
in a variety of models, that are associated with a reduction in 
skeletal muscle mass (Bodine et al., 2001a; Brocca et al., 2012; 
de Boer et al., 2007; Jones et al., 2004). Moreover, unloading 
has been proposed to stimulate an increase in the activity of the 
26S and 20S proteasome complexes in both human and animal 
models, a process that is key to the breakdown of muscle 
proteins (Ikemoto et al., 2001; Jones et al., 2004; Levine et al., 
2008). Thus, in contrast to mechanical loading, based on the 
available evidence, muscle unloading induces muscle atrophy 
via an increase in rates of proteolysis. However, it is important 
to note that in most instances, due to the technical limitations, 
actual rates of muscle protein breakdown (MPB) are rarely 
assessed. Instead, muscles are weighed pre- and post-disuse, 
molecular markers are measured and a conclusion is drawn as 
to a mechanism. However, we submit that such evidence fails to 
mechanistically prove that MPB is elevated sufficiently enough 
to render it the predominant mechanism underpinning muscle 
disuse atrophy. Another important consideration is that the 
majority of research in this area has been conducted in rodent 
models of disuse that may not accurately reflect the 
physiological impact of muscle disuse in humans (Cunningham, 
2002; Phillips et al., 2009).  

Calculations based on human models of muscle disuse using 
stable isotopic tracers demonstrate that the decline in muscle 
size with muscle disuse can be significantly, but not entirely, 
accounted for by a decrement in postabsorptive and 
postprandial rates of MPS (Phillips et al., 2009; Phillips and 
McGlory, 2014a). These calculations, while dismissed by some, 
show that increases in MPB, as opposed to reductions in MPS, 
if present would result in a much greater reduction in muscle 
mass than is observed. If declines in post absorptive and 
postprandial rates of MPS fail to fully account for the loss of 
muscle mass with disuse, it is likely that changes in rates of 
MPB do occur, albeit transiently. But, rather than adopting an 
either or approach, it has been suggested that there are 
integrated changes in both rates of MPS and MPB in response 
to disuse (Reid et al., 2014a). Indeed, there is emergent data to 
suggest that eIF3f, a key protein involved in mTORC1/p70S6K1 
mediated translation initiation, is polyubiquitnated by 
MAFbx/Atrogin-1 under atrophic conditions in both cell and 
mouse skeletal muscle (Csibi et al., 2010; Csibi et al., 2008; 
Lagirand-Cantaloube et al., 2008; Sanchez et al., 2013). The 
targeted degradation of this, and potentially other protein/protein 
kinases involved in protein synthetic pathways, by the ubiquitin 
ligases under models of disuse would serve to limit the capacity 
of the protein synthetic machinery to mount a robust response 
to anabolic stimulation i.e., exercise and feeding (Figure 1.). 
Such a hypothesis has yet to be experimentally tested in human 
models using direct readouts of MPB, but it does seem logical 
given data to show that MPS is blunted in response to the 
consumption of amino acids following periods of reduced 
muscle loading (Breen et al., 2013; Drummond et al., 2012; 
Glover et al., 2008; Wall et al., 2013b). As such, 
pharmacological disruption of the ubiquitination of these 
proteins may serve to rescue the losses of muscle mass during 
periods of disuse. Although, pharmacological measures may not 
always be necessary, especially in uncomplicated models of 
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disuse, as we know that local muscle electrical stimulation also 
prevents unloading-induced declines in muscle size (Dirks et al., 
2014; Gibson et al., 1988). Indeed, even as little as 10-15 
minutes per day of can offset the decline in muscle size 
associated with disuse (Gibson et al., 1988). However, there are 
occasions where the rescue of losses in muscle mass with 
electrical stimulation fails to salvage the accompanying losses in 
muscle strength (Dirks et al., 2014). Finally, pharmacological 
interventions need to be carefully considered as recent 
evidence suggests that global downregulation of proteolysis 
may lead to myopathic conditions (Castets et al., 2013).  

It is also critical to point out that a hypothesis that rests on 
disuse-induced declines in MPS as the predominant mechanism 
for atrophy it is not because MPB cannot be, or has not been, 
measured with disuse. In fact, in the studies (admittedly few in 
number) in which MPB has been measured with muscle disuse 
in humans it has been shown to be unchanged (Symons et al., 
2009). Using a proxy marker of myofibrillar proteolysis (3-
methylhisitidine: 3-MH) and microdialysis one report has shown 
an increase in interstitial 3-MH concentration (Tesch et al., 
2008). However, as a static marker interstitial 3-MH 
concentration could have increased due to increased 
appearance or reduced clearance and subsequently definitive 
conclusions based on these data as to the role of MPB are 
simply not possible. However, we (Phillips et al., 2009; Phillips 
and McGlory, 2014a) and others (Wall and van Loon, 2013) 
have acknowledged that early, and potentially transient, 
changes in MPB are possible.  

Conclusions 

It appears clear that skeletal muscle hypertrophy is primarily 
driven by rises in rates of MPS in response to RE and amino 
acid ingestion, the relative contribution of both MPS and MPB to 
muscle disuse atrophy have, however, yet to be established. Dr. 
Donald Ingber stated “It is becoming increasingly clear… 

mechanical and structural cues… have a central role in tissue 
physiology, as well as in a wide variety of diseases… it remains 
unclear how the whole cell processes this molecular scale 
information and orchestrates a physiologically relevant response. 
Thus, the time is now ripe… to put all the pieces together again 
and to understand how cells react to mechanical stimuli in their 
normal tissue context (Ingber, 2006)”. It has been nearly 10 
years since the publication of that article and despite significant 
technological and scientific advancement, we are still unaware 
as to how muscle loading alters skeletal muscle morphology at 
the cellular level. Specifically, the key signal(s) that promotes 
muscle atrophy and muscle hypertrophy following bouts of 
mechanical loading/unloading in humans remain unknown. 
Future research using an integrative approach (measures of 
MPS and MPB) in combination with the application advanced 
molecular techniques may yield critical information in this regard, 
and thus, it may be possible to finally ‘put all the pieces 
together’. However, it is our opinion that to achieve this aim it 
will require the collaborative efforts of many researchers in 
many fields using a variety of models.  

Acknowledgments 

The authors would like to express their gratitude to Dr. David 
Lee Hamilton for his constructive feedback during the 
preparation of the manuscript. Dr. Stuart Phillips has received 
funding from the National Science and Engineering Research 
Council of Canada, The Dairy Research Institute and the 
Canadian Institutes of Health Research, as well as the 
Canadian Diabetes Association. All authors would like to thank 
these funding agencies for assistance in the generation of data 
relating to the publication of this manuscript.  

Conflict of interest 

The authors declare no conflicts of interest.  

 

References 

American College of Sports Medicine position stand. 2009. Progression models in 

resistance training for healthy adults. Med Sci Sports Exerc 41(3):687-708. 

Apro W, Blomstrand E. 2010. Influence of supplementation with branched-chain amino 

acids in combination with resistance exercise on p70S6 kinase 

phosphorylation in resting and exercising human skeletal muscle. Acta 

Physiol (Oxf) 200(3):237-248. 

Areta JL, Burke LM, Ross ML, Camera DM, West DWD, Broad EM, Jeacocke NA, 

Moore DR, Stellingwerff T, Phillips SM, Hawley JA, Coffey VG. 2013. 

Timing and distribution of protein ingestion during prolonged recovery from 

resistance exercise alters myofibrillar protein synthesis. The Journal of 

Physiology 591(9):2319-2331. 

Aspuria P-J, Tamanoi F. 2004. The Rheb family of GTP-binding proteins. Cellular 

signalling 16(10):1105-1112. 

Baar K, Esser K. 1999. Phosphorylation of p70(S6k) correlates with increased skeletal 

muscle mass following resistance exercise. Am J Physiol 276(1 Pt 1):C120-

127. 

Bodine SC. 2001. Identification of ubiquitin ligases required for skeletal muscle atrophy. 

Science 294(5547):1704-1708. 

Bodine SC, Stitt TN, Gonzalez M, Kline WO, Stover GL, Bauerlein R, Zlotchenko E, 

Scrimgeour A, Lawrence JC, Glass DJ, Yancopoulos GD. 2001. Akt/mTOR 

pathway is a crucial regulator of skeletal muscle hypertrophy and can prevent 

muscle atrophy in vivo. Nature Cell Biology 3(11):1014-1019. 

Booth FW, Tseng BS, Fluck M, Carson JA. 1998. Molecular and cellular adaptation of 

muscle in response to physical training. Acta Physiol Scand 162(3):343-350. 

Breen L, Stokes KA, Churchward-Venne TA, Moore DR, Baker SK, Smith K, Atherton 

PJ, Phillips SM. 2013. Two weeks of reduced activity decreases leg lean mass 

and induces “anabolic resistance” of myofibrillar protein synthesis in healthy 

elderly. The Journal of Clinical Endocrinology & Metabolism 98(6):2604-

2612. 

Brocca L, Cannavino J, Coletto L, Biolo G, Sandri M, Bottinelli R, Pellegrino MA. 2012. 

The time course of the adaptations of human muscle proteome to bed rest and 

the underlying mechanisms. The Journal of Physiology 590(20):5211-5230. 

Burd NA, West DWD, Moore DR, Atherton PJ, Staples AW, Prior T, Tang JE, Rennie MJ, 

Baker SK, Phillips SM. 2011. Enhanced amino acid sensitivity of myofibrillar 

protein synthesis persists for up to 24 h after resistance exercise in young men. 

Journal of Nutrition 141(4):568-573. 

 

 

 

 

Burd NA, West DWD, Staples AW, Atherton PJ, Baker JM, Moore DR, Holwerda AM, 

Parise G, Rennie MJ, Baker SK, Phillips SM. 2010. Low-load high volume 

resistance exercise stimulates muscle protein synthesis more than high-load 

low volume resistance exercise in young men. PLoS ONE 5(8):e12033. 

Burridge K, Chrzanowska-Wodnicka M. 1996. Focal Adhesions, contractility, and 

signaling. Annu Rev Cell Dev Biol 12(1):463-519. 

Campos G, Luecke T, Wendeln H, Toma K, Hagerman F, Murray T, Ragg K, Ratamess N, 

Kraemer W, Staron R. 2002. Muscular adaptations in response to three 

different resistance-training regimens: specificity of repetition maximum 

training zones. European Journal of Applied Physiology 88(1-2):50-60. 

Castets P, Lin S, Rion N, Di Fulvio S, Romanino K, Guridi M, Frank S, Tintignac 

Lionel A, Sinnreich M, Rüegg Markus A. 2013. Sustained activation of 

mTORC1 in skeletal muscle inhibits constitutive and starvation-induced 

autophagy and causes a severe, late-onset myopathy. Cell Metabolism 

17(5):731-744. 

Chaillou T, Kirby TJ, McCarthy JJ. 2014. Ribosome biogenesis: emerging evidence for a 

central role in the regulation of skeletal muscle mass. Journal of Cellular 

Physiology 229(11):1584-1594. 

Chen Y-W, Nader GA, Baar KR, Fedele MJ, Hoffman EP, Esser KA. 2002. Response of 

rat muscle to acute resistance exercise defined by transcriptional and 

translational profiling. The Journal of Physiology 545(1):27-41. 

Chesley A, MacDougall JD, Tarnopolsky MA, Atkinson SA, Smith K. 1992. Changes in 

human muscle protein synthesis after resistance exercise. J Appl Physiol 

(1985) 73(4):1383-1388. 

Churchward-Venne TA, Breen L, Di Donato DM, Hector AJ, Mitchell CJ, Moore DR, 

Stellingwerff T, Breuille D, Offord EA, Baker SK, Phillips SM. 2013. 

Leucine supplementation of a low-protein mixed macronutrient beverage 

enhances myofibrillar protein synthesis in young men: a double-blind, 

randomized trial. American Journal of Clinical Nutrition 99(2):276-286. 

Churchward-Venne TA, Burd NA, Mitchell CJ, West DWD, Philp A, Marcotte GR, Baker 

SK, Baar K, Phillips SM. 2012. Supplementation of a suboptimal protein dose 

with leucine or essential amino acids: effects on myofibrillar protein synthesis 

at rest and following resistance exercise in men. The Journal of Physiology 

590(11):2751-2765. 

Crossland H, Kazi AA, Lang CH, Timmons JA, Pierre P, Wilkinson DJ, Smith K, 

Szewczyk NJ, Atherton PJ. 2013. Focal adhesion kinase is required for IGF-I-

mediated growth of skeletal muscle cells via a TSC2/mTOR/S6K1-associated 

pathway. AJP: Endocrinology and Metabolism 305(2):E183-E193. 



  Muscle Loading and Protein Turnover  

 www.cellularandmolecularexercisephysiology.com  6  Jun 2015 ׀  Volume 4 ׀  Issue 1 ׀  e8 

Csibi A, Cornille K, Leibovitch M-P, Poupon A, Tintignac LA, Sanchez AMJ, Leibovitch 

SA. 2010. The translation regulatory subunit eIF3f controls the kinase-

dependent mTOR signaling required for muscle differentiation and 

hypertrophy in mouse. PLoS ONE 5(2):e8994. 

Csibi A, Tintignac LA, Leibovitch MP, Leibovitch SA. 2008. eIF3-f function in skeletal 

muscles: to stand at the crossroads of atrophy and hypertrophy. Cell Cycle 

7(12):1698-1701. 

Cunningham ML. 2002. A mouse is not a rat is not a human: species differences exist. 

Toxicological Sciences 70(2):157-158. 

Cuthbertson D. 2004. Anabolic signaling deficits underlie amino acid resistance of 

wasting, aging muscle. The FASEB Journal. 

Davidsen PK, Gallagher IJ, Hartman JW, Tarnopolsky MA, Dela F, Helge JW, Timmons 

JA, Phillips SM. 2010. High responders to resistance exercise training 

demonstrate differential regulation of skeletal muscle microRNA expression. 

Journal of Applied Physiology 110(2):309-317. 

De Boer MD, Selby A, Atherton P, Smith K, Seynnes OR, Maganaris CN, Maffulli N, 

Movin T, Narici MV, Rennie MJ. 2007. The temporal responses of protein 

synthesis, gene expression and cell signalling in human quadriceps muscle 

and patellar tendon to disuse. The Journal of Physiology 585(1):241-251. 

Delorme TL, Watkins AL. 1948. Technics of progressive resistance exercise. Archives of 

physical medicine and rehabilitation 29(5):263-273. 

Dickinson JM, Drummond MJ, Fry CS, Gundermann DM, Walker DK, Timmerman KL, 

Volpi E, Rasmussen BB. 2013. Rapamycin does not affect post-absorptive 

protein metabolism in human skeletal muscle. Metabolism 62(1):144-151. 

Dickinson JM, Fry CS, Drummond MJ, Gundermann DM, Walker DK, Glynn EL, 

Timmerman KL, Dhanani S, Volpi E, Rasmussen BB. 2011. Mammalian 

target of rapamycin complex 1 activation is required for the stimulation of 

human skeletal muscle protein synthesis by essential amino acids. Journal of 

Nutrition 141(5):856-862. 

Dirks ML, Wall BT, Snijders T, Ottenbros CLP, Verdijk LB, van Loon LJC. 2013. 

Neuromuscular electrical stimulation prevents muscle disuse atrophy during 

leg immobilization in humans. Acta Physiol 210(3):628-641. 

Dowling RJO, Topisirovic I, Fonseca BD, Sonenberg N. 2010. Dissecting the role of 

mTOR: lessons from mTOR inhibitors. Biochimica et Biophysica Acta (BBA) 

- Proteins and Proteomics 1804(3):433-439. 

Drummond MJ, Dickinson JM, Fry CS, Walker DK, Gundermann DM, Reidy PT, 

Timmerman KL, Markofski MM, Paddon-Jones D, Rasmussen BB, Volpi E. 

2012. Bed rest impairs skeletal muscle amino acid transporter expression, 

mTORC1 signaling, and protein synthesis in response to essential amino acids 

in older adults. AJP: Endocrinology and Metabolism 302(9):E1113-E1122. 

Drummond MJ, Fry CS, Glynn EL, Dreyer HC, Dhanani S, Timmerman KL, Volpi E, 

Rasmussen BB. 2009. Rapamycin administration in humans blocks the 

contraction-induced increase in skeletal muscle protein synthesis. The Journal 

of Physiology 587(7):1535-1546. 

Egan B, Zierath Juleen R. 2013. Exercise metabolism and the molecular regulation of 

skeletal muscle adaptation. Cell Metabolism 17(2):162-184. 

Ervasti JM. 2003. Costameres: the achilles' heel of herculean muscle. Journal of Biological 

Chemistry 278(16):13591-13594. 

Fluck M, Carson JA, Gordon SE, Ziemiecki A, Booth FW. 1999. Focal adhesion proteins 

FAK and paxillin increase in hypertrophied skeletal muscle. Am J Physiol 

277(10409118):152-162. 

Foster KG, Fingar DC. 2010. Mammalian target of rapamycin (mTOR): conducting the 

cellular signaling symphony. Journal of Biological Chemistry 285(19):14071-

14077. 

Fry CS, Drummond MJ, Glynn EL, Dickinson JM, Gundermann DM, Timmerman KL, 

Walker DK, Dhanani S, Volpi E, Rasmussen BB. 2011. Aging impairs 

contraction-induced human skeletal muscle mTORC1 signaling and protein 

synthesis. Skeletal Muscle 1(1):11. 

Gibson JNA, Smith K, Rennie MJ. 1988. Prevention of disuse muscle atrophy by means of 

electrical stimulation: Maintainance of protein synthesis. The Lancet 

332(8614):767-770. 

Gingras AC, Raught B, Sonenberg N. 1999a. eIF4 INITIATION FACTORS: Effectors of 

mRNA recruitment to ribosomes and regulators of translation. Annu Rev 

Biochem 68(1):913-963. 

Gingras AC, Gygi SP, Raught B, Polakiewicz RD, Abraham RT, Hoekstra MF, Aebersold 

R, Sonenberg N. 1999b. Regulation of 4E-BP1 phosphorylation: a novel two-

step mechanism. Genes & Development 13(11):1422-1437. 

Gkogkas C, Sonenberg N, Costa-Mattioli M. 2010. Translational control mechanisms in 

long-lasting synaptic plasticity and memory. Journal of Biological Chemistry 

285(42):31913-31917. 

Glover EI, Phillips SM, Oates BR, Tang JE, Tarnopolsky MA, Selby A, Smith K, Rennie 

MJ. 2008. Immobilization induces anabolic resistance in human myofibrillar 

protein synthesis with low and high dose amino acid infusion. The Journal of 

Physiology 586(24):6049-6061. 

Goldberg AL. 1968. Protein synthesis during work-induced growth of skeletal muscle. The 

Journal of Cell Biology 36(3):653-658. 

Goodman CA, Dietz JM, Jacobs BL, McNally RM, You J-S, Hornberger TA. 2015. Yes-

Associated Protein is up-regulated by mechanical overload and is sufficient to 

induce skeletal muscle hypertrophy. FEBS Letters 589(13):1491-1497. 

Goodman CA, Frey JW, Mabrey DM, Jacobs BL, Lincoln HC, You J-S, Hornberger TA. 

2011a. The role of skeletal muscle mTOR in the regulation of mechanical 

load-induced growth. The Journal of Physiology 589(22):5485-5501. 

Goodman CA, Mayhew DL, Hornberger TA. 2011b. Recent progress toward 

understanding the molecular mechanisms that regulate skeletal muscle mass. 

Cellular signalling 23(12):1896-1906. 

Guertin DA, Sabatini DM. 2007. Defining the role of mTOR in cancer. Cancer Cell 

12(1):9-22. 

Gundermann DM, Walker DK, Reidy PT, Borack MS, Dickinson JM, Volpi E, Rasmussen 

BB. 2014. Activation of mTORC1 signaling and protein synthesis in human 

muscle following blood flow restriction exercise is inhibited by rapamycin. 

AJP: Endocrinology and Metabolism 306(10):E1198-E1204. 

Gwinn DM, Shackelford DB, Egan DF, Mihaylova MM, Mery A, Vasquez DS, Turk BE, 

Shaw RJ. 2008. AMPK phosphorylation of raptor mediates a metabolic 

checkpoint. Molecular Cell 30(2):214-226. 

Haar EV, Lee S-i, Bandhakavi S, Griffin TJ, Kim D-H. 2007. Insulin signalling to mTOR 

mediated by the Akt/PKB substrate PRAS40. Nat Cell Biol 9(3):316-323. 

Hamilton DL, Philp A, MacKenzie MG, Baar K. 2010. A limited role for PI(3,4,5)P3 

regulation in controlling skeletal muscle mass in response to resistance 

exercise. PLoS ONE 5(7):e11624. 

Hamilton DL, Philp A, MacKenzie MG, Patton A, Towler MC, Gallagher IJ, Bodine SC, 

Baar K. 2014. Molecular brakes regulating mTORC1 activation in skeletal 

muscle following synergist ablation. Am J Physiol Endocrinol Metab 

307(4):E365-373. 

Henriksson J. 1977. Training induced adaptation of skeletal muscle and metabolism during 

submaximal exercise. The Journal of Physiology 270(3):661-675. 

Hershey JWB. 1991. Translational control in mammalian cells. Annu Rev Biochem 

60(1):717-755. 

Holloszy JO. 1967. Biochemical adaptations in muscle. Effects of exercise on 

mitochondrial oxygen uptake and respiratory enzyme activity in skeletal 

muscle. J Biol Chem 242(9):2278-2282. 

Hornberger TA, Chu WK, Mak YW, Hsiung JW, Huang SA, Chien S. 2006. The role of 

phospholipase D and phosphatidic acid in the mechanical activation of mTOR 

signaling in skeletal muscle. Proceedings of the National Academy of 

Sciences 103(12):4741-4746. 

Hughes DC, Wallace MA, Baar K. 2015. Effects of aging, exercise and disease on force 

transfer in skeletal muscle. Am J Physiol Endocrinol Metab ePub ahead of 

print. 

Hvid LG, Suetta C, Aagaard P, Kjaer M, Frandsen U, Ørtenblad N. 2013. Four days of 

muscle disuse impairs single fiber contractile function in young and old 

healthy men. Experimental Gerontology 48(2):154-161. 

Ikemoto M. 2001. Space shuttle flight (STS-90) enhances degradation of rat myosin heavy 

chain in association with activation of ubiquitin-proteasome pathway. The 

FASEB Journal 15(7):1279-81. 

Ingber DE. 2006. Cellular mechanotransduction: putting all the pieces together again. The 

FASEB Journal 20(7):811-827. 

Inoki K. 2003. Rheb GTPase is a direct target of TSC2 GAP activity and regulates mTOR 

signaling. Genes & Development 17(15):1829-1834. 

Inoki K, Li Y, Zhu T, Wu J, Guan K-L. 2002. TSC2 is phosphorylated and inhibited by 

Akt and suppresses mTOR signalling. Nature Cell Biology 4(9):648-657. 

Inoki K, Zhu T, Guan K-L. 2003. TSC2 mediates cellular energy response to control cell 

growth and survival. Cell 115(5):577-590. 

Jacobs BL, Goodman CA, Hornberger TA. 2013a. The mechanical activation of mTOR 

signaling: an emerging role for late endosome/lysosomal targeting. J Muscle 

Res Cell Motil 35(1):11-21. 

Jacobs BL, You J-S, Frey JW, Goodman CA, Gundermann DM, Hornberger TA. 2013b. 

Eccentric contractions increase the phosphorylation of tuberous sclerosis 

complex-2 (TSC2) and alter the targeting of TSC2 and the mechanistic target 

of rapamycin to the lysosome. The Journal of Physiology 591(18):4611-4620. 

Jewell JL, Guan KL. 2013. Nutrient signaling to mTOR and cell growth. Trends in 

biochemical sciences 38(5):233-242. 

Jewell JL, Russell RC, Guan K-L. 2013. Amino acid signalling upstream of mTOR. Nature 

Reviews Molecular Cell Biology 14(3):133-139. 

Jones SW. 2004. Disuse atrophy and exercise rehabilitation in humans profoundly affects 

the expression of genes associated with the regulation of skeletal muscle mass. 

The FASEB Journal. 

Kim J, Wang Z, Heymsfield SB, Baumgartner RN, Gallagher D. 2002. Total-body skeletal 

muscle mass: estimation by a new dual-energy X-ray absorptiometry method. 

Am J Clin Nutr 76(2):378-383. 

Klossner S, Li R, Ruoss S, Durieux AC, Fluck M. 2013. Quantitative changes in focal 

adhesion kinase and its inhibitor, FRNK, drive load-dependent expression of 

costamere components. AJP: Regulatory, Integrative and Comparative 

Physiology 305(6):R647-R657. 

Kumar V, Selby A, Rankin D, Patel R, Atherton P, Hildebrandt W, Williams J, Smith K, 

Seynnes O, Hiscock N, Rennie MJ. 2009. Age-related differences in the dose-

response relationship of muscle protein synthesis to resistance exercise in 

young and old men. The Journal of Physiology 587(1):211-217. 

Lagirand-Cantaloube J, Offner N, Csibi A, Leibovitch MP, Batonnet-Pichon S, Tintignac 

LA, Segura CT, Leibovitch SA. 2008. The initiation factor eIF3-f is a major 

target for Atrogin1/MAFbx function in skeletal muscle atrophy. The EMBO 

Journal 27(8):1266-1276. 

Lamming Dudley W, Sabatini David M. 2013. A central role for mTOR in lipid 

homeostasis. Cell Metabolism 18(4):465-469. 

Laplante M, Sabatini David M. 2012. mTOR signaling in growth control and disease. Cell 

149(2):274-293. 

Laplante M, Sabatini DM. 2013. Regulation of mTORC1 and its impact on gene 

expression at a glance. Journal of Cell Science 126(8):1713-1719. 

Levine S, Nguyen T, Taylor N, Friscia ME, Budak MT, Rothenberg P, Zhu J, Sachdeva R, 

Sonnad S, Kaiser LR, Rubinstein NA, Powers SK, Shrager JB. 2008. Rapid 

disuse atrophy of diaphragm fibers in mechanically ventilated humans. New 

England Journal of Medicine 358(13):1327-1335. 

Li R, Narici MV, Erskine RM, Seynnes OR, Rittweger J, Pišot R, Šimunič B, Flück M. 

2013. Costamere remodeling with muscle loading and unloading in healthy 

young men. J Anat 223(5):525-36. 
Ma XM, Yoon S-O, Richardson CJ, Jülich K, Blenis J. 2008. SKAR links pre-mRNA 

splicing to mTOR/S6K1-mediated enhanced translation efficiency of spliced 

mRNAs. Cell 133(2):303-313. 

Mahoney SJ, Dempsey JM, Blenis J. 2009. Chapter 2 Cell Signaling in Protein Synthesis. 

Translational Control in Health and Disease: Elsevier BV. p 53-107. 



  Muscle Loading and Protein Turnover  

 www.cellularandmolecularexercisephysiology.com  7  Jun 2015 ׀  Volume 4 ׀  Issue 1 ׀  e8 

McGlory C, White A, Treins C, Drust B, Close GL, MacLaren DPM, Campbell IT, Philp 

A, Schenk S, Morton JP, Hamilton DL. 2014. Application of the [ -32P] ATP 

kinase assay to study anabolic signaling in human skeletal muscle. Journal of 

Applied Physiology 116(5):504-513. 

Mitchell CJ, Churchward-Venne TA, Bellamy L, Parise G, Baker SK, Phillips SM. 2013. 

Muscular and systemic correlates of resistance training-induced muscle 

hypertrophy. PLoS ONE 8(10):e78636. 

Mitchell CJ, Churchward-Venne TA, West DWD, Burd NA, Breen L, Baker SK, Phillips 

SM. 2012. Resistance exercise load does not determine training-mediated 

hypertrophic gains in young men. Journal of Applied Physiology 113(1):71-

77. 

Miyazaki M, McCarthy JJ, Fedele MJ, Esser KA. 2011. Early activation of mTORC1 

signalling in response to mechanical overload is independent of 

phosphoinositide 3-kinase/Akt signalling. The Journal of Physiology 

589(7):1831-1846. 

Moore DR, Robinson MJ, Fry JL, Tang JE, Glover EI, Wilkinson SB, Prior T, 

Tarnopolsky MA, Phillips SM. 2008. Ingested protein dose response of 

muscle and albumin protein synthesis after resistance exercise in young men. 

American Journal of Clinical Nutrition 89(1):161-168. 

Murton AJ, Constantin D, Greenhaff PL. 2008. The involvement of the ubiquitin 

proteasome system in human skeletal muscle remodelling and atrophy. 

Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease 

1782(12):730-743. 

O’Neil TK, Duffy LR, Frey JW, Hornberger TA. 2009. The role of phosphoinositide 3-

kinase and phosphatidic acid in the regulation of mammalian target of 

rapamycin following eccentric contractions. The Journal of Physiology 

587(14):3691-3701. 

Pardo JV, Siliciano JD, Craig SW. 1983. A vinculin-containing cortical lattice in skeletal 

muscle: transverse lattice elements ("costameres") mark sites of attachment 

between myofibrils and sarcolemma. Proceedings of the National Academy of 

Sciences 80(4):1008-1012. 

Pearson RB, Dennis PB, Han JW, Williamson NA, Kozma SC, Wettenhall RE, Thomas G. 

1995. The principal target of rapamycin-induced p70s6k inactivation is a 

novel phosphorylation site within a conserved hydrophobic domain. Embo j 

14(21):5279-5287. 

Phillips SM, Glover EI, Rennie MJ. 2009. Alterations of protein turnover underlying 

disuse atrophy in human skeletal muscle. Journal of Applied Physiology 

107(3):645-654. 

Phillips SM, McGlory C. 2014a. CrossTalk proposal: The dominant mechanism causing 

disuse muscle atrophy is decreased protein synthesis. J Physiol 592(24):5341-

5343. 

Phillips SM, McGlory C. 2014b. Rebuttal from Stuart M. Phillips and Chris McGlory. J 

Physiol 592(24):5349-5349. 

Phillips SM, Tipton KD, Aarsland A, Wolf SE, Wolfe RR. 1997. Mixed muscle protein 

synthesis and breakdown after resistance exercise in humans. Am J Physiol 

273(1 Pt 1):E99-107. 

Philp A, Hamilton DL, Baar K. 2010. Signals mediating skeletal muscle remodeling by 

resistance exercise: PI3-kinase independent activation of mTORC1. Journal of 

Applied Physiology 110(2):561-568. 

Reid MB, Judge AR, Bodine SC. 2014a. CrossTalk opposing view: The dominant 

mechanism causing disuse muscle atrophy is proteolysis. J Physiol 

592(24):5345-5347. 

Reid MB, Judge AR, Bodine SC. 2014b. Rebuttal from Michael B. Reid, Andrew R. Judge 

and Sue C. Bodine. J Physiol 592(24):5351-5351. 

Richardson CJ, Bröenstrup M, Fingar DC, Jülich K, Ballif BA, Gygi S, Blenis J. 2004. 

SKAR is a specific target of S6 kinase 1 in cell growth control. Current 

Biology 14(17):1540-1549. 

Richter EA, Hargreaves M. 2013. Exercise, GLUT4, and skeletal muscle glucose uptake. 

Physiological Reviews 93(3):993-1017. 

Sale DG. 1988. Neural adaptation to resistance training. Medicine & Science in Sports & 

Exercise 20(Sup 1):S135-S145. 

Sancak Y, Bar-Peled L, Zoncu R, Markhard AL, Nada S, Sabatini DM. 2010. Ragulator-

Rag complex targets mTORC1 to the lysosomal surface and is necessary for 

its activation by amino acids. Cell 141(2):290-303. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sanchez AMJ, Csibi A, Raibon A, Docquier A, Lagirand-Cantaloube J, Leibovitch M-P, 

Leibovitch SA, Bernardi H. 2013. eIF3f: A central regulator of the antagonism 

atrophy/hypertrophy in skeletal muscle. The International Journal of 

Biochemistry & Cell Biology 45(10):2158-2162. 

Sonenberg N, Hinnebusch AG. 2007. New modes of translational control in development, 

behavior, and disease. Molecular Cell 28(5):721-729. 

Spangenburg EE, Le Roith D, Ward CW, Bodine SC. 2008. A functional insulin-like 

growth factor receptor is not necessary for load-induced skeletal muscle 

hypertrophy. The Journal of Physiology 586(1):283-291. 

Symons TB, Sheffield-Moore M, Chinkes DL, Ferrando AA, Paddon-Jones D. 2009. 

Artificial gravity maintains skeletal muscle protein synthesis during 21 days 

of simulated microgravity. Journal of Applied Physiology 107(1):34-38. 

Terzis G, Georgiadis G, Stratakos G, Vogiatzis I, Kavouras S, Manta P, Mascher H, 

Blomstrand E. 2007. Resistance exercise-induced increase in muscle mass 

correlates with p70S6 kinase phosphorylation in human subjects. Eur J Appl 

Physiol 102(2):145-152. 

Tesch PA, von Walden F, Gustafsson T, Linnehan RM, Trappe TA. 2008. Skeletal muscle 

proteolysis in response to short-term unloading in humans. Journal of Applied 

Physiology 105(3):902-906. 

Thom JM, Thompson MW, Ruell PA, Bryant GJ, Fonda JS, Harmer AR, De Jonge XAKJ, 

Hunter SK. 2001. Effect of 10-day cast immobilization on sarcoplasmic 

reticulum calcium regulation in humans. Acta Physiol Scand 172(2):141-147. 

Thorlund JB, Jakobsen O, Madsen T, Christensen PA, Nedergaard A, Andersen JL, Suetta 

C, Aagaard P. 2010. Changes in muscle strength and morphology after muscle 

unloading in Special Forces missions. Scandinavian Journal of Medicine & 

Science in Sports 21(6):e56-e63. 

Wall BT, Cermak NM, van Loon LJC. 2014. Dietary protein considerations to support 

active aging. Sports Med 44(S2):185-194. 

Wall BT, Dirks ML, van Loon LJC. 2013a. Skeletal muscle atrophy during short-term 

disuse: Implications for age-related sarcopenia. Ageing Research Reviews 

12(4):898-906. 

Wall BT, Snijders T, Senden JMG, Ottenbros CLP, Gijsen AP, Verdijk LB, van Loon LJC. 

2013b. Disuse impairs the muscle protein synthetic response to protein 

ingestion in healthy men. The Journal of Clinical Endocrinology & 

Metabolism 98(12):4872-4881. 

Wall BT, van Loon LJC. 2013. Nutritional strategies to attenuate muscle disuse atrophy. 

Nutrition reviews 71(4):195-208. 

Wang X. 2001. Regulation of elongation factor 2 kinase by p90RSK1 and p70 S6 kinase. 

The EMBO Journal 20(16):4370-4379. 

Watt KI, Turner BJ, Hagg A, Zhang X, Davey JR, Qian H, Beyer C, Winbanks CE, Harvey 

KF, Gregorevic P. 2015. The Hippo pathway effector YAP is a critical 

regulator of skeletal muscle fibre size. Nat Comms 6:6048. 

West DWD, Burd NA, Tang JE, Moore DR, Staples AW, Holwerda AM, Baker SK, 

Phillips SM. 2010. Elevations in ostensibly anabolic hormones with resistance 

exercise enhance neither training-induced muscle hypertrophy nor strength of 

the elbow flexors. Journal of Applied Physiology 108(1):60-67. 

West DWD, Kujbida GW, Moore DR, Atherton P, Burd NA, Padzik JP, De Lisio M, Tang 

JE, Parise G, Rennie MJ, Baker SK, Phillips SM. 2009. Resistance exercise-

induced increases in putative anabolic hormones do not enhance muscle 

protein synthesis or intracellular signalling in young men. The Journal of 

Physiology 587(21):5239-5247. 

West DWD, Phillips SM. 2011. Associations of exercise-induced hormone profiles and 

gains in strength and hypertrophy in a large cohort after weight training. Eur J 

Appl Physiol 112(7):2693-2702. 

Wolfe RR. 2006. The underappreciated role of muscle in health and disease. Am J Clin 

Nutr 84(3):475-482. 

You JS, Lincoln HC, Kim CR, Frey JW, Goodman CA, Zhong XP, Hornberger TA. 2013. 

The role of diacylglycerol kinase and phosphatidic acid in the mechanical 

activation of mammalian target of rapamycin (mTOR) Signaling and Skeletal 

Muscle Hypertrophy. Journal of Biological Chemistry 289(3):1551-1563. 

Zhao X, Wang Z, Zhang J, Hua J, He W, Zhu S. 2013. Estimation of total body skeletal 

muscle mass in chinese adults: Prediction Model by Dual-Energy X-Ray 

Absorptiometry. PLoS ONE 8(1):e53561. 

 

 


