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Abstract
Mechanical stimuli play a major role in the regulation of skeletal muscle mass, and the
maintenance of muscle mass contributes significantly to disease prevention and issues associated
with the quality of life. Although the link between mechanical signals and the regulation of muscle
mass has been recognized for decades, the mechanisms involved in converting mechanical
information into the molecular events that control this process remain poorly defined.
Nevertheless, our knowledge of these mechanisms is advancing and recent studies have revealed
that signaling through a protein kinase called the mammalian target of rapamycin (mTOR) plays a
central role in this event. In this review we will, 1) discuss the evidence which implicates mTOR
in the mechanical regulation of skeletal muscle mass, 2) provide an overview of the mechanisms
through which signaling by mTOR can be regulated, and 3) summarize our current knowledge of
the potential mechanisms involved in the mechanical activation of mTOR signaling.

Keywords
Contraction; Exercise; Hypertrophy; Phosphatidic Acid; Phospholipase D

Introduction
Skeletal muscles make up 40-50% of the body’s mass, and they are not only the motors that
drive locomotion, but they also play a crucial role in whole body metabolism (Lee et al.,
2000, Izumiya et al., 2008). With aging, skeletal muscles are a particularly important topic
because a 35-40% reduction in skeletal muscle mass occurs between 20 and 80 years of age,
and the loss of muscle mass is associated with disability, loss of independence and increased
risk of morbidity and mortality (Proctor et al., 1998, Pahor and Kritchevsky, 1998).
Accordingly, it has become well recognized that the maintenance of skeletal muscle mass
contributes significantly to disease prevention and issues associated with the quality of life.
Yet, despite its significance, the mechanisms involved in the regulation of muscle mass have
only been vaguely defined (Seguin and Nelson, 2003).

One of the most widely recognized mechanisms for controlling muscle mass involves
mechanical tension. Evidence for this mechanism comes from numerous in vivo studies
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which have shown that placing a chronic mechanical load on skeletal muscles results in an
increase in mass, while chronic mechanical unloading results in a decrease in mass
(Goldberg et al., 1975). Cell culture based studies have also demonstrated that mechanical
tension can regulate muscle mass in vitro (Vandenburgh, 1987). For example, using a cell
culture model, Vandenburgh et al. (1993) reported that mechanical stretch produces a large
increase in protein synthesis and a smaller decrease in protein degradation, with the net
result being a deposition of protein (Vandenburgh, 1987). These data suggest that, in vitro,
the growth response to increased mechanical tension is due, in large part, to an increase in
the rate of protein synthesis. An increased rate of protein synthesis has also been observed in
numerous in vivo studies (Figure 1) and this appears to be a critical mechanism for
producing growth in response to increased mechanical tension (Goldberg, 1968, Goldberg et
al., 1975, Vandenburgh, 1987). Conversely, a decrease in mechanical tension (in vivo and in
vitro) produces a rapid decrease in the rate of protein synthesis and this contributes to the
loss of muscle mass (Vandenburgh et al., 1999, Fitts et al., 2000). Taken together, these
results indicate that changes in protein synthesis play a fundamental role in the mechanical
regulation of muscle mass. Hence, in order to understand how mechanical tension regulates
muscle mass, it will be critical to determine how skeletal muscles sense mechanical
information and convert this stimulus into the biochemical events that regulate the rate of
protein synthesis.

Mechanical Stimuli Induce Protein Synthesis and Hypertrophy through a
Rapamycin-Sensitive Mechanism

Mechanical stimuli can regulate the rate of protein synthesis through changes in translational
efficiency and/or translational capacity. Although mechanical stimuli have been shown to
affect both of these processes, the primary effect of mechanical stimulation appears to occur
at the level of translational efficiency (Kimball et al., 2002, Goldspink, 1977). Translational
efficiency has three potential stages for regulation (initiation, elongation and termination),
and mechanical stimuli appear to primarily affect the stage of initiation (Kimball et al.,
2002).

Translation initiation refers to the binding of a ribosome to the mRNA, and this process is
regulated by a coordinated series of biochemical events which are dependent, in part, on the
5′ structure of the mRNA. For the purpose of this review, the discussion will focus on the
translation initiation of a subset of mRNAs which contain a 5′ 7-methylguanosine
modification followed by an oligonucleotide tract rich in pyrimidines (5′TOP). This subset
of mRNAs encodes proteins that are central to the growth process (e.g. ribosomal proteins
and translation factors) (Meyuhas, 2000). Furthermore, mechanical stimuli have been shown
to promote a selective increase in the proportion of 5′TOP mRNA associated with the
polysomal pool, thus verifying that they are subject to translational regulation (Chen et al.,
2002). For a comprehensive review on translational regulation, the reader is referred to
Gebauer et al. (2004), Proud (2007) and Mahoney et al. (2009) (Proud, 2007, Gebauer and
Hentze, 2004, Mahoney et al., 2009).

The translation of mRNAs that contain a 5′TOP structure are inhibited are by the drug
rapamycin and one of the most intensely studied signaling proteins in the rapamycin-
sensitive pathway is the ribosomal S6 kinase 1 (p70S6k). Signaling by p70S6k does not
appear to be directly involved in the translation of 5′TOP mRNAs (Pende et al., 2004), but it
does play a prominent role in the regulation of cell growth. For example, signaling by
p70S6k is necessary for progression through the G1 checkpoint, and disruption of the p70S6k

gene results in smaller muscle cells in vitro and a small mouse phenotype in vivo (Ohanna et
al., 2005, Lane et al., 1993, Shima et al., 1998). It has also been shown that inhibiting
signaling to p70S6k with rapamycin causes a reduction in cell size and, of particular
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significance to this review, rapamycin has been shown to prevent mechanically-induced
changes in protein synthesis and mechanically-induced growth of skeletal muscle
(Hornberger et al., 2003, Bodine et al., 2001, Fingar et al., 2002, Fingar et al., 2004,
Hornberger et al., 2004, Kubica et al., 2004). Taken together, these observations suggest that
components of the rapamycin-sensitive pathway, such as p70S6k, play a critical role in the
mechanical regulation of protein synthesis and skeletal muscle mass.

mTOR as the Rapamycin-Sensitive Element
In vivo, rapamycin forms a complex with the immunophilin FKBP12, and this complex has
been shown to bind to a protein kinase called the mammalian target of rapamycin (mTOR).
The FKBP12-rapamycin complex binds to mTOR in a region termed the FRB domain.
Mutating the 2035S residue in the FRB domain to 2035T inhibits the interaction of mTOR
with the FKBP12-rapamycin complex and renders this mutant of mTOR (RR-mTOR)
rapamycin-resistant (Lorenz and Heitman, 1995, Brown et al., 1995). For example, it has
been demonstrated that over-expression of RR-mTOR in C2C12 myoblasts can rescue
signaling to p70S6k from the inhibitory actions of rapamycin (Hornberger et al., 2007).
Furthermore, the rescue effect is not observed when a rapamycin-resistant kinase-dead
mutant of mTOR (RRKD-mTOR) is over-expressed (Hornberger et al., 2007). These
observations indicate that mTOR is the rapamycin-sensitive kinase that confers signaling to
p70S6k and likely numerous other downstream signaling molecules that regulate protein
synthesis and skeletal muscle mass.

General Regulatory Mechanisms of mTOR Signaling
Research over the last decade has established that mTOR is the central component of a
signaling network that controls cellular growth and a vast number of studies have been
aimed at understanding how mTOR signaling is regulated. These studies have revealed that
mTOR exists in two distinct multi-protein complexes and only one of them is inhibited by
the FKBP12-rapamycin complex. The rapamycin-sensitive complex consists of the proteins
mTOR, GβL and Raptor, and is collectively referred to as the mTORC1 complex (Huang
and Manning, 2008, Corradetti and Guan, 2006). The other complex is referred to as the
mTORC2 complex and consists of mTOR, GβL and a protein called Rictor (Guertin et al.,
2006, Corradetti and Guan, 2006). Signaling by the mTORC2 complex is not directly
inhibited by rapamycin, and thus, it seems unlikely that signaling by the mTORC2 complex
contributes to the growth-regulatory effects that have been attributed to the rapamycin-
sensitive pathway (Corradetti and Guan, 2006, Jacinto et al., 2004). Therefore, the
remainder of this discussion will focus on the mechanisms that regulate signaling by the
mTORC1 complex. To assist the reader, a schematic that summarizes these mechanisms is
provided in Figure 2.

Phosphorylation of p70S6k on the Thr389 residue is typically used as a read-out of mTORC1
signaling, and this marker has revealed that signaling by mTORC1 can be regulated by
various stimuli including growth factors, nutrients and mechanical signals. To date, the most
intensely studied regulatory mechanisms of mTORC1 signaling are those which occur
following stimulation with growth factors such as insulin. These studies indicate that growth
factors activate class I phosphoinositide-3 kinase (PI3K) which, in-turn, promotes the
activation of protein kinase B (PKB) via the 3-phosphoinositide-dependent protein kinase-1
(PDK1) (Reiling and Sabatini, 2006). Activated PKB can then phosphorylate and inhibit the
activity of the tuberous sclerosis complex (TSC1/2) complex which is a GTPase-activating
protein for a ras-family GTP-binding protein called Rheb (Huang and Manning, 2008).
Inactivated TSC1/2 allows Rheb to become charged with GTP and, in-turn, promote the
activation of mTORC1 signaling (Inoki et al., 2003). It is clear that GTP-Rheb can activate
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mTORC1 and it has been proposed that this might involve the sequestration of the FKBP38
protein (an endogenous inhibitor of mTORC1 signaling); however, the exact mechanism
through which Rheb activates mTORC1 signaling remains a subject of intense debate (Bai et
al., 2007, Ma et al., 2008, Avruch et al., 2006).

As mentioned above, nutrients such as amino acids (AA) have also been shown to play an
important role in the regulation of mTORC1 signaling. Current models indicate that, unlike
growth factors, nutrients activate mTORC1 through a class I PI3K-, PKB- and TSC1/2-
independent mechanism (Nobukuni et al., 2005, Gulati and Thomas, 2007). However, the
activation of mTORC1 by nutrients is blocked by the PI3K inhibitor wortmannin, indicating
that PI3K activity is still required for this event (Nobukuni et al., 2005). This observation
ultimately led to the finding that a wortmannin-sensitive class III PI3K called Vps34 might
be involved in nutrient-induced mTORC1 signaling (Nobukuni et al., 2005). For example, it
was reported that nutrients could induce Vps34 activity and depletion of Vps34 with siRNA
blocked nutrient-induced mTORC1 signaling (Gulati and Thomas, 2007). It has also been
suggested that nutrients activate Vps34 through a mechanism involving the Ca2+/
calmodulin complex (CaM) (Gulati et al., 2008), however, the results of other studies have
not supported this conclusion (Yan et al., 2009). The mechanism could ultimately link
Vps34 to the activation of mTORC1 is even less clear, but might involve enhanced binding
of Rheb to mTORC1; however, it has also been reported that nutrient stimulation does not
alter the amount of GTP bound Rheb (Nobukuni et al., 2005, Long et al., 2005).
Furthermore, genetic studies in Drosophilia and C. elegans have recently challenged the
potential role of Vps34 in the regulation of TORC1 signaling (Juhasz et al., 2008, Avruch et
al., 2009). Thus, there is still much to be disputed with regards to the potential role of Vps34
in amino acid induced mTORC1 signaling.

Currently, the most widely accepted mechanism for explaining how amino acids regulate
mTORC1 signaling involves the Rag subfamily of Ras small GTPases. Mammalian cells
express four Rag GTPases (RagA, RagB, RagC and RagD) and two independent groups
have demonstrated that Rag GTPases are necessary for the activation of mTORC1 signaling
by amino acids (Kim et al., 2008, Sancak et al., 2008). Furthermore, both groups
demonstrated that overexpression of constitutively GTP bound RagA or RagB is sufficient
to induce an increase in mTORC1 signaling and an increase in the size of both Drosophilia
and mammalian cells (Kim et al., 2008, Sancak et al., 2008). More recently, amino acids
have been shown to induce translocation of mTORC1 to lysosomal membranes where both
the Rag GTPases and Rheb reside (Sancak et al.). Furthermore, the lysosomal membrane
recruitment of mTORC1 has been shown to be dependent on a complex of proteins encoded
by the MAPKSP1, ROBLD3 and c11orf59 genes, and this complex has been termed the
Ragulator complex (Sancak et al.). Of particular significance, constitutive targeting of
mTORC1 to the lysosomal surface renders mTORC1 signaling independent of amino acids,
Rag GTPases and the Ragulator complex, but it remains dependent on Rheb (Sancak et al.).
Thus, the interaction of mTORC1 with Rheb, via a Rag GTPase-Ragulator dependent
translocation of mTORC1 to lysosomal membranes, appears to be a critical event for the
activation of mTORC1 signaling in response to amino acids and possibly several other
stimuli.

Another important regulator of mTORC1 signaling is the AMP-activated protein kinase
(AMPK). During periods of energy deprivation (i.e. exercise, hypoxia and nutrient
deprivation), AMP levels rise and promote the activation of AMPK (Kimball, 2006, Musi et
al., 2003, Fujii et al., 2006, Kim et al., 2004). Activated AMPK can phosphorylate and
activate the TSC1/2 complex which represses the Rheb-induced activation of mTORC1
signaling. For this reason, it has been proposed that excess nutrients may indirectly activate
mTORC1 signaling through repression of the inhibitory signals provided by the AMPK →
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TSC1/2 -| Rheb → mTORC1 pathway (Hahn-Windgassen et al., 2005). Furthermore, it was
recently demonstrated that AMPK can directly phosphorylate raptor, and that this event
inhibits mTORC1 signaling (Gwinn et al., 2008). Thus, AMPK appears to play an important
role in the regulation of mTORC1 signaling and the exact mechanisms involved in this
process continue to be defined.

An additional regulatory mechanism of mTORC1 signaling involves the lipid second
messenger phosphatidic acid (PA) (Foster, 2007). The potential role of PA in the regulation
of mTORC1 signaling was revealed in a study which demonstrated that PA can directly bind
to mTOR in a region that lies within the FRB domain and, in doing so, activates mTORC1
signaling (Fang et al., 2001). Furthermore, there is evidence that PA competes with the
FKBP12-rapamycin complex for binding to the FRB domain (Fang et al., 2001, Chen et al.,
2003, Veverka et al., 2008). Based on these observations, it has been proposed that
rapamycin inhibits mTORC1 signaling by removing PA from the FRB domain. Since these
initial reports, several additional studies have provided evidence that PA plays a
fundamental role in the regulation of mTORC1 signaling. For example, over-expression of
diacylglycerol kinase, an enzyme that converts diacylglycerol into PA, induces the
activation of mTORC1 signaling and this event is blocked when the PA binding domain of
mTOR is mutated (Avila-Flores et al., 2005). Over-expression of lysophosphatidic acid
acyltransferase, an enzyme that converts lysophosphatidic acid into PA, has also been shown
to activate mTORC1 signaling (Tang et al., 2006). Finally, it was recently suggested that PA
might be the primary effector of Rheb that promotes the activation of mTORC1 signaling
(Sun et al., 2008). This hypothesis was based on the findings that GTP-bound Rheb binds to,
and activates, phospholipase D (PLD), an enzyme that generates PA from
phosphotidylcholine (Sun et al., 2008). Furthermore, it was reported that knocking down the
expression of PLD prevented the activation of mTORC1 by Rheb (Sun et al., 2008). Thus,
several lines of evidence suggest that PA is a direct regulator of mTORC1 signaling, and
therefore, understanding the exact role that PA plays in the regulation of mTORC1 will be
an important area for future studies.

The work cited above demonstrates that the regulation of mTORC1 signaling is controlled
by a complex network of signaling events, and our understanding of this network is rapidly
evolving. Due to page limitations, several other potentially important regulatory
mechanisms have not been discussed and hence, the reader is referred to Yang et al. (2007),
Foster (2007), Kim and Guan (2009) and Avruch et al. (2009) for more comprehensive
reviews on the mechanisms that regulate mTORC1 signaling (Yang and Guan, 2007, Foster,
2007, Kim and Guan, 2009, Avruch et al., 2009).

The Role of mTORC1 in the Regulation of Skeletal Muscle Mass by
Mechanical Stimuli

In 1999, a landmark study by Baar and Esser demonstrated that resistance-exercise promotes
an increase in p70S6k phosphorylation, and the magnitude of the increase in p70S6k

phosphorylation was highly correlated with the concomitant hypertrophic response of the
muscle (Baar and Esser, 1999). In 2001, Bodine et al. extended these findings by using a
model of chronic mechanical loading to demonstrate that rapamycin prevents the
mechanically-induced increase p70S6k phosphorylation. More importantly, this study also
demonstrated that rapamycin blocked the hypertrophic response in mechanically loaded
muscles (Bodine et al., 2001). Others have since repeated these observations and also
demonstrated that rapamycin prevents the increase in protein synthesis that occurs in
response to mechanical stimulation (Hornberger et al., 2004, Hornberger et al., 2003,
Drummond et al., 2009, Kubica et al., 2005). Taken together, these studies suggest that
mechanical stimulation is sufficient for the activation of mTORC1 signaling, and that

Hornberger Page 5

Int J Biochem Cell Biol. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



signaling through a rapamycin-sensitive mechanism is necessary for mechanically-induced
changes in protein synthesis and compensatory growth.

The Role of PI3K/PKB in the Regulation of mTORC1 Signaling and Muscle
Mass by Mechanical Stimuli

To date, signaling through the rapamycin-sensitive pathway (presumably involving
mTORC1) is the only molecular pathway that has repeatedly been identified as being
necessary for mechanically-induced growth of skeletal muscle. Since rapamycin is
considered to be a highly specific inhibitor of mTORC1, it has been widely concluded that
signaling through mTORC1 is necessary for mechanically-induced growth. However,
genetic evidence to support this fundamental conclusion is lacking. Despite this limitation,
numerous investigations have been aimed at defining how mechanical stimuli activate
mTORC1 signaling. The most widely discussed model that has emerged from these studies
is that mechanical stimuli activate mTORC1 through a mechanism involving the insulin-like
growth factor 1 (IGF-1) and the PI3K→PKB→mTORC1 pathway. Support for this model
has come from three primary observations; i) mechanical stimulation promotes an increase
in IGF-1 content (Note: IGF-1 has been shown to activate the PI3K→PKB→mTORC1
pathway and induce skeletal muscle growth) (Adams and Haddad, 1996, Adams and
McCue, 1998, Rommel et al., 2001), ii) mechanical stimulation activates signaling through
PI3K and PKB (Bolster et al., 2003, Hornberger et al., 2003, Sakamoto et al., 2003,
Atherton et al., 2005, Deshmukh et al., 2006, Haddad and Adams, 2006, Bodine et al., 2001,
Carlson et al., 2001, Spangenburg and McBride, 2006, Lockhart et al., 2006, Bruss et al.,
2005), and iii) constitutive activation of the PI3K→PKB pathway induces mTORC1
signaling and promotes skeletal muscle growth via a rapamycin-sensitive mechanism
(Varma and Khandelwal, 2007, Bodine et al., 2001, Pallafacchina et al., 2002). Combined,
these observations provide a solid rationale for the hypothesis that mechanical stimuli
activate mTORC1 signaling and growth through a mechanism involving IGF-1 and the
PI3K→PKB→mTORC1 pathway; however, recent studies have challenged the validity of
this hypothesis.

The first study that challenges the above hypothesis comes from Spangenburg et al. 2008
(Spangenburg et al., 2008). In this study, a transgenic mouse that expresses a dominant
negative IGF-1 receptor specifically in skeletal muscle was employed. It was demonstrated
that skeletal muscles from these mice fail to show a signaling response (increase in PKB
phosphorylation) following IGF-1 stimulation; however, the hypertrophic response induced
by mechanical-overload was fully preserved in muscles from these mice. These observations
led to the conclusion that a functional IGF-1 receptor is not required for mechanically-
induced growth of skeletal muscle.

Another piece of evidence that challenges the IGF-1 / PI3K→PKB→mTORC1 model
comes from a study that evaluated the temporal response of signaling through PI3K→PKB
and mTORC1 following a bout of eccentric contractions (O’Neil et al., 2009). In this study,
phosphorylation of PKB on the serine 473 residue [P-PKB] was used as a marker of
signaling through the PI3K→PKB pathway, and phosphorylation of p70S6k on the threonine
389 residue [P-p70(389)] was used as a marker of signaling through mTORC1. Consistent
with other studies (Spangenburg and McBride, 2006, Lockhart et al., 2006), eccentric
contractions induced signaling through PI3K→PKB; however; this was a very transient
event (<15 minutes) and markedly different from the activation of mTORC1 signaling
which was sustained for a long duration (>12 hours) (O’Neil et al., 2009). Thus, there does
not appear to be a temporal relationship between the activation of PI3K→PKB and
mTORC1 following eccentric contractions. Furthermore, a number of studies have shown
that pharmacological inhibition of PI3K with wortmannin, or genetic deletion of PKB1, does
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not block the mechanical activation of mTORC1 signaling (Hornberger et al., 2007, O’Neil
et al., 2009, Hornberger et al., 2004). In other words, there are several lines of evidence
which indicate that mechanical stimuli activate mTORC1 signaling through a PI3K/PKB-
independent mechanism.

The observation that mechanical stimuli induce mTORC1 signaling through a PI3K/PKB-
independent mechanism raises the question of whether a PI3K/PKB-independent activation
of mTORC1 is actually sufficient to induce skeletal muscle growth. The importance of this
question is highlighted by previous studies which have shown that constitutive activation of
PI3K/PKB induces growth, and that this occurs through a rapamycin-sensitive mechanism.
However, activation of PI3K/PKB can also induce signaling through a variety of mTORC1-
independent growth regulatory molecules including GSK3β and the FOXO transcription
factors (Nader, 2005, Sandri, 2008, Frost and Lang, 2007). Thus, based on these studies, it
was not clear if mTORC1 signaling is sufficient, or simply permissive, for PI3K/PKB-
induced growth. In an effort to address this issue, we recently used transient over-expression
of Rheb as a means to induce a PI3K/PKB-independent activation of mTORC1 in adult
mouse skeletal muscles. The results of this study demonstrated that over-expression of Rheb
was indeed sufficient for the induction of a rapamycin-sensitive hypertrophic response
(Goodman et al., 2010). Furthermore, transgenic mice with muscle specific expression of
various mTOR mutants were used to demonstrate that mTOR is the rapamycin-sensitive
element that confers the hypertrophic effects of Rheb and that the kinase activity of mTOR
is necessary for this event (Goodman et al., 2010). Combined, these results provided direct
genetic evidence that a PI3K/PKB-independent activation of mTORC1 signaling is
sufficient to induce hypertrophy. Thus, it can now be argued that IGF-1 and the activation of
the PI3K/PKB pathway are sufficient for the induction of skeletal muscle growth, but these
mechanisms do not appear to be necessary for the activation of mTORC1 signaling or the
growth that occurs in response to mechanical stimuli.

The Potential Role of Stretch Activated Ion Channels in the Mechanical
Activation of mTORC1 Signaling

Based on the studies cited above, it appears that mechanical stimuli activate mTORC1
signaling through a PI3K/PKB-independent mechanism, but the exact identity of the PI3K/
PKB-independent mechanism has not been defined. In one study aimed at identifying this
mechanism, gadolinium and streptomycin were used to inhibit stretch activated ion channels
(SACs). The results demonstrated that both gadolinium and streptomycin can partially block
the eccentric contraction induced increase in mTORC1 signaling (Spangenburg and
McBride, 2006). These observations are intriguing, but it is not clear how the flux of ions
through SACs would regulate mTORC1 signaling. One possibility is that an influx of
calcium through SACs would activate the CaM complex / Vps34 pathway along with
concomitant activation of mTORC1. However, it has also been shown that the eccentric
contractions can induce mTORC1 signaling in the absence of changes in Vps34 activity
(MacKenzie et al., 2009). Furthermore, it has been demonstrated that an intracellular
chelator of calcium (BAPTA-AM) does not block the mechanical activation of mTORC1
signaling (Hornberger et al., 2006). Thus, further studies are needed to define the potential
link between SACs and the mechanical activation of mTORC1 signaling.

The Potential Role of Amino Acids in the Mechanical Activation of mTORC1
Signaling

As mentioned above, amino acids have been implicated in the regulation of mTORC1
signaling, and unlike growth factors, amino acids do not activate signaling through PI3K/
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PKB (Kimball et al., 1999, Armstrong et al., 2001). Furthermore, mechanical stimuli have
been shown to induce an increase in amino acid uptake (Vandenburgh and Kaufman, 1981,
MacKenzie et al., 2009). Based on these points it has been proposed that amino acids might
be part of the PI3K/PKB-independent mechanism through which mechanical stimuli activate
mTORC1 signaling. However, it has also been reported that the activation of mTORC1
following eccentric contractions precedes the increase in intracellular amino acids
(MacKenzie et al., 2009). Furthermore, in isolated skeletal muscles, mechanical stimuli can
activate mTOR in the absence of exogenous amino acids (Hornberger and Chien, 2006).
Finally, it has also been shown that inhibition of PI3K with wortmannin prevents the
activation of mTORC1 signaling by amino acids but not mechanical stimuli (Hornberger
and Chien, 2006). Thus, mechanical stimuli appear to activate mTORC1 signaling via a
mechanism that is distinct from the PI3K-dependent mechanism employed by amino acids.

The Potential Role of PLD in the Mechanical Activation of mTORC1
Signaling

Previous studies have demonstrated that a phospholipase C (PLC) / phospholipase D (PLD)
inhibitor (neomycin) can prevent the mechanical activation of mTORC1 signaling
(Hornberger et al., 2006). Furthermore, it has been demonstrated that inhibition of PLC with
U73122 does not inhibit the mechanical activation of mTORC1 signaling (Hornberger et al.,
2006). Combined, these observations suggest that the effects of neomycin are most likely
attributable to the inhibition of PLD. In support of this conclusion, studies employing 1-
butanol, a primary alcohol that inhibits PLD-catalyzed PA formation, and 2-butanol, a
secondary alcohol that does not inhibit PLD-catalyzed PA formation, have demonstrated
that 1-butanol can block the activation of mTORC1 signaling by passive stretch and
eccentric contractions, but 2-butanol has no effect (Hornberger et al., 2006, Fang et al.,
2001, Facchinetti et al., 1998, Wakelam et al., 1995, Shen et al., 2001, Hornberger et al.,
2007, O’Neil et al., 2009). Based on these results, it would appear that the synthesis of PA
by PLD is necessary for the mechanical activation of mTORC1 signaling. However, recent
studies have shown that some of 1-butanol’s biological effects cannot be explained by the
inhibition of PLD activity (Su et al., 2009). Thus, further studies will be needed to clarify
the potential role of PLD in the mechanical activation of mTORC1 signaling.

Mechanical Stimulation Promotes an Increase in PA
Based on the results described above, it was proposed that mechanical stimuli induce an
increase in PA concentration ([PA]), and that this occurs through a PLD-dependent
mechanism. Consistent with this hypothesis, several studies have shown that mechanical
stimuli can induce an increase in [PA] (O’Neil et al., 2009, Hornberger et al., 2006, Cleland
et al., 1989). It has also been shown that elevations in [PA] occur specifically in response to
contractions that induce growth and mTORC1 signaling (O’Neil et al., 2009). In addition,
both neomycin and 1-butanol can prevent the mechanically-induced increase in [PA]
(Hornberger et al., 2006, O’Neil et al., 2009). Combined, these results indicate that
mechanical stimulation induces an increase in [PA], and the data with neomycin and 1-
butanol suggest that PLD activity may be necessary for this event.

Enhanced Binding of PA to mTOR in Response to Mechanical Stimulation
As mentioned previously, PA has been reported to directly activate mTORC1 signaling by
binding to mTOR on its FRBs domain (Fang et al., 2001, Veverka et al., 2008). The FRB
domain is also the site where the FKBP12-rapamycin complex binds to mTOR and inhibits
mTORC1 signaling (Fang et al., 2001, Veverka et al., 2008). The overlap of these binding
sites suggests that the FKBP12-rapamycin complex and PA compete with one another for
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binding to the FRB domain (Fang et al., 2001, Chen et al., 2003, Veverka et al., 2008).
Therefore, enhanced binding of PA to mTOR would be expected to confer resistance to the
inhibitory effects that rapamycin has on mTORC1 signaling. This is an important point
because previous studies have demonstrated that the half maximal inhibitory concentration
(IC50) of rapamycin for inhibiting p70S6k(389) phosphorylation in mechanically stimulated
muscles is significantly higher than the IC50 that is found in control muscles (Hornberger et
al., 2006). The higher IC50 in mechanically stimulated muscles indicates that mechanical
stimulation confers resistance to rapamycin; an observation that is consistent with a model in
which the mechanical activation of mTORC1 signaling results from enhanced binding of PA
to the FRB domain in mTOR.

PA can Induce mTORC1 Signaling via a PI3K-Independent Mechanism
The results presented so far provide reasonable evidence in favor of the hypothesis that an
increase in [PA] is responsible for the mechanical activation of mTORC1 signaling. In
further support of this hypothesis, it has been shown that incubating C2C12 myoblasts with
exogenous PA is sufficient to induce a rapid (< 20min) increase in mTORC1 signaling
(O’Neil et al., 2009). In the same study, it was also shown that, similar to mechanical
stimuli, exogenous PA induced mTORC1 signaling through a PI3K-independent
mechanism. These results are important, however, they should be interpreted with caution
because exogenous PA can easily be metabolized and converted to other lipids. For
example, unlike what has been shown in C2C12 myoblasts, a recent study is Rat2 fibroblasts
reported that exogenous PA does not induce a rapid activation of mTORC1 signaling
(Winter et al.). Instead, in this study, activation of mTORC1 signaling was not observed
until 2hr after the addition of the exogenous PA, and it was suggested that the delayed
activation of mTORC1 signaling resulted from the conversion of the exogenous PA to
lysophosphatidic acid (Winter et al.). The reasons why exogenous PA did not induce a rapid
activation of mTORC1 signaling in this study are less clear, but may have been due to the
species of PA employed or the experimental procedures that were used to preparing the PA.

Changes in PLD Activity are not Sufficient for a Mechanically-Induced
Increase in [PA]

There is a growing body of evidence which implicates PA in the mechanical regulation of
mTORC1 signaling; however, the results from studies aimed at identifying the enzymes that
promote the increase in PA are less clear. For example, it has been demonstrated that both
neomycin and 1-butanol can prevent the mechanically-induced increase in [PA]. If it is
assumed that the effects of neomycin and 1-butanol are due to the inhibition of PLD activity,
then these results would indicate that PLD activity is necessary for the mechanically-
induced increase in [PA]. But, as mentioned above, concerns about the non-specific effects
of 1-butanol have recently been raised, and the same concerns are probably equally valid for
neomycin. Furthermore, an increase in PLD activity does not appear to be sufficient for the
increase in PA. For example, it has been demonstrated that PLD activity is elevated during
the first 15min following the onset of mechanical stimulation, after which point it returns
back to, or slightly below, control levels (Hornberger et al., 2006). On the other hand,
mechanical stimulation promotes a progressive increase in [PA] throughout the first 30min
after the onset of mechanical stimulation, after which point, [PA] reaches an elevated
steady-state (Hornberger et al., 2006). Specifically, in mechanically stimulated muscles,
[PA] is 138% greater than control muscles at 15min after the initiation of mechanical
stimulation and this value increases to 187% of control at 30min after the initiation of
mechanical stimulation. Yet, when compared with time matched control muscles, PLD
activity during the 15-30min time period is 27% lower in mechanically stimulated muscles
(P = 0.06) (Hornberger et al., 2006). Based on these observations, it can be argued that PLD

Hornberger Page 9

Int J Biochem Cell Biol. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



might contribute to the very early part of the mechanically-induced increase in [PA], but it is
not sufficient for the majority of the increase in [PA] that occurs in response to mechanical
stimulation. Thus, the enzymes responsible for promoting the mechanically-induced increase
in [PA] remain to be defined.

Potential Regulators of PA / mTORC1 Signaling
As highlighted above, PA has emerged as a potentially direct regulator of mTORC1
signaling. To date, five distinct classes of enzymes have been implicated in the regulation of
[PA]. For example, PA can be synthesized from phosphotidylcholine (PC) by phospholipase
D (PLD), from lysophosphatidic acid (LPA) by lysophosphatidic acid acyltransferases
(LPAAT), and from diacylglycerol (DAG) by diacylglycerol kinases (DAGK) (Foster, 2007,
Wang et al., 2006). Furthermore, [PA] can be controlled by enzymes that degrade PA which
includes the conversion of PA to LPA by A type phospholipases (PLA), and the conversion
of PA to DAG by phosphatidic acid phosphatases (PAP) (Wang et al., 2006, Aoki et al.,
2007, Carman and Han, 2006). A schematic summarizing these enzymatic pathways and a
review of the individual components is provided below (Figure 3).

The most highly studied enzyme that regulates [PA] is PLD, and two PLD genes (PLD1 and
PLD2) have been identified in skeletal muscle (Kodaki and Yamashita, 1997, Katayama et
al., 1998). To date, several studies have shown that over-expression of PLD2 induces
mTORC1 signaling and the lipase activity of PLD2 is required for this event (Chen et al.,
2005, Ha et al., 2006). Thus, under the appropriate circumstance, the synthesis of PA by
PLD can be an important regulatory mechanism of mTORC1 signaling. For a
comprehensive review on PLD see Jenkins et al. (2005) and Oude Weernink et al. (2007)
(Jenkins and Frohman, 2005, Oude Weernink et al., 2007)

Another well studied regulator of [PA] is DAGK. DAGK phosphorylates DAG to form PA
and at least 10 isoforms of this enzyme have been identified (Sakane et al., 2007). Of the
DAGK isoforms, DAGKα, δ, ε and ζ appear to be most highly expressed in skeletal muscle
(Takahashi et al., 2007). As mentioned above, over-expression of DAGKζ induces
mTORC1 signaling and this event is blocked when the PA binding domain of mTOR is
mutated (Avila-Flores et al., 2005). Thus, the generation of PA by DAGK also appears to be
an important mechanism in the regulation of mTORC1 signaling. For a further review on
DAGKs see Topham (2006) and Sakane et al. (2007) (Topham, 2006, Sakane et al., 2007).

The LPAATs, also known as the 1-acyl-sn-glycerol 3-phosphate acyltransferases (AGPAT),
are another potentially important regulator of [PA] and mTORC1 signaling. These enzymes
catalyze the acylation of LPA to form PA and at least nine isoforms of LPAAT have been
identified, all of which appear to be expressed in skeletal muscle (Lu et al., 2005). It is worth
noting that pharmacological inhibition of LPAAT activity has been shown to block the
activation of mTORC1 signaling by Angiotensin II, and it prevents myoblast proliferation
(Coon et al., 2003). Furthermore, as noted above, over-expression of LPAAT has been
shown to induce mTORC1 signaling (Tang et al., 2006). These observations are all
consistent with a potentially important role for LPAAT in the regulation of [PA] and
mTORC1 signaling.

The [PA] is not only regulated by enzymes that synthesize PA, but also by enzymes that
degrade PA. The most highly studied class of enzymes that degrade PA is the PLAs. The
PLAs are a very diverse class of enzymes which can be further divided into two major
subgroups (PLA1 and PLA2). PLA1 catalyzes the hydrolysis of the sn-1 position of
glycerophospholipids such as PA and nine isoforms of this enzyme have been identified
(Aoki et al., 2007). On the other hand, PLA2 catalyzes the hydrolysis of the sn-2 position of
glycerophospholipids and nineteen isoforms of PLA2 have been identified (Murakami and
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Kudo, 2002). Currently, we are not aware of any studies which have addressed the potential
role of PLAs in the regulation of mTORC1 signaling; however, it is worth noting that
deletion of PLA2g4a, a gene that encodes a PLA2 isoform, was recently shown to induce
skeletal muscle hypertrophy and augment pressure overload induced growth of the heart.
Although this study did not address the potential role of PA and mTORC1 in these
phenotypes, it is tempting to speculate that the enhanced growth may have resulted from an
accumulation of PA that would have normally been degraded by this enzyme (Haq et al.,
2003).

The other important class of enzymes that degrade PA are the phosphatidic acid
phosphatases (PAP) and these enzymes can be separated into two distinct subgroups (PAP1
and PAP2) (Carman and Han, 2006). PAP1s convert newly synthesized PA to DAG and a
protein called Lipin 1 accounts for the majority of PAP1 activity in skeletal muscle (Harris
et al., 2007, Nanjundan and Possmayer, 2003). Unlike PAP1, PAP2s can degrade a variety
of lipid phosphates including PA, sphingosine-1-phosphate and ceramide-1-phosphate
(Carman and Han, 2006). For this reason, PAP2 has generally been referred to as lipid
phosphate phosphatase (Nanjundan and Possmayer, 2003). At least three isoforms of PAP2
have been identified, and all of them appear to be expressed in skeletal muscle (Kai et al.,
1997, Hooks et al., 1998, Carman and Han, 2006). Previous studies have also demonstrated
that pharmacological inhibition of the PAPs can induce an increase in [PA] and mTORC1
signaling in skeletal muscle (Hornberger et al., 2006). Thus, PAPs are likely to play an
important role in the regulation of mTORC1 signaling and will likely be an important area
of future studies.

Conclusions
It is clear that mechanical stimuli play a major role in the regulation of muscle mass.
Although the link between mechanical signals and the regulation of muscle mass has been
recognized for decades, the mechanisms involved in converting mechanical signals into the
molecular events that control this process have only been vaguely defined. Nevertheless, our
knowledge of these mechanisms is advancing and several lines of evidence have led to the
conclusion that signaling by mTORC1 plays a central role in this event. Furthermore, it
appears that mechanical stimuli activate mTORC1 signaling through a PI3K-independent
mechanism and there is growing body of evidence which implicates PA in this process.
However, additional studies are needed to fully establish the role of PA in the mechanical
regulation of mTORC1 signaling and skeletal muscle mass. Furthermore, the enzymes
responsible for the mechanically-induced increase in PA remain to be determined and will
be an important area of focus for future studies.
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AGPAT 1-acyl-sn-glycerol 3-phosphate acyltransferase

AMPK AMP-activated protein kinase
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DAG diacylglycerol
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IC50 maximal inhibitory concentration

IGF-1 insulin-like growth factor 1

LPA lysophosphatidic acid

LPAAT lysophosphatidic acid acyltransferase

mTOR mammalian target of rapamycin

mTORC1 mTOR complex 1

mTORC2 mTOR complex 2

PA phosphatidic acid

PAP phosphatidic acid phosphatases

PC phosphotidylcholine

PDK1 3-phosphoinositide-dependent protein kinase-1

PI3K phosphoinositide-3 kinase

PKB protein kinase B

PLA A type phospholipase

PLC phospholipase C

PLD phospholipase D

p70S6k ribosomal S6 kinase 1

Rheb ras homologue enriched in brain

RR-mTOR rapamycin-resistant mutant of mTOR

RRKD-mTOR rapamycin-resistant kinase dead mutant of mTOR

SACs stretch activated ion channels

TSC1/2 tuberous sclerosis complex

5′TOP 5′ 7-methylguanosine modification followed by an oligonucleotide tract
rich in pyrimidines
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Figure 1. Chronic Mechanical Loading Induces an Increase in Protein Synthesis
Mouse plantaris muscles were subjected to chronic mechanical loading by surgically
ablating the synergist muscles (SA) as previously described (Goodman et al., 2011). For a
control condition, mice were subjected to a sham surgery. At 7 days after the surgery, rates
of protein synthesis were determined with the in vivo SUrface SEnsing of Translation
(SUnSET) method (Goodman et al., 2011). Briefly, mice were given an injection of
puromycin 30 minutes before the plantaris muscles were collected. (A-D) Cross-sections
from the mid-belly of plantaris muscles subjected to sham or SA conditions were mounted
adjacent to one another on a slide, and then subjected to immunohistochemistry for laminin
(green) and puromycin (red). (A) Merged image of signals obtained for puromycin and
laminin. (B) Grayscale image of the signal obtained for puromycin. Note: the intensity of
puromycin signal reflects the rate of protein synthesis (Goodman et al., 2011). (C-D) Higher
magnification image of a plantaris muscle subjected to SA reveals the presence of small
fibers with very high rates of protein synthesis. The bars in A and B indicate a length of
300μm and the bars in C and D indicate a length of 40μm.
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Figure 2. Schematic of the General Mechanisms that Regulate mTORC1 Signaling
Signaling by mTORC1 can be activated by numerous stimuli including growth factors,
nutrients and mechanical signals. In this schematic, the components of the mTORC1
complex are shaded in purple and the signaling molecules that stimulate mTORC1 signaling
are shaded in green, while molecules that inhibit mTORC1 signaling are shaded in red.
Dashed lines represent links in the regulatory pathways that have not been clearly
established.
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Figure 3.
Schematic Overview of the Lipids and Enzymatic Pathways that Regulate [PA] and
Potentially mTORC1 Signaling.
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