
REVIEW / SYNTHÈSE

Changes in muscle mass with mechanical load:
possible cellular mechanisms1

Espen E. Spangenburg

Abstract: Understanding the mechanisms that regulate skeletal muscle mass has remained a focus of numerous researchers
for many years. Recent investigations have begun to elucidate cellular signaling mechanisms that regulate skeletal muscle
hypertrophy, with significant effort being focused on the Akt/mammalian target of rapamycin (mTOR) signaling pathway.
The Akt/mTOR pathway plays a major role in regulating the initiation of protein synthesis after the onset of mechanical
loading of skeletal muscle. Although a number of downstream substrates for Akt/mTOR have been elucidated, very little
is known about the upstream mechanisms that mechanical load employs to activate the Akt/mTOR signaling pathway.
Thus, the purpose of this review is to discuss potential mechanisms that may contribute to the activation of the Akt/mTOR
signaling mechanism in mechanically loaded skeletal muscle.
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Résumé : Depuis de nombreuses années, des chercheurs tentent d’élucider les mécanismes de contrôle de la masse des
muscles squelettiques. Des études récentes commencent à clarifier les mécanismes de signalisation qui régule l’hyper-
trophie du muscle squelettique et pointent du côté de la voie de signalisation Akt/mTOR. La voie de signalisation Akt/
mTOR joue un rôle important dans le contrôle du démarrage de la synthèse des protéines consécutive à la mise en charge
du muscle squelettique. Même si on connaı̂t un certain nombre de substrats en aval sur la voie Akt/mTOR, on sait très
peu de choses au sujet des mécanismes utilisés en amont par la charge mécanique pour agir sur cette voie. Par conséquent,
cet article-synthèse se propose d’analyser les mécanismes potentiels d’activation de la voie de signalisation Akt/mTOR
dans le muscle squelettique soumis à une charge mécanique.

Mots-clés : mTOR, Akt/PKB, facteur de croissance insulinomimétique, hypertrophie, étirement, surcharge.

[Traduit par la Rédaction]

Mass is a dynamic property of skeletal muscle that
changes with the loading pattern placed on the muscle. For
example, increased loads placed on the muscle (i.e., strength
training) can induce significant increases in muscle mass,
while removal of mechanical loads (i.e., extended bedrest)
results in the loss of muscle mass. Understanding the mech-
anisms that regulate muscle mass is necessary, since skeletal
muscle plays critical roles in locomotion, breathing, and me-
tabolism. Skeletal muscle mass is a critical factor in the
maintenance of functional independence. The largest deficits
of overall physical function occur in the range of low to
moderate muscle strength output (Janssen et al. 2004).
Thus, small changes in muscle mass can be critical, since
there is a threshold for the loss of muscle mass that induces
physical disability and loss of independence (Janssen et al.
2004). Therefore, defining mechanisms that regulate muscle
growth or hypertrophy is critical for preventing long-term

disability. The purpose of this review will be to discuss the
cellular signaling mechanisms activated during mechanical
loading and to review the potential upstream signals that
mechanical loading may use to activate these mechanisms.

Common animal models that use mechanical
load to induce muscle growth

Animal models are frequently used to examine molecular
and cellular mechanisms that regulate muscle growth. The
most commonly used model is functional overload of the
plantaris muscle, which is also referred to as synergist abla-
tion. This model involves the surgical removal of the soleus
and the majority of the gastrocnemius muscle from the ani-
mal, thereby requiring the plantaris muscle to bear the load
of the removed muscles. This mechanical overload of the
plantaris muscle results in significant inductions of muscle
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growth of ~30% after 7 days and ~100% after 35 days
(Spangenburg and Booth 2006; Spangenburg et al. 2008).
With such significant and rapid growth of the muscle, there
are large inductions of mechanisms necessary to induce
muscle growth. The model is frequently used because it
does not require any equipment to induce the load, other
than the ability to properly anesthetize the animal. With
that said, this model is also extreme, in that growth is
very rapid and robust. The magnitude of hypertrophy is un-
like the type of growth we typically see with resistance
training.

Another commonly used model, developed by Ted
Wong in Frank Booth’s lab (Wong and Booth 1988), is a
model of muscle hypertrophy induced by electrical stimu-
lation. In this model, the sciatic nerve is stimulated with
1-ms pulses at 100 Hz, with a 2.5-s train duration, causing
net plantar flexion of the lower limb, resulting in a short-
ening of the gastrocnemius-plantaris-soleus muscle group
and a lengthening of the tibalis anterior–extensor digitorum
longus muscle group (Wong and Booth 1990b). The end
result of this protocol is significant hypertrophy of ~16%–
30% of the tibalis anterior muscle, due to the repetitive
lengthening contractions. Baar and Esser (1999) found
that, since planatarflexors are stronger, the stimulation re-
sulted in lengthening the contraction of the dorsiflexors
and, ultimately, hypertrophy of the tibalis anterior–extensor
digitorum longus muscle after 4 weeks of training. Advan-
tages of this model include the ease with which one can
perform time course measures, control over amount of the
work done by each animal, and, with the proper equip-
ment, the ability to measure simultaneous force production
(Burry et al. 2007). Disadvantages include the fact that it
is more time consuming to do long-term training studies,
which may require the chronic insertion of electrodes on
the sciatic nerve, and the requirement of access to an elec-
trical stimulator.

Changes in the central dogma of biology
during muscle hypertrophy

The initial or early phases of induction of skeletal muscle
hypertrophy are characterized by significant increases in
protein synthesis rates, followed by increases in total protein
content in the muscle that are not matched by changes in to-
tal RNA content (Baar et al. 2006). However, if this stimu-
lus that is inducing the muscle growth is continued, then
increases in total RNA content will follow at later time
points (Carson 1997). This suggests that the initial phases
of mechanical loading of the muscle mechanisms that regu-
late protein synthesis are critical for induction of muscle hy-
pertrophy, but as the changes in muscle mass continue, then
it is thought that gene transcription contributes to the in-
creases in RNA content. In addition, the contribution of sat-
ellite cell incorporation during muscle hypertrophy is
thought to be critical, but remains a controversial area
(O’Connor et al. 2007). Thus, what is clear is that the cellu-
lar mechanisms that regulate muscle hypertrophy are com-
plex and work in a dynamic fashion. For the purposes of
this review, the focus will be on mechanisms that regulate
protein translation; for those interested in material on satel-
lite cells and gene transcription during muscle hypertrophy,

readers are referred to Bassel-Duby and Olson (2006) and
Hawke and Garry (2001).

Cellular and molecular mechanisms that
regulate protein synthesis

Protein synthesis is a physiological mechanism that is dic-
tated by the genetic code within the messenger (m)RNA of
each specific gene. Each mRNA contains a translation start
site, whereby the ribosome can bind to the specific mRNA
to translate the mRNA based on the codons present. In a
seminal study, Baar and Esser (1999) demonstrated that
acute mechanical loading of the muscle resulted in signifi-
cant increases in the rate of initiation of protein synthesis,
compared with the resting muscle. These data suggest that
signaling events that control the rate of initiation of protein
synthesis are key factors in the hypertrophic process. Initia-
tion of protein synthesis appears to be regulated by a com-
plex myriad of signaling proteins, with the Akt/mammalian
target of rapamycin (mTOR) signaling proteins being tabbed
as the key regulators (Fig. 1). With the onset of acute me-
chanical loading, significant increases in Akt/protein kinase
B (PKB) phosphorylation at Thr308 and Ser473 have been
detected immediately after the cessation of the load, and the
phosphorylation typically returns to baseline within 3 h
(Nader and Esser 2001). Using the functional overload
model, significant increases in Akt/PKB phosphorylation
can still be detected up to 7 days after the onset of the load,
which may be, in part, due to the chronic nature of the load
(Spangenburg et al. 2008). Bodine and colleagues (2001)
demonstrated that overexpression of a myristoylated (i.e., ac-
tive) form of Akt/PKB could induce muscle hypertrophy and
prevent muscle atrophy, thus providing evidence that Akt/
PKB may be a key contributor to the hypertrophic process.

Downstream of Akt/PKB lies the tuberous sclerosis com-
plex (TSC1/TSC2), which is inhibited by active Akt/PKB.
TSC1/TSC2 is thought to negatively influence the activation
of mTOR through the inhibition of Rheb (Miyazaki and
Esser 2008). However, at this time, few data exist examin-
ing the effect of mechanical loading on the regulation of
the TSC1/TSC2 complex or Rheb. Using the functional
overload model, increases in Ser1345 phosphorylation of
TSC2 have been detected, which is the 5-AMP activated
protein kinase (AMPK) phosphorylation site of TSC2
(McGee et al. 2008). Overexpression of TSC1 induces
muscle atrophy; thus, one might predict that inhibition of
TSC1 would be critical to muscle hypertrophy (Wan et al.
2006). Finally, changes in Rheb mRNA expression have
been detected with mechanical loading (Drummond et al.
2008). Downstream of TSC1/TSC2 is mTOR, which has
been implicated as a key regulator of muscle hypertrophy.
The role of mTOR in hypertrophy is based on experiments
in which animals received rapamycin, resulting in an inhibi-
tion of muscle hypertrophy during mechanical loading
(Bodine et al. 2001). Rapamycin binds to FKBP12, remov-
ing FKBP12 from the FRB domain in mTOR, resulting in
the inhibition of mTOR activity (Lorenz and Heitman
1995). Hornberger et al. (2007) have eloquently demon-
strated that rapamycin specifically inhibits stretch-induced
activation of mTOR, resulting in the reduced activation of
downstream signaling proteins. Due to the complexity of
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mTOR regulation, delineating mechanisms that affect
mTOR activity during mechanical loading has been ham-
pered. Specifically, mTOR is bound directly or indirectly by
a number of different proteins that can regulate activity and
can be phosphorylated at Ser-2448 and Ser-2481 residues,
all of which can affect mTOR activity (Peterson et al.
2000). Recent data have shown that mechanical loading ap-
pears to affect the phosphorylation status of mTOR on Ser-
2448, resulting in increased phosphorylation of known
mTOR substrates (Reynolds et al. 2002); however, less is
known about the effects of mechanical load on the status of
phosphorylation status of Ser-2481. mTOR activity is also
affected by direct or indirect interactions with REDD2
(Miyazaki and Esser 2009), PRAS40 (Sancak et al. 2007),
rictor (Bentzinger et al. 2008), and raptor (Bentzinger et al.
2008). For example, Miyazaki and Esser (2008) recently
demonstrated that overexpression of REDD2 reduced activa-
tion of mTOR in response to stretch and amino acid stimu-
lation. Interestingly, the mechanism by which REDD2
affects mTOR appears to occur independent of Akt, but
works through some complex interaction with TSC1/TSC2
(Miyazaki and Esser 2008). Another interesting signaling
molecule, PRAS40, appears to inhibit mTOR indirectly by
interacting with raptor (Sancak et al. 2007). Akt/PKB can al-
leviate the PRAS40 inhibition of mTOR by phosphorylating
PRAS40 at the Thr-246 residue, resulting in release of
PRAS40 from the mTOR complex, which leads to increased
mTOR activity (Sancak et al. 2007). My lab recently found
that lengthening contractions of the tibalis anterior muscle

results in increased Thr-246 phosphorylation of PRAS40,
which is associated with increased phosphorylation of
p70s6k on the Thr-389 residue. The fact that the Thr-389 res-
idue on p70s6k is the mTOR phosphorylation residue on
p70s6k suggests that PRAS40 is another mechanism that
may affect mTOR activation with mechanical loading
(S. Witkowski and E.E. Spangenburg 2008, unpublished
data). Unfortunately, at this time, very few data exist con-
cerning the regulation of rictor and raptor with mechanical
loading of skeletal muscle, although genetic ablation of rap-
tor, specifically in skeletal muscle, results in mice that ex-
hibit poor postnatal muscle growth and a dystrophy
pathology (Bentzinger et al. 2008). Raptor binds to mTOR
substrates, including 4E-BP1 and p70s6k, through their TOR
signaling motifs, and is required for mTOR-mediated phos-
phorylation of these substrates. This suggests that at least
raptor plays a critical role in skeletal muscle; the role for
rictor is unclear, since the genetic ablation resulted in no ob-
vious muscle phenotype (Bentzinger et al. 2008).

Direct interaction is one means to regulate mTOR; how-
ever, recent exciting evidence has found that mechanical
loading of muscle can affect mTOR activity by modulating
the production of phosphatidic acid or increasing the amino
acid concentrations. Hornberger et al. (2006) found that me-
chanical stretch of muscle induced activation of phospholi-
pase D, resulting in the production of phosphatidic acid,
which increased mTOR activity through the binding of
phosphatidic acid to the FRB domain in mTOR. Further, re-
cent data from Keith Baar’s lab (Mackenzie et al. 2009) has

Fig. 1. A depiction of how mechanical loading of the muscle membrane may induce activation of the Akt/mammalian target of rapamycin
(mTOR) signaling pathway in skeletal muscle. FAK, focal adhesion kinase; IGF-1, insulin-like growth factor; LIF, leukemia inhibitory fac-
tor, PA, phosphatidic acid; PLD, phospholipase D; SAC, stretch-activated channels, TSC, tuberous sclerosis complex.
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found that mechanical loading of the muscle increases leu-
cine levels in the muscle activating the class 3 PI3-K, va-
cuolar protein sorting mutant 34 (mVps34), which is
predicted to prolong the activation of mTOR. Another form
of regulation of mTOR can occur through changes in AMPK
activity (Gordon et al. 2008). AMPK has the ability to neg-
atively regulate mTOR activity by affecting the phosphoryl-
ation status of mTOR or through phosphorylation of TSC2
(Chan and Dyck 2005). Acute mechanical loading results in
very little activation of AMPK, while in the functional over-
load model, there are significant increases in AMPK phos-
phorylation (McGee et al. 2008; Thomson et al. 2008;
Thomson and Gordon 2005). However, it is clear that AMPK
is detrimental to the hypertrophic process, in that, if animals
are pretreated with AICAR (an AMPK agonist), there is an
attenuation of p70s6k and eIF4E activation in response to me-
chanical loading, suggesting that AMPK activation sup-
presses protein synthesis in skeletal muscle (Thomson et al.
2008). In aged rats, an attenuated hypertrophic response to
the functional overload model is associated with increased ac-
tivation of AMPK, suggesting that AMPK is a negative regu-
lator of mTOR (Thomson and Gordon 2005). Thus, it is clear
that cellular regulation of mTOR is complex, and it will ne-
cessitate further research to fully delineate how mechanical
loading induces the activation of mTOR.

Any alterations in mTOR activation would result in
changes in p70s6k activation and 4EBP-1 inactivation, ulti-
mately affecting the initiation of protein synthesis with me-
chanical load. Phosphorylation of p70s6k at Thr-389 by
mTOR promotes the increased translation of mRNAs with a
5’-tract of pyrimidine. The 5’-tract of pyrimidine is a series
of cytosine or thymine repeats at the 5’-gene terminus,
which is contained in all known ribosomal proteins. Thus,
increased activation of p70s6k by mechanical loading is
thought to result in increased ribogenesis. The critical nature
of p70s6k in muscle was demonstrated when p70s6k was ge-
netically ablated, and it was found that the cross sectional
area of the individual fibers was significantly smaller than
that of fibers from the wild-type animals (Ohanna et al.
2005). Unfortunately, the muscles from these knockout mice
have not yet been challenged with mechanical loading, so it
is unclear what the responses would be to a hypertrophic
stimulus. 4E-BP1 regulates the initiation of protein synthesis
by sequestering eIF4E. In order for initiation of protein syn-
thesis to occur, eIF4E must be released by 4E-BP1. When
4E-BP1 is hyperphosphorylated by mTOR, eIF4E detaches
from 4E-BP1, allowing eIF4E to complex with eIF4G, re-
sulting in the initiation of translation (Rennie et al. 2004).
Ultimately, it is clear that the Akt/mTOR pathway is an im-
portant contributor to the initiation of protein synthesis dur-
ing mechanical loading in skeletal muscle; however, at this
time, the exact mechanisms that regulate mTOR remain elu-
sive. In particular, we have very little understanding of how
physical loading of the cell membrane is translated into a
signal to induce the necessary activation of the Akt/mTOR
signaling pathway.

How does mechanical load induce activation
of signals that increase muscle growth?

As the key signaling proteins have become elucidated

over the years, the tools to measure the activation status of
these proteins have become more available. Thus, we are
beginning to gain a better understanding of the time frame
and the means by which these various proteins are activated
and deactivated. However, what has remained elusive is the
signal induced by the mechanical load that activates these
signaling proteins.

Insulin-like growth factor

Insulin-like growth factor (IGF-I) remains the most pre-
scribed signal by researchers for activating the signal trans-
duction necessary for the initiation of protein translation,
which is initiated during mechanical loading of the muscle
(Adams 2002; Glass 2005). IGF-I was first suggested as the
autocine–paracrine anabolic factor produced by the muscle,
when the functional overload model was applied to hypo-
physectomized animals (Goldberg 1967). It was demon-
strated that muscle hypertrophied normally in response to
the mechanical load, even with reduced levels of circulating
IGF-I; however, what was uniquely demonstrated was that
IGF-I mRNA levels within the muscle increased in response
to the load (Goldberg 1967). This finding has been con-
firmed by other investigators (Adams and Haddad 1996; De-
Vol et al. 1990). Adams and Haddad (1996) produced a
detailed analysis of changes in IGF-I production by the
muscle after mechanical loading, in which they demon-
strated that IGF-I mRNA and protein levels increased signif-
icantly after 3 days. IGF-I is a potent activator of the Akt/
mTOR signaling pathway and, through the use of various
gain of function models, IGF-I overexpression has been
shown to increase muscle mass with concurrent activation
of the Akt/mTOR signaling pathway (Barton 2006). Further,
exposure of myotubes or muscle to recombinant IGF-I in-
creases the total protein content of the muscle, making IGF-I
an attractive target as the potential upstream regulator of
initiation of protein synthesis (Adams and McCue 1998;
Vyas et al. 2002). Thus, numerous investigations have indi-
cated that IGF-I is one of the primary upstream signals in-
volved in the regulation of the Akt/mTOR pathway during
mechanical load-induced muscle hypertrophy.

However, recent publications have begun to question the
necessity of IGF-I for induction of muscle hypertrophy
through mechanical loading. Specifically, data from my lab
has found, using transgenic mice that express a skeletal-
muscle-specific dominant negative IGF-I receptor (MKR),
that these mice retain the ability to undergo muscle hyper-
trophy after exposure to the functional overload model
(Spangenburg et al. 2008). Further, the Akt/mTOR signaling
pathway is activated to the same extent in the MKR and
wild-type mice after the functional overload surgery. These
animals do not have a deficiency in IGF-I receptor expres-
sion, as previously suggested (Goldspink et al. 2008); in-
stead, the skeletal muscle does not have the ability to
respond to IGF-I or insulin exposure, owing to a mutation
in the IGF-I receptor (Spangenburg et al. 2008). Indirect evi-
dence also indicates that there is a poor correlation between
load-induced increases in IGF-I concentrations, Akt/mTOR
activation, and increases in protein synthesis. Specifically,
mechanical load-induced IGF-I production by the skeletal
muscle occurs between 24 and 72 h after the onset of the
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load (Adams and Haddad 1996; Adams et al. 1999), while
activation of the Akt/mTOR signaling pathway has been
documented to occur a few hours after the onset of the me-
chanical load (Baar and Esser 1999; Nader and Esser 2001).
Further, in rats, 25%–50% increases in protein synthesis
have been detected 12–17 h after the addition of the me-
chanical load (Wong and Booth 1990a, 1990b). This finding
has been confirmed in humans, in that significant increases
in fractional protein synthesis rates have been detected 4 h
after a bout of resistance exercise (Chesley et al. 1992).
Thus, based on these data, there must be other signals for ac-
tivation of protein synthesis, because endogenous IGF-I pro-
duction by the muscle occurs at a much later time frame than
activation of the Akt/mTOR pathway and initiation of protein
synthesis.

Stretch-activated channels

Stretch-activated channels (SACs) create a unique stimu-
lus to connect the events at the membrane with signaling
structure within the cell. SACs were initially described in
1990 in muscle, based on findings in the mdx mouse line
and in cultured muscle cells (Franco and Lansman, 1990a,
1990b). SACs are calcium and sodium permeable channels
that increase their open probability in response to mechani-
cal loading of the membrane. Numerous findings have sug-
gested that SACs may play a major role in the induction of
cardiac hypertrophy; however, the majority of the findings
in skeletal muscle have been confined to muscle injury. Ini-
tially, the role of SACs in mechanical load-induced signal-
ing was tested in a multiaxial C2C12 myotube stretch
model, and no effect of SAC inhibition was found on
stretch-induced p70s6k phosphorylation (Hornberger et al.
2005). Conversely, we found that in vivo treatment of ani-
mals with 2 different SAC inhibitors reduced skeletal
muscle hypertrophy and attenuated activation of the Akt/
mTOR signaling pathway in response to mechanical loading
(Spangenburg and McBride 2006). Butterfield and Best
(2009) recently demonstrated that the inhibition of SAC ac-
tivity reduced expected adaptations to eccentric contractions.
Specifically, they found inhibition of SACs attenuated in-
creases in muscle mass and prevented improvements in
muscle force production response to the exercise training.
Yeung et al. (2005) demonstrated in single muscle fibers
that SACs appear to allow the influx of Ca2+ across the sar-
colemma and into the muscle cell. It has been suggested that
the Akt/mTOR signaling pathway is sensitive to changes in
intracellular calcium levels, owing to amino acid exposure
via Vps34 (Gulati et al. 2008); however, it is unclear if
Akt/mTOR signaling is affected by calcium during mechan-
ical loading of the muscle. Currently, SACs are identified
based on patch-clamping experiments, and modulation of
channel activity is performed using various pharmacological
treatments. Until the SAC protein structure or gene is dis-
covered, it will be difficult to mechanistically address this
pathway in more detail. Unfortunately, most of the studies
are reliant upon pharmacological inhibitors of SACs and,
therefore, are at the mercy of any nonspecific actions that
may occur with the drugs. SACs represent an exciting possi-
bility for the transduction of cellular signals from the sarco-
lemma, but significantly more understanding of the SAC

itself will be needed to confirm the contribution of the
SACs in this area.

Integrin and FAK signaling
Another intriguing hypothesis suggests that skeletal

muscle maintains the ability to sense mechanical loading of
the tissue, potentially through the extracellular matrix. The
conversion of strain to signal may be mediated by focal ad-
hesion complexes (FACs). FACs are thought to transmit
force across the cell membrane using a complicated assem-
bly of structural and signaling proteins (Burridge and Chrza-
nowska-Wodnicka 1996). FACs are thought to be important
for the maintenance of cell tensegrity, a model in which
FACs serve as anchor points for connecting cytoskeletal pro-
teins to the extracellular matrix (Burridge and Chrzanowska-
Wodnicka 1996). FACs in skeletal muscle expressb1-integrins,
which are bound by focal adhesion kinase (FAK) and pax-
illin (Carson and Wei 2000; Fluck et al. 1999a). Gordon et
al. (2001) have demonstrated that mechanical loading of
skeletal muscle will induce activation of FAC signaling, as
determined by changes in the phosphorylation status of
FAK or paxillin. With respect to mechanical loading,
much of the data has suggested that FAK can affect activa-
tion of the transcription factor serum response factor,
which targets skeletal a-actin (Carson et al. 1996; Fluck et
al. 1999b). However, recent findings in other tissues have
indicated that FAK activation can affect activation of
mTOR by affecting TSC2 activation (Gan et al. 2006).
FAK can also affect activation of Akt/mTOR by increasing
PI3-K activity (Xia et al. 2004). However, the role of PI3-K
in mechanical loading-induced activation of the Akt/mTOR
pathway is unclear, since it has been demonstrated that
mechanical loading can activate Akt/mTOR independent of
PI3-K (Hornberger et al. 2007). Thus, if the integrin-FAK
is affecting protein synthesis, it would be expected that it
is doing so independent of PI3-K. At this time, there are
few data examining the role of FAK-induced activation of
protein synthesis in skeletal muscle.

Leukemia inhibitory factor
It has been suggested that a number of cytokines have the

ability to contribute to muscle hypertrophy. Specifically,
leukemia inhibitory factor (LIF) appears to have a promising
role in the hypertrophic process. Sakuma et al. (2000) found
that animals that actively undergo mechanical loading in-
crease the expression levels of LIF in their skeletal muscle.
Further, the delivery of recombinant LIF to mice after an
acute muscle injury resulted in larger muscle fibers, com-
pared with those in nontreated animals (Kurek et al. 1996).
Also, LIF contributes to cardiac hypertrophy by inducing ac-
tivation of the Akt/mTOR pathway and enhancing protein
synthesis (Oh et al. 1998). Thus, to test the role of LIF in
mechanical load-induced muscle hypertrophy, mice that had
LIF genetically ablated were used. The loss of LIF resulted
in a failed hypertrophic response to 7 and 28 days of me-
chanical loading (Spangenburg and Booth 2006). The deliv-
ery of recombinant LIF back to LIF–/– fully restored the
hypertrophic response to LIF–/– animals, suggesting that LIF
is a critical factor in the hypertrophic process (Spangenburg
and Booth 2006). Unfortunately, at this time, the mechanism
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by which LIF is affecting muscle hypertrophy remains elu-
sive; however, there is evidence to suggest that LIF can af-
fect mechanisms that regulate both satellite proliferation and
protein synthesis (Spangenburg and Booth 2002).

Overall conclusions

Understanding the mechanisms that regulate muscle hy-
pertrophy is critical for gaining insight into the therapeutic
means for preventing physical disability due to lost muscle
mass. If larger muscle masses can be maintained for longer
periods time, it could extend various individuals’ functional
independence for a greater span of their life. At this time,
we are making significant strides in understanding mecha-
nisms activated during mechanical loading of the muscle;
however, we still appear to have a limited understanding of
how the strain on the muscle is translated into a signal that
induces muscle hypertrophy.
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