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Wackerhage H, Schoenfeld BJ, Hamilton DL, Lehti M, Hulmi JJ. Stimuli
and sensors that initiate skeletal muscle hypertrophy following resistance exercise.
J Appl Physiol 126: 30–43, 2019. First published October 18, 2018; doi:10.1152/
japplphysiol.00685.2018.—One of the most striking adaptations to exercise is the
skeletal muscle hypertrophy that occurs in response to resistance exercise. A large
body of work shows that a mammalian target of rapamycin complex 1 (mTORC1)-
mediated increase of muscle protein synthesis is the key, but not sole, mechanism
by which resistance exercise causes muscle hypertrophy. While much of the
hypertrophy signaling cascade has been identified, the initiating, resistance exer-
cise-induced and hypertrophy-stimulating stimuli have remained elusive. For the
purpose of this review, we define an initiating, resistance exercise-induced and
hypertrophy-stimulating signal as “hypertrophy stimulus,” and the sensor of such a
signal as “hypertrophy sensor.” In this review we discuss our current knowledge of
specific mechanical stimuli, damage/injury-associated and metabolic stress-associ-
ated triggers, as potential hypertrophy stimuli. Mechanical signals are the prime
hypertrophy stimuli candidates, and a filamin-C-BAG3-dependent regulation of
mTORC1, Hippo, and autophagy signaling is a plausible albeit still incompletely
characterized hypertrophy sensor. Other candidate mechanosensing mechanisms
are nuclear deformation-initiated signaling or several mechanisms related to
costameres, which are the functional equivalents of focal adhesions in other cells.
While exercise-induced muscle damage is probably not essential for hypertrophy,
it is still unclear whether and how such muscle damage could augment a hyper-
trophic response. Interventions that combine blood flow restriction and especially
low load resistance exercise suggest that resistance exercise-regulated metabolites
could be hypertrophy stimuli, but this is based on indirect evidence and metabolite
candidates are poorly characterized.

hypertrophy; mechanotransduction; signal transduction; skeletal muscle

INTRODUCTION

Adequate muscle mass and strength are not only important
for sporting performance but these attributes also are associ-
ated with good health and longevity (25, 162). For example, a
recent analysis of the data of half a million people demon-
strated that low grip strength is associated with a higher
all-cause and disease-specific mortality as well as disease
incidence for several major diseases (20). The key intervention
to induce muscular hypertrophy and to make us stronger is
resistance exercise in combination with nutrition. The current
recommendation is for individuals to train with �40–80% of
their 1 repetition maximum (1RM, i.e., the maximal weight

that we can lift once) for hypertrophy, with loads �60% to
increase maximal strength (135). Additionally, exercisers
should perform multiple sets, rest for �2 min in-between sets,
and consume a diet that contains at least 1.6 g of protein·kg
body wt�1·day�1 (101).

With respect to the muscle protein synthesis and the hyper-
trophic response to resistance exercise, the mechanistic target
of rapamycin [the key mammalian target of rapamycin com-
plex 1 (mTORC1)] is a downstream hypertrophy signaling
“hub” that controls protein synthesis (15, 94, 117). This is
supported by extensive experimental evidence including re-
search showing that mTORC1 blockade with rapamycin pre-
vents or reduces the increase of muscle protein synthesis and/or
muscle size after resistance exercise in humans (33) and in
rodents (83) or when muscle is overloaded through synergist
ablation (15, 53). Other signaling pathways and genes (94,
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155) also regulate muscle size, but their specific contribution to
resistance exercise-induced muscle hypertrophy is incom-
pletely understood.

While many studies have identified molecules and molec-
ular mechanisms that regulate muscle mass, one key ques-
tion has remained largely unanswered. This is: “what are the
initiating hypertrophy stimuli that trigger hypertrophic sig-
nal transduction and skeletal muscle fiber hypertrophy in
response to resistance exercise and what are their sensors?”
Here, we define “hypertrophy stimulus” as a “first-in-line,”
initiating stimulus that is of a sufficient magnitude and
duration to trigger a skeletal muscle hypertrophic response
to resistance exercise. Additionally, we define “hypertrophy
sensor” as a sensor that senses hypertrophy stimuli. This
definition means that hypertrophy regulators such as insulin-
like growth factor (IGF-1) or its mechano-growth factor
splice variant are not hypertrophy stimuli because their
expression change after resistance exercise (56) must be
preceded by signaling events that alter their expression.
Therefore, hypertrophy regulators such as IGF-1 are not
“first-in-line,” initiating hypertrophy stimuli, so why are
hypertrophy stimuli important? No matter how we vary
resistance exercise variables such as load, repetitions, or
sets, it is the hypertrophy stimuli that will induce hypertro-
phic signal transduction and the resultant hypertrophy. Thus
if we would know the actual hypertrophy stimuli, then we
could measure them with the goal of identifying interven-
tions that maximally induce these signals.

The aim of this review is to summarize our current under-
standing of candidate hypertrophy stimuli and sensors in three
sections. First, we will discuss evidence that mechanical sig-
nals can act as hypertrophy stimuli after resistance exercise. In
the second and third sections we will review evidence that
exercise-induced muscle damage and metabolic signals, re-
spectively, can trigger or augment a muscle hypertrophic
response to resistance exercise. We aim to reconcile differ-
ences wherever possible, and we will end with a statement of
research directions.

IS MECHANICAL LOAD A HYPERTROPHY STIMULUS?

Several reviews already discuss how mechanical stimuli
could trigger a skeletal muscle hypertrophic response (18, 67,
127). Here we provide an update with a focus on mechanical
stimuli of muscle hypertrophy and their sensors. Mechanical
signals are arguably the most intuitive hypertrophy stimuli.
This is based on three lines of indirect evidence. First, muscles
atrophy when mechanical load is reduced through limb immo-
bilization (e.g., see 122, reviewed by Ref. 6). This suggests that
a “normal” mechanical loading pattern is essential for baseline
muscle mass. Second, Alfred Goldberg (51) and others have
mechanically overloaded muscles such as the plantaris in
rodents through the ablation of plantar flexor synergists or
cast-induced stretch. Because the overloaded muscles hyper-
trophied in a range of experimental conditions, the researchers
concluded that mechanical overload is sufficient for skeletal
muscle hypertrophy (reviewed in Ref. 57). The issue with these
studies is that the models used do not only alter mechanical
load but additionally a host of other, potentially confounding,
variables such as metabolism, or cause damage. Third, me-
chanical load is also the key candidate hypertrophy stimulus

that links human resistance exercise to skeletal muscle hyper-
trophy. This is because high forces distinguish hypertrophy-
inducing resistance exercise from low load endurance exercise
that triggers little or no hypertrophy. However, as we will
address later, mechanical loading does not need to be excessive
for muscle hypertrophy stimulation. Loads as low as �30% of
the 1RM seem sufficient to trigger a near maximal hypertro-
phic response (5a).

The importance of mechanical load for muscle growth
was demonstrated in a study where either young (24 � 6 yr)
or older (70 � 5 yr) men completed similar work (i.e., the
force � time-under-tension product) of leg extensor exer-
cise at 20 –90% of the 1RM. This study showed greater
muscle protein synthesis (labeled the fractional synthetic
rate) at higher loads peaking between 60 and 90% of the
1RM (84). A caveat to these findings is that, in an effort to
equate workload, participants did not exercise to failure,
especially when using lighter loads. To study the effect of
different loads on muscle hypertrophy while training to
failure, Lasevicius et al. (86) exercised subjects for 12 wk
using leg extension and elbow extension with one leg or arm
at 20% 1RM and then either 40, 60, or 80% with the
opposite leg or arm. This study showed that resistance
training of at least 40% of the 1RM to failure caused a
similar amount of hypertrophy as the higher load conditions.
This finding is in line with a meta-analysis that concluded
that lower load (�60% 1RM) resistance training causes a
similar degree of hypertrophy as higher load (�60%) resis-
tance training (135). In untrained individuals even submaxi-
mal aerobic training (i.e., low mechanical load exercise)
(77) or very low loads (16% of the 1RM) can increase
muscle protein synthesis somewhat (4). In summary, a large
amount of mainly indirect evidence suggests that mechani-
cal load is a key hypertrophy stimulus associated with
resistance exercise. However, the actual loads do not need to
be excessive as loads of �30% of 1RM seem sufficient to
trigger near maximal hypertrophic gains.

Candidate Molecular Sensors that Are Capable of Sensing
Mechanical Load in Skeletal Muscle

Life on Earth evolved in an environment where a gravity of
9.8 m/s2 mechanically loaded organisms. It is therefore no
wonder that living beings and their cells have not only evolved
mechanical structures such as the muscles, the skeleton, and
cytoskeleton to withstand or overcome the pull of gravity but
also a plethora of sensors that detect mechanical stimuli. Such
mechanosensors not only help cells to adapt to the direct force
of a muscle fiber contraction but also to adapt to more indirect
mechanical signals such as shear stress, deformation, compres-
sion, and the stiffness of the extracellular matrix that surrounds
each cell (18, 49, 145). In this section, we discuss several types
of candidate mechanosensors that allow muscle fibers to sense
mechanical signals during and after resistance exercise and
trigger hypertrophic signaling and skeletal muscle hypertro-
phy.

Mechanosensors within the Skeletal Muscle Force
Transduction System

Skeletal muscle fibers are unique because they generate
much higher forces than nonmuscle cells. Single, skinned
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human type I and IIa muscle fibers have been reported to
generate forces of 532 � 208 and 549 � 262 �N, respectively
(81), with each myosin head contributing �6 pN (120). Non-
muscle cells can also produce force through their actin-cyto-
skeleton, but the forces are lower. For example, fibroblasts
have been reported to produce forces of 16 � 7 �N/cell (79).
While these force values are just examples, they demonstrate
that striated muscle fibers are unique in their high force-
generating ability.

The forces generated by the sarcomeres of a muscle fiber are
transmitted to tendons and bones via two force-transducing
systems: 1) forces are transmitted longitudinally from one end
of a muscle fiber to the other end; and 2) forces are additionally
transmitted laterally from the sarcomere through the muscle
fiber membrane (sarcolemma) to the extracellular matrix (141)
via costameres (73), which are the focal adhesion equivalent in
muscle fibers.

There are several candidate mechanosensors in the skeletal
muscle force transduction systems. For a true hypertrophy-
triggering mechanosensor, a mechanism must exist by which
force modifies the mechanosensor to trigger an early signaling
response that then initiates hypertrophic signaling and muscle
hypertrophy. Here we discuss costameres, titin, and filamin-C-
Bag3 signaling as potential mechanosensors in the force trans-
mission systems of muscle fibers.

Costamere-Related Mechanosensors

Historically, mechanical stimuli became a research focus
when researchers discovered in the 1950s that cancer cells can
grow on soft agar without anchorage whereas most non-cancer
cells cannot. Researchers then discovered from the 1970s
onwards that cells anchor the extracellular matrix through focal
adhesion complexes that include proteins such as vinculin,
talin, and integrins as well as kinases including focal adhesion
kinase or integrin-linked kinase (Ilk). Focal adhesions not only
anchor cells on a substrate but also connect the exterior
mechanically to the cytoskeleton and can sense and trigger
adaptations to mechanical stimuli (72, 145).

Costameres are the functional equivalent of focal adhesions
in skeletal muscle. They are Z-disk associated structures of
muscle fibers that are related to focal adhesions of other cells.
Costameres connect the cytoskeleton to the extracellular matrix
and also transmit force laterally from the sarcomere to the
extracellular matrix. There are two costamere complexes,
which are the dystrophin-glycoprotein complex and the vincu-
lin-talin-integrin complex. Costameres are clearly essential for
normal muscle function as the mutation of costamere genes
such as the dystrophin-encoding DMD gene often results in
severe muscle diseases such as Duchenne muscular dystrophy
(73). Given that these complexes function to anchor muscle
fibers on the extracellular matrix to transmit force laterally, can
they potentially function as sensors that sense mechanical
stimuli? Is there evidence that costamere-associated proteins
are hypertrophy sensors?

In skeletal muscle, focal adhesion kinase (FAK; encoded by
the gene PTK2) is a nonreceptor tyrosine kinase that moves to
focal adhesions upon the adhesion of a cell to a substrate (54).
In cultured C2C12 myotubes, IGF-1 can increase FAK Tyr397
autophosphorylation and FAK is required for IGF-1-induced
hypertrophy and tuberous sclerosis 2 (Tsc2), mTOR, and S6K1

signaling (28). However, it is unclear whether and how FAK
itself is activated by mechanical load during resistance exer-
cise. Moreover, 4 sets of 10 repetitions of resistance exercise
did not affect activity-related FAK Tyr576/577 phosphoryla-
tion 6 h after exercise in fasted and fed individuals (50).
However, phosphorylated FAK Tyr397 was increased 60–90
min posteccentric exercise when compared with concentric
bout exclusively at the distal site of the vastus lateralis muscle
(43). Generally, while FAK might help to regulate muscle size,
it is unclear whether FAK contributes to the hypertrophy
adaptation to resistance exercise.

Focal adhesions are associated with phosphatidic acid-gen-
erating enzymes, such as phospholipases. Recently, it has been
shown that mechanical stimuli in the form of attachment to
either a soft or stiff substrate promote the conversion of
phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidic
acid. This synthesis of phosphatidic acid was catalyzed by
phospholipase C�1 (PLC�1) and activated the Hippo pathway
effectors Yap (Yes-associated protein 1, gene Yap1) and its
paralogue Taz (gene Wwtr1) (98). Yap and Taz are mechano-
sensitive (34) transcriptional cofactors that regulate gene ex-
pression mainly by coactivating Tead1–4 transcription factors.
Yap and Taz regulate muscle differentiation and satellite cell
function (157), are affected by many exercise-associated stim-
uli (47), and increased Yap activity in muscle fibers can cause
hypertrophy (52, 159). While these papers suggest no link to
mTORC1 and even demonstrate that Yap can cause hypertro-
phy with rapamycin treatment (52), there are known links
between Yap and mTORC1. Yap has been reported to suppress
the mTORC1 inhibitor Pten (151) and to induce the expression
of Slc7a5 and Slc3a2 that encode the Lat1 amino acid trans-
porter (58). While Pten expression does not decrease in the
vastus lateralis 2.5 and 5 h after human resistance exercise
(156) and in synergist-ablated, hypertrophying plantaris mus-
cle (21), the expression of the Lat1-encoding genes Slc7a5 and
Slc3a2 as well as of other Yap targets such as Ankrd1 increases
in both situations. Collectively, this suggests a scenario where
mechanical load, via an as yet unknown sensor, increases
phosphatidic acid to activate Yap and Taz. Yap and Taz then
increase the abundance of Lat1, which would sensitize
the mechanically loaded muscle to leucine stimulation of
mTORC1. However, phosphatidic acid not only modulates
Hippo signaling, but, importantly for muscle, it can also
activate mTORC1 (68), which is the primary regulator of
muscle protein synthesis. Indeed, hypertrophy-inducing eccen-
tric contractions increased the concentration of phosphatidic
acid for up to 60 min in tibialis anterior muscles (109).
Moreover, inhibition of phosphatidic acid synthesis by butanol
prevents the phosphorylation of mTORC1 activity markers,
suggesting that phosphatidic acid is a mediator of eccentric
exercise-induced hypertrophic signaling (109). While You et
al. (164) first identified Z-disc-linked phospholipase D (Pld) as
a phosphatidic acid-synthesizing enzyme (i.e., phosphatidic
generating enzymes are not only located in focal adhesions),
they later identified a reaction catalyzed by diacylglycerol
kinase-	 (Dgk	) as another source of phosphatidic acid in
mechanically loaded muscle. Collectively, these studies sug-
gest that mechanical stimuli can activate phospholipases to
synthesize phosphatidic acid, which in turn can activate
mTORC1 and the Hippo effectors Yap and Taz. However,
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while these studies elucidate key signaling mechanisms in
between the mechanical stimulus and hypertrophy-mediating
pathways, neither study identifies the actual mechanosensor.
Identification of the actual, phosphatidic acid synthesis-stimu-
lating mechanosensor is a key task for future research in this
area.

Integrins are another protein group that are part of
costameres. Specifically, the 
7�1-integrin isoform (encoded
by the gene Itga7) has been linked to muscle size as 
7�1-
integrin overexpressing mice have larger muscle fibers and
increase muscle fiber size after eccentric exercise training
when compared with wild-type mice. Also, mTOR and its
downstream target p70S6k are more phosphorylated at activi-
ty-related residues at rest and after eccentric exercise in 
7�1-
integrin overexpressing mice (167), suggesting that 
7�1-
integrin might help to activate mTORC1 signaling in response
to exercise. However, it is unknown whether and how 
7�1-
integrin is activated by a mechanical hypertrophy stimulus
during resistance exercise and how 
7�1-integrin then activates
mTORC1 and other signaling proteins that cause the muscle
fiber to hypertrophy.

Costamere-based mechanosensors may also sense two addi-
tional types of mechanical stimuli that have been discussed as
hypertrophic triggers in the more applied literature. The first
stimulus is muscle fiber swelling, which is known as the
“pump” by exercisers. The second potential mechanical stim-
ulus is a change in the stiffness of the extracellular matrix as a
result of resistance exercise. We will briefly discuss these two
potential mechanical stimuli here. Resistance exercise results
in a temporary perception frequently described as a “pump,”
which is interpreted as muscle fiber swelling (134). Moreover,
exercise-induced muscle damage (EIMD) can also lead to
muscle swelling (116), although the associated edema from
EIMD can last far longer than the “pump.” While little definite
evidence exists for actual muscle fiber swelling (i.e., a swelling
of the muscle fiber and not of the interstitium) after resistance
exercise, at least the whole muscle can swell as a result of
single bout of resistance exercise (39). In primary rat myo-
tubes, swelling brought about by culture in a hypoosmotic
culture medium increases glutamine uptake by 71% when
compared with isotonic culture medium. This is dependent on
integrins and the cytoskeleton, as integrin or cytoskeleton
inhibitors prevent this effect (90). Together these data suggest
that differentiated muscle can respond to cell swelling with
increased glutamine uptake and that this depends on integrin
or cytoskeletal loading. Such glutamine intake is potentially
important, as it is a requirement for the uptake of protein
synthesis-stimulating essential amino acids such as leucine
(105). However, it is unknown whether the duration and
extent of swelling are sufficient to load the cytoskeleton and
that such cytoskeletal loading does not only induce glu-
tamine uptake but also protein synthesis for up to 3 days
postresistance exercise (99). Muscle swelling also occurs up
to several days after exercise-induced muscle damage (166)
at a time when muscle protein synthesis should have re-
turned to baseline (99). Given that costameres are the sites
where the cytoskeleton connects to the extracellular matrix
and where mechanical signals can be sensed, it seems likely
that any fiber swelling exerts a strain on costameres, which
then could trigger the hypertrophy response.

Titin (Gene: Ttn)

Titin is a giant protein that is essential for muscle function
and human health as mutations in the titin-encoding Ttn gene
cause various human genetic diseases including myopathies
(130). Titin spans half a sarcomere, from the Z-disk at the end
of a sarcomere to the M-line in the middle (82). The I-band-
spanning portion of titin is elastic and contributes to the
elasticity of a passively stretched muscle. The M-line portion
of titin contains a stretch-activated kinase. The kinase within
the titin protein is activated when a stretch pulls several amino
acids out of a so-called ATP-binding pocket, allowing ATP to
bind. ATP binding then causes titin to tyrosine phosphorylate
itself, which in turn activates the kinase within the titin protein
(124). Because of its stretch-activated kinase and association
with numerous other proteins, titin has been proposed to be an
exercise-related mechanosensor (82). With the use of our
terminology, mechanical load would be the hypertrophy stim-
ulus and titin the hypertrophy sensor.

Therefore, what is the evidence for titin being a mechanical
hypertrophy sensor? There are two points to consider. First,
titin lies parallel to the force-generating actin-myosin proteins.
This means if myosin and actin generate force and shorten a
muscle fiber, then titin will go slack. Consequently, the forces
within a titin molecule should actually decrease rather than
increase during a concentric contraction. Thus titin cannot be a
true force sensor in this situation. However, at longer muscle
lengths titin forces increase and titin unfolds (62), and so this
might activate titin kinase and trigger downstream signaling
events. Related to this, resistance training at longer muscle
lengths may cause a greater hypertrophy when compared with
resistance training with shorter muscle length (96, 107).

Second, while many signaling interactions have been re-
ported for titin (82), there is not yet a convincing link between
titin and mTORC1 signaling, which is the primary mediator of
the muscle hypertrophy response to resistance exercise (see
above). However, some titin signaling interactions are related
to protein turnover through Murf1/2-proteasome and au-
tophagy signaling and thus could regulate some aspects of
muscle hypertrophy (82). In conclusion, while titin is a mecha-
nosensitive skeletal muscle protein with a kinase domain it
seems unlikely that it is the major mechanical hypertrophy
sensor during standard resistance exercise, except perhaps at
long muscle lengths.

Filamin-C Bag3 (Genes: Flnc and Bag3)

Bag3 and filamin-C are proteins important for muscle func-
tion as mutations of these proteins cause severe myofibrillar
myopathies (137). Filamin-C and Bag3 localize to the Z-disk in
human muscle (153). Here, we discuss evidence that filamin-C
and Bag3 form mechanosensor complex that is capable of
activating mTORC1, the Hippo effector YAP1 and autophagy
(see Fig. 1). Filamins are mechanosensitive, actin-cross-linking
molecules. In skeletal muscle, filamin-C is the major filamin
located at the Z-disk (137). Filamins form V-shaped ho-
modimers and forces of �5–20 pN deform the so-called
domain pair 20–21 (128). One myosin head generates a force
of 6 pN (120), and thus actin-linked filamins should deform if
sufficient myosin heads pull on the actin to which the filamins
are attached.
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In addition, filamins bind multiple proteins including the
androgen receptor (112), which influences muscle size (71),
and the Z-disk linked protein Bag3 (153), which has been
proposed to sense the mechanical loading of filamin (152).
However, how a mechanically loaded filamin dimer activates
Bag3 is still unclear. Assuming that mechanically loaded
filamin-C can activate Bag3, how could Bag3 trigger a hyper-
trophic signaling response? BAG3 connects through its WW
domain (WW stands for the 2 tryptophanes that are separated
by �20 amino acids; Ref. 142) to proline-rich motifs (e.g.,
PPxY motifs) of other proteins to potentially regulate the three
muscle hypertrophy-associated functions discussed below.

mTORC1 signaling. The WW domain of Bag3 binds the
proline-rich motif of the mTORC1 inhibitor TSC1. Therefore,
the hypertrophy-inducing mechanism might be that Bag3 se-
questers TSC1 away from mTORC1, resulting in mTORC1
activation and increased protein synthesis in response to me-
chanical loading (75).

Hippo signaling. Bag3 sequesters through its WW domain
proteins such as LATS1 and AMOTL1, which normally inhibit
the Hippo effector YAP (152). As a consequence, YAP will be
more active in mechanically loaded muscle, which is relevant
for muscle size because increased YAP activity in muscle
fibers can elicit muscle fiber hypertrophy (52, 160).

Autophagy. Bag3 binds synaptopodin-2 (Synpo2) to regulate
chaperone-assisted selective autophagy (CASA) of damaged
Z-disk proteins (7, 154). This might contribute to the increased
autophagy (61) and rate of protein breakdown seen after
resistance exercise (149), a process that may be important in
full and functional muscle hypertrophy.

Phosphoproteomic studies have shown that both filamin-C
and Bag3 change their phosphorylation after high-intensity
exercise in human muscle (65) and after maximal intensity
stimulation of mouse skeletal muscle (121). This suggests that
filamin-C and Bag3 are additionally targeted by currently
unknown kinases and phosphatases that might further help to
regulate Bag3 activity in a contracting skeletal muscle.

The aforementioned Bag3-focused hypertrophy stimulus-
sensing mechanisms are illustrated in Fig. 1.

In summary, a filamin-Bag3-mTORC1/YAP/autophagy signal-
ing cascade is a plausible but far from completely characterized

mechanism by which mechanical loading during resistance exer-
cise could stimulate hypertrophic signaling and skeletal muscle
hypertrophy. However, while physiological, mechanical forces
will probably deform a filamin homodimer, it is unclear how this
then activates Bag3 and other hypertrophic signaling. Also, the
kinases and phosphatases that phosphorylate and dephosphorylate
filamin-C and Bag3 during exercise are currently unknown, and it
remains unclear as to how such phosphorylation affects filamin-C
and Bag3 function and muscle size. This is clearly another
important area for future research.

Nuclear Deformation and Signal Transduction

In muscle fibers, myonuclei are surrounded by thick tubulin
filaments (17) and by intermediate desmin filaments (126).
These filaments not only anchor myonuclei to the cytoskeleton
but also expose them to forces when the cytoskeleton is loaded
(8) either by a passive stretch, by an active contraction, or by
muscle fiber swelling. For example, when muscle fibers are
passively stretched, myonuclei deform (113). Intriguingly,
such nuclear deformation has recently been identified as a
mechanism by which mechanical load causes the Hippo effec-
tor Yap and potentially other proteins to translocate from the
cytosol to the nucleus (37). Given that increased YAP activity
can induce muscle fiber hypertrophy (52, 160), this might be a
mechanism by which mechanical loading could contribute to
skeletal muscle growth. Together the above filamin-Bag3-YAP
and nuclear deforming-YAP-mTORC1 signaling cascades are
plausible mechanisms by which a mechanical hypertrophy stim-
ulus could be sensed and trigger hypertrophy signaling. However,
there are two caveats to this hypothesis. First, YAP-induced
muscular hypertrophy is comparatively small and seems to be
independent of mTORC1 as it can occur when mTORC1 is
blocked with rapamycin (52). Second, myonuclear deformation
has so far only been demonstrated for passive stretch (113) and
not for an active, shortening contraction. Nevertheless, proteins
that sense nuclei deformation to activate Hippo signaling should
be characterized in the future.

Another type of mechanosensor is stretch-activated ion
channels encoded by the genes PIEZO1 and PIEZO2. Span-
genburg and McBride (140) demonstrated that broad, nonspe-
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amino acid uptake

Fig. 1. Schematic overview of how filamin-C and Bag3 might trigger muscle hypertrophy in response to resistance exercise (see text for references). One filamin
is a Z-disk-linked protein that binds to actin and becomes deformed in response to mechanical load. Two filamin is linked to Bag3 and both filamin and Bag3
become phosphorylated by unknown kinases during intense muscle contractions. Three Bag3 has a WW domain through which is can bind and sequester proteins
with proline-rich PPXY domains including Tsc1, a mammalian target of rapamycin complex 1 (mTORC1) inhibitor. Four Bag3 can also sequester inhibitors of
the Hippo effector Yap such as Lats1, Amotl1, and Amotl2. Alternatively, YAP might be important into myonuclei as a result of nuclear deformation as has been
demonstrated in non-muscle cells. Such Yap activation could be relevant for hypertrophy as YAP can induce the gene that encodes the Lat1 leucine transporter.
Five Finally, Bag3 also binds to Synpo2 which regulates chaperone-assisted selective autophaghy (CASA), which regulates the degradation of damaged Z-disk
proteins.

34 HYPERTROPHY STIMULI AND SENSORS

J Appl Physiol • doi:10.1152/japplphysiol.00685.2018 • www.jappl.org
Downloaded from www.physiology.org/journal/jappl at Deakin Univ (128.184.188.010) on February 11, 2019.



cific inhibition of stretch-activated ion channels in rats in vivo
with streptomycin or gadolinium could attenuate the load-
induced activation of mTORC1. However, the expression of
PIEZO1/2 stretch-activated ion channels is among the lowest
in human skeletal muscle when compared with other tissues
(https://gtexportal.org/home/; see Ref. 97), and so the effect
might not depend on the inhibition of PIEZO1/2 channels in
skeletal muscle. For that reason we do not discuss stretch-
activated ion channels further.

In summary, there are several plausible but far from com-
pletely characterized. It may well be that there are several
mechanical hypertrophy stimuli (e.g., the contraction force,
loading of the cytoskeleton and the mechanical properties of
the extracellular matrix) and sensors as has previously been
proposed by Frey et al. (45). To date no muscle hypertrophy-
inducing mechanotransduction mechanism is fully character-
ized. Research into such mechanisms is further hampered by
the fact that the knockout of putative mechanosensors such as
Bag3 not only abolishes a potential hypertrophy response to
resistance exercise but often leads to severe myopathies and
dystrophies. This means that researchers can in many cases not
use global knockout animal models to test whether these
proteins are essential for the hypertrophy response to exercise.

IS EXERCISE-INDUCED MUSCLE DAMAGE A HYPERTROPHY
STIMULUS?

The possible role of exercise-induced muscle damage
(EIMD) as a hypertrophy stimulus has been discussed and
studied since it was proposed in the 1990s (29, 38, 132). EIMD
is damage that is triggered when individuals engage in new
types of exercise, especially lengthening or eccentric contrac-
tions conducted with a large range of motion (115, 132).
However, there is usually little EIMD when already resistance-
trained individuals lift weights due to the “repeated bout
effect.” EIMD is associated with microscopic, structural
changes such as Z-line streaming in skeletal muscle myofibrils.
This is then usually followed by a local inflammatory response,
disturbed Ca2� regulation, activation of protein breakdown,
and increased levels of proteins such as creatine kinase in the
blood that escape or are secreted from damaged muscle fibers
(23, 76, 115). In their review, Hyldahl and Hubal (69) propose
a continuum of skeletal muscle fiber damage after eccentric
exercise that spans possible adaptive cell signaling responses to
pervasive membrane damage and tissue necrosis as the most
severe form of EIMD.

Evidence from Human Studies for EIMD as a Hypertrophy
Stimulus

Although some authors have endeavored to test whether
EIMD contributes to muscle hypertrophy, the results of these
interventions are difficult to interpret. This is because the
manipulation of resistance training parameters to alter EIMD
can also directly affect muscle mass, not just EIMD. Therefore,
it is difficult to separate the effect of EIMD on muscle hyper-
trophy from the effect of the confounding factors. For instance,
training at long muscle lengths (i.e., the stretched position) is
not only associated with a greater magnitude of EIMD (11,
115) but also possibly with increased muscle hypertrophy
when compared with exercising with short muscle lengths, at
least in some muscles (14, 107). However, this may not be due

to EIMD but due to the larger force production at longer
fascicle lengths (40). Similarly, eccentric muscle actions not
only increase EIMD but also cause a slightly larger hypertro-
phic response than concentric muscle action (32, 136). Again,
it is unclear whether this is due to a higher dose of an
EIMD-associated hypertrophy stimulus after eccentric exercise
(100) or simply due to a confounding factor such as increased
training load (36, 100). Collectively, some studies suggest a
connection between EIMD and muscle hypertrophy, but this
could be due to confounding factors.

In contrast, other studies show that the extent of muscle
damage does not correlate with muscle protein synthesis (48)
or the magnitude of hypertrophy. Severe EIMD does not give
any further benefit on hypertrophy but rather attenuates it (42).
Flann et al. (41) compared muscle hypertrophy of naïve and
pretrained group with the same cumulative workload. The
pretrained group did not experience EIMD as judged by plasma
creatine kinase levels and muscle soreness but increased mus-
cle strength and volume at the same magnitude as the naïve
group suggesting that EIMD is not essential for hypertrophy
(41). However, in an effort to reduce EIMD, the pretrained
group performed an additional 3 wk of resistance training,
which may have confounded results.

A final argument against EIMD as a hypertrophy factor is
that EIMD also occurs after exercise that does not typically
induce hypertrophy. For example, EIMD occurs after endur-
ance exercise with an eccentric component such as marathon
running (63), but damage in these situations alone does not
seem to cause muscle hypertrophy. If anything, marathon
running decreases muscle fiber size (150). However, these data
are again difficult to interpret as endurance athletes may have
a low trainability for muscle hypertrophy and their long-
duration exercise, combined with low energy availability, may
excessively activate AMPK and thereby inhibit mTORC1 (70)
for long periods. In summary, it is difficult to conclude based
on indirect human studies whether and how EIMD contributes
to muscle hypertrophy. The key reason for this is that it is
virtually impossible to separate direct EIMD stimuli from
confounding stimuli that cooccur with EIMD.

Muscle Damage or Increased Regeneration Alone May
Induce Muscle Hypertrophy

Can injury per se promote muscle fiber hypertrophy? In
mice, severe injury of mouse tibialis anterior muscles, e.g.,
through cardiotoxin injection, results in larger, but fewer,
muscle fibers when compared with uninjured fibers (59), sug-
gesting that injury alone is sufficient to trigger the hypertrophy
of some muscle fibers. A caveat is that we do not know
whether the larger fibers are hypertrophied, regenerated fibers
or whether these are new but muscle fibers that are larger than
the previous muscle fibers. There is some evidence that injured
muscle fibers and their satellite cells can contribute to hyper-
trophy as transplanting muscle fiber-associated satellite cells
into a recipient muscle while inducing injury results in a
near-lifelong muscle hypertrophy (55). Together, these data
suggest that injury alone and the combination of injury and
more satellite cells can lead to the development of larger
muscle fibers or induce muscle fiber hypertrophy.
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Satellite Cells, EIMD, and Muscle Hypertrophy

Satellite cells are the resident stem cells of skeletal muscle
(131) and add nuclei to adult muscle fibers after resistance
training (24). Although nondamaging exercise can activate
satellite cells to proliferate (27), satellite cell activation and
proliferation are larger after exercise that induces EIMD (26).
In humans, individuals that responded with greater hypertro-
phy to a resistance training program also added more myonu-
clei, presumably derived mainly from satellite cells, than indi-
viduals that responded with less hypertrophy to the same
training program (118). This suggests that the ability of satel-
lite cells to add new myonuclei to muscle fibers might limit
muscle hypertrophy. However, satellite cells may expand es-
pecially in response to EIMD to have a role in muscle repair
and less so to increase myonuclei when muscle actually hy-
pertrophies, at least in the early stages of muscle growth (30).

The causal role of satellite cells on muscle hypertrophy has
been investigated in mice. It seems that the initial hypertrophy in
response to mechanical overload can occur in wild-type and
satellite cell-depleted muscles (95, 103). However, the initial
hypertrophy cannot be maintained for months when satellite cells
are removed (46). Other research suggests that satellite cells are
also required for the initial hypertrophy at the muscle fiber level
(35). Collectively, these studies show that satellite cells are essen-
tial for full skeletal muscle hypertrophy over time and that satellite
cell numbers and myonuclei increase after resistance training. It is
not, however, known whether EIMD is essential in the long run to
induce satellite cells to proliferate and in turn trigger a muscle
hypertrophic response to resistance training.

However, our main question in the present review is not
whether satellite cells are essential for hypertrophy but how do
hypertrophy stimuli activate satellite cells in the first step and
how do activated satellite cells cause muscle fiber hypertrophy
in a second step? According to our definition, the EIMD-
related hypertrophy stimulus would be the repeated mechanical
load that causes muscle damage in a susceptible muscle. A
damage-associated stimulus would then activate satellite cells
in the first step. There are too many possible stimuli activating
satellite cells to be effectively covered in this review. Currently
the strongest candidate pathway to activate quiescent satellite
cells to proliferate following injury as well as after exercise or
mechanical stretching is the nitric oxide-metalloproteinase-
hepatocyte growth factor pathway (147). Whether these stimuli
activate satellite cells in a context of resistance exercise bout
especially after EIMD is unknown.

Other Potential EIMD-Associated Hypertrophy Stimuli and
Their Sensors

EIMD is associated with potential hypertrophy stimuli such
as amino acids that result from protein breakdown or factors
linked to the immune and inflammatory response to EIMD and
to satellite cells. As a consequence of EIMD, inflammatory
cells enter muscles and produce substances including myokines
such as IL-6 that have been reported to be able to both increase
(138) or decrease muscle size (10) in different contexts. The
inflammatory response to EIMD is thought to also induce
cyclooxygenase production, which may aid hypertrophy as
nonsteroidal anti-inflammatory drugs (which target cyclooxy-
genase) blunt hypertrophy following regimented resistance
training (88). There is also evidence that reactive oxygen

species (ROS) promote hypertrophy, as antioxidant supple-
mentation can blunt hypertrophic signaling (114) and reduce
the magnitude of exercise-induced muscle hypertrophy (12).
However, even if IL-6 and ROS can influence muscle size, they
are clearly middlemen in the hypertrophic process, as there
must be upstream hypertrophy stimuli and sensors that increase
their concentration in response to resistance exercise. Moreover,
ROS are not only induced by EIMD but also by endurance
running (125), which does not typically cause hypertrophy. In
summary, the evidence suggesting that EIMD is associated with
hypertrophy is mostly indirect, some is contradictory, and putative
mechanisms and sensors are incompletely characterized.

IS METABOLIC STRESS A HYPERTROPHY STIMULUS?

We have already mentioned that mechanical forces are
probably the most important hypertrophy stimuli. When me-
chanical forces are absent or reduced, other signals typically
only have small effects on muscle size. For example, when
postoperative brace-immobilized knee surgery patients inter-
mittently occluded their thighs, their muscles atrophied by
�7% within 14 days, which was significantly less than the
�15% atrophy seen in the no occlusion controls (146). This
experiment suggests that potential occlusion-related hypertro-
phic stimuli cannot compensate for the loss of mechanical
loading but that they can limit atrophy. However, when com-
bining vascular occlusion with dynamic muscular contractions,
marked hypertrophy invariably occurs, even when employing
relatively light loads or no external loads at all (1, 89). In these
training regimes, the vascular occlusion increases metabolic
stress as judged by the drop in phosphocreatine (PCr) and pH
(143). Similarly, muscles hypertrophy more if resistance train-
ing with relatively heavy load is conducted under intermittent
hypoxia vs. normoxia (85, 93, 106). The fact that blood flow
restriction and hypoxia affect metabolism has led some re-
searchers to suggest that metabolic stress-associated signals
such as metabolites (i.e., molecules involved in metabolism
that are typically below �1,500 Da) may have an anabolic
effect and contribute to muscle hypertrophy (133). An alterna-
tive proposal is that “metabolites simply augment muscle
activation and cause the mechanotransduction cascade in a
larger proportion of muscle fibers” (31). This is another way of
saying that some fibers fatigue during contraction, which is
linked to changes in metabolite concentrations such as a drop
of phosphocreatine or increase of lactate. As a consequence,
additional fibers need to be recruited to sustain force output and
these additional fibers are then additionally exposed to hyper-
trophy stimuli. However, recent work found that the addition of
blood flow restriction training to a traditional resistance train-
ing program preferentially enhanced type 1 fiber cross sec-
tional area in a cohort of elite powerlifters (13). This seemingly
refutes the hypothesis that the hypertrophic effects of blood
flow restriction training are simply a function of increased
high-threshold motor unit recruitment and raises the possibility
that the associated metabolite accumulation may induce anab-
olism via other mechanisms. Henceforth, we discuss the po-
tential role of metabolites as hypertrophy stimuli.

Metabolic Stress

Metabolic stress can be defined as the changes in energy
metabolism and metabolites that occur during nonsteady-state
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muscle contractions. Nonsteady-state contractions are contrac-
tions where not all of the hydrolyzed ATP can be resynthesized
by oxidative phosphorylation alone. As a consequence, the
concentration of PCr will continuously decline as PCr resyn-
thesizes ADP to ATP via the Lohmann reaction (PCr �
ADP↔ATP � creatine). Moreover, the lactate concentration
will rise and the pH will drop as ATP is additionally resyn-
thesized through glycolysis. Thus a low PCr concentration, a
high lactate concentration, and a low pH are biomarkers for
metabolic stress. In relation to these metabolites, blood flow
restriction will not change the rate of ATP hydrolysis but it will
reduce oxygen delivery and oxidative ATP resynthesis, which
requires greater PCr breakdown and a higher rate of glycolysis
in active muscle fibers (143, 144).

Metabolic Stress during Resistance Exercise versus Other
Types of Exercise

The higher the exercise load, the more ATP will be hydro-
lyzed per second and the faster PCr, lactate, and the pH will
change. Thus, during high-intensity resistance exercise, the
PCr concentration and the pH will drop more per second than
during low load resistance exercise (143, 144, 158). However,
as metabolic stress either causes fatigue or is associated with it
(5), metabolic stress will be higher at the end of a set with low
loads because we can lift a lower load with a more fatigued
muscle than during a set with high loads as we can only lift a
high load if fatigue and metabolic stress are low.

The logic that a set with lower loads to exhaustion will cause
more metabolic stress than a set with heavy loads is supported
by experimental data. In a biopsy study, Tesch et al. (148)
measured intramuscular PCr and other metabolites in the vas-
tus lateralis before and after several sets of �10 repetition leg
muscle contractions to failure in trained bodybuilders. Intra-
muscular PCr decreased from 21.3 � 3.7 mmol/kg preexercise
to 10.9 � 2.5 mmol/kg (51% of preexercise) after the last set of
exercise, suggesting moderate metabolic stress. In contrast,
during intermittent resistance exercise with 25% of the 1RM,
which is suboptimal for hypertrophy, PCr decreased to
17 � 12% of the preexercise concentration in adult women and
18 � 16% of the preexercise concentration in adult men, re-
spectively (74), suggesting high metabolic stress. Similarly,
PCr decreased from 15.8 � 1.7 to 1.7 � 0.4 mmol/kg (11% of
preexercise) after a 400-m run (64). Collectively this shows
that metabolic stress is typically greater during nonsteady state
exercise with intensities that are suboptimal for hypertrophy
(86) than during “classic” �10 repetition resistance training in
trained individuals.

Metabolites that Have Anabolic Signaling Properties

Metabolic stress is a vague concept given that �2,700
metabolic enzymes catalyze �900 metabolic reactions (129)
and that �4,000 metabolites can be detected in human serum
alone (123). Therefore, given the plethora of metabolites, are
there any metabolites or other metabolic stress-related factors
that can act as hypertrophy stimuli? Are there any metabolites
that can be considered to be hypertrophy stimuli according to
our definition?

Lactate is a key biomarker for metabolic stress, and one of
the most studied exercise metabolites. There is some evidence
that lactate may affect muscle differentiation and have some

anabolic effects (104). In the most extensive study to date,
lactate affected the expression of regulators of muscle differ-
entiation in vitro. Also, the authors found that a combination of
a 30-min low-intensity running training program together with
a dose of lactate and caffeine increased muscle mass and
hypertrophic signaling in rats (111). It is not possible to
conclude, however, how much of the hypertrophy was due to
lactate. Other studies suggest that skeletal muscle may sense
changes in extracellular lactate. For instance, work from the
laboratory of George Brooks (60) demonstrated that when 20
mM lactate caused L6 rat myotubes to express lactate-related
genes, but this did not show that lactate is a hypertrophy
stimulus. More recently, Ohno et al. (110) found that 20 mM
lactate was able to induce anabolic signaling and hypertrophy
in C2C12 cells, possibly in a GPR81-dependent manner. This
suggests that extracellular lactate can initiate signaling events
through membrane-bound receptors in skeletal muscle. While
these data indicate that lactate may be a modifier of muscle
signaling and hypertrophy, lactate concentrations are typically
highest during exercise that is suboptimal for hypertrophy such
as a 400 m run.

Another anabolism-related energy metabolite is 
-ketoglu-
tarate which is not only a citrate cycle metabolite but also a
nitrogen scavenger (163). Long-term supplementation for 9 wk
of the drinking water with 2% 
-ketoglutarate resulted in
significant gastrocnemius skeletal muscle hypertrophy and in-
creased markers of mTORC1 activity (19), suggesting that

-ketoglutarate could stimulate muscle hypertrophy. In con-
trast, however, L-arginine 
-ketoglutarate supplementation did
not increase strength measures such as the 1 RM after a
resistance training program in humans when compared with
placebo control (161).

Other anabolic metabolites are phosphatidic acid and lyso-
phosphatidic acid, which can activate mTORC1 (68, 139) and
Hippo (165) signaling, respectively. We have already dis-
cussed that hypertrophy-inducing eccentric contractions in-
crease the phosphatidic acid concentrations in tibialis anterior
muscles (109).

Another potential source of hypertrophy-inducing metabo-
lites is from muscle protein breakdown. The activation of
skeletal muscle protein synthesis by resistance exercise seems
to be correlated to the activation of skeletal muscle protein
breakdown (119). Cell-based experiments demonstrate that
simply increasing the intracellular concentration of key amino
acids like leucine by as little as 7% is sufficient for half-
maximal activation of mTORC1 (22). Additionally, a single
bout of resistance exercise in rodents causes an ~25% increase
in the intramuscular leucine concentration (91). It is theorized
that this increase in intracellular leucine, possibly from protein
breakdown, is sensed by the amino acid sensor mVPS34
leading to mTORC1 activation (91). However, feeding 40 g of
protein can almost triple the intracellular leucine content in
human skeletal muscle (92) and it seems unlikely that the small
transient changes in intramuscular leucine as a result of resis-
tance exercise make a major contribution to the hypertrophy
response to resistance exercise.

In addition to metabolites, metabolic enzymes might also be
involved in hypertrophy signaling, too. Researchers found in
HEK293 cells and fibroblasts that the glycolytic enzyme
GAPDH binds Rheb and inhibit mTORC1 signaling. However,
when glycolytic flux is high as would be at the end of a set of
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resistance exercise, then GAPDH no longer inhibited
mTORC1 and cells grow (87). In this scenario, the signals that
activate glycolytic enzymes such as phosphorylase and phos-
phofructokinase would be the hypertrophy stimuli and the
enzymes would be their sensors. This shows a plausible mech-
anism by which a signal related to glycolytic flux might act as
a hypertrophy stimulus capable of activating mTORC1 and
skeletal muscle hypertrophy. These and further links among
metabolism, muscle mass and regeneration have recently been
reviewed (78).

Studies that Do Not Support Energy Stress Being a
Hypertrophy Stimulus

During evolution, mechanisms evolved that reduce protein
synthesis and cell growth when there is metabolic stress. For
example, when the metabolic stress-mimicking AMPK activa-
tor AICAR was given to rats, then muscle protein synthesis
was reduced significantly to 55% of the protein synthesis
measured in control rats (16). Soon after, Inoki et al. (70)
demonstrated that the metabolic stress sensor AMPK inhibited
mTORC1 via TSC2. Consistent with this, the synergist-ablated
plantaris hypertrophied more in AMPK
1 knockout than wild-
type control mice suggesting that energy-stress activation of
AMPK can blunt hypertrophy at least in some hypertrophy
models (102). However, while prolonged metabolic stress
might work through such mechanisms to explain reduced
muscle hypertrophy during concurrent endurance and resis-
tance training (9), it is unclear whether these studies explain
what happens during short-term metabolic stress during acute
resistance exercise, which might exert its effect via different
metabolites and signaling molecules.

OVERALL SUMMARY, CONCLUSIONS, AND DIRECTIONS FOR
FUTURE RESEARCH

While there is a large amount of mainly indirect evidence
about hypertrophy stimuli and their sensors, this evidence is
often difficult to interpret and as a consequence many questions
remain. Mechanical stimuli stand out as the most likely and
most potent hypertrophy stimuli, and several potential mecha-
nosensing mechanisms have been partially characterized. To
us, a key question is whether muscle fibers, which are the cells
that produce the highest forces, have their own specific mecha-
nosensing system in addition to the generic focal adhesions
(i.e., costameres in muscle) that sense the mechanical environ-
ment of most cells. The Z-disk is a prime striated muscle-
specific candidate site for muscle-specific force sensing. Z-
disks are not only directly exposed to the forces generated by
sarcomeres, but Z-disks additionally transmit these forces lon-
gitudinally and laterally via costameres (44). Moreover, the
Z-disk becomes a signaling hub when muscles contract with
high intensity and generate large forces. This is supported by
the results of a recent phosphoproteomic study, which reported
that the majority of Z-disk proteins robustly alter their phos-
phorylation in response to maximal intensity contractions of
mouse muscles. In particular, the Z-disk localized kinases
obscurin and Speg change their phosphorylation and the Z-disk
localized filamin-Bag3 complex proteins are also phosphory-
lated (121, 153).Thus future studies should seek to answer the
following question: “is it mainly the Z-disk or the costameres

where mechanical hypertrophy stimuli are sensed and trans-
duced after resistance exercise?”

Data suggesting and supporting EIMD or metabolic stress-
related hypertrophy stimuli are mostly indirect, and the related
molecular mechanisms are poorly understood. Moreover,
growth can occur in the relative absence of either of these
putative signals, lending further support for the hypothesis that
mechanical stimuli are the primary hypertrophy stimuli. That
said, research indicates that both EIMD and metabolic stress
regulate multiple factors involved in the hypertrophic process,
and a sound rationale exists whereby their resistance training-
induced manifestation may contribute to hypertrophic adapta-
tions. If so, it remains to be determined whether these factors
are additive to mechanically derived signaling or perhaps
redundant providing a given level of mechanical force is
achieved. Moreover, if these signals are indeed additive, it
remains to be determined whether an upper threshold exists
beyond which no further growth-related benefits are realized.
In particular, any hypertrophic effects of EIMD would almost
certainly follow a hermetic curve, with benefits seen only up to
a given point and they ultimately inhibit hypertrophy when
EIMD is excessive. To this point, a high degree of EIMD
impairs a muscle’s force-producing capacity, which in turn
interferes with an individual’s ability to train as well as
negatively impacting recovery (80, 108). Thus there may be a
“sweet spot” whereby a combination of mechanical, metabolic,
and damage-related signals interacts synergistically to promote
a maximal hypertrophic response.

Finally, how should researchers proceed toward the long-
term goal of identifying all major hypertrophy stimuli and their
sensors? It is clear that the leading researchers must move
beyond indirect association studies as there are just too many
confounding variables to draw valid conclusions. Force, me-
tabolism, and EIMD are all linked, and it seems impossible to
vary only one of these variables during resistance exercise
without varying the others and so such studies are never fully
conclusive. One key experiment is to assess whether a putative
hypertrophy sensor is essential for the muscle hypertrophy
adaptation to resistance exercise. To test for this, the gene that
encodes the sensor needs to be knocked out or inhibited
pharmacologically to evaluate whether this prevents adaptation
to exercise. However, the problem with this approach is that
putative hypertrophy sensors such as Bag3 are essential for
normal muscle function (66). Hence, their global knockout
typically causes a myopathy or dystrophy, which limits the
usefulness of such models for studying their role in hypertro-
phy signaling. Here, more sophisticated transgenic animal
models are needed. Strategies could involve targeting the
transgenesis to skeletal muscle only, making it inducible and
modulating solely those sites of a protein that are likely
mediators of the hypertrophy-sensing function. However, even
a highly targeted transgenesis may cause problems, as mecha-
nosensors may already be essential for normal muscle function.
This is a major challenge for researchers in this area. Another
strategy to identify the hypertrophy sensor is based on the
knowledge that any hypertrophy-sensing protein must physi-
cally interact with the proteins that mediate hypertrophy further
downstream. Here, interaction proteomic studies in resting and
resistance-trained skeletal muscle could provide some answers
(3). For example, researchers could coimmunoprecipitate
mTORC1 protein complexes in resting and resistance exercise-
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trained muscle to see via mass spectrometry analysis what pro-
teins interact with mTORC1 under load or metabolic stress when
compared with rest. This might reveal either the hypertrophy
sensor itself or intermediate proteins that connect a hypertrophy
sensor to mTORC1 and other downstream hypertrophy mediators.
While this sounds feasible, it will be a difficult experiment in
reality as the interpretation of interaction proteomic experiments is
typically hampered by false-positive results.

In summary, conclusively identifying major hypertrophy
stimuli and their sensors is clearly one of the big remaining
questions in exercise physiology. However, experimentally this
is difficult to achieve, which explains why there is still a large
amount of uncertainty despite many studies. We hope that this
review helps to update on the status quo and to stimulate future
research in this area.
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88. Lilja M, Mandić M, Apró W, Melin M, Olsson K, Rosenborg S,
Gustafsson T, Lundberg TR. High doses of anti-inflammatory drugs
compromise muscle strength and hypertrophic adaptations to resistance
training in young adults. Acta Physiol (Oxf) 222: e12948, 2018. doi:10.
1111/apha.12948.

89. Loenneke JP, Wilson JM, Marín PJ, Zourdos MC, Bemben MG.
Low intensity blood flow restriction training: a meta-analysis. Eur J Appl
Physiol 112: 1849–1859, 2012. doi:10.1007/s00421-011-2167-x.

90. Low SY, Taylor PM. Integrin and cytoskeletal involvement in signalling
cell volume changes to glutamine transport in rat skeletal muscle. J
Physiol 512: 481–485, 1998. doi:10.1111/j.1469-7793.1998.481be.x.

91. MacKenzie MG, Hamilton DL, Murray JT, Taylor PM, Baar K.
mVps34 is activated following high-resistance contractions. J Physiol
587: 253–260, 2009. doi:10.1113/jphysiol.2008.159830.

92. Macnaughton LS, Wardle SL, Witard OC, McGlory C, Hamilton
DL, Jeromson S, Lawrence CE, Wallis GA, Tipton KD. The response
of muscle protein synthesis following whole-body resistance exercise is
greater following 40 g than 20 g of ingested whey protein. Physiol Rep
4: e12893, 2016. doi:10.14814/phy2.12893.

93. Manimmanakorn A, Hamlin MJ, Ross JJ, Taylor R, Manimmana-
korn N. Effects of low-load resistance training combined with blood
flow restriction or hypoxia on muscle function and performance in netball
athletes. J Sci Med Sport 16: 337–342, 2013. doi:10.1016/j.jsams.2012.
08.009.

94. Marcotte GR, West DW, Baar K. The molecular basis for load-induced
skeletal muscle hypertrophy. Calcif Tissue Int 96: 196–210, 2015.
doi:10.1007/s00223-014-9925-9.

95. McCarthy JJ, Mula J, Miyazaki M, Erfani R, Garrison K, Farooqui
AB, Srikuea R, Lawson BA, Grimes B, Keller C, Van Zant G,
Campbell KS, Esser KA, Dupont-Versteegden EE, Peterson CA.
Effective fiber hypertrophy in satellite cell-depleted skeletal muscle.
Development 138: 3657–3666, 2011. doi:10.1242/dev.068858.

96. McMahon G, Morse CI, Burden A, Winwood K, Onambélé GL.
Muscular adaptations and insulin-like growth factor-1 responses to re-
sistance training are stretch-mediated. Muscle Nerve 49: 108–119, 2014.
doi:10.1002/mus.23884.

97. Melé M, Ferreira PG, Reverter F, DeLuca DS, Monlong J, Sammeth
M, Young TR, Goldmann JM, Pervouchine DD, Sullivan TJ, John-
son R, Segrè AV, Djebali S, Niarchou A, Wright FA, Lappalainen T,
Calvo M, Getz G, Dermitzakis ET, Ardlie KG, Guigó R. Human
genomics. The human transcriptome across tissues and individuals.
Science 348: 660–665, 2015. doi:10.1126/science.aaa0355.

98. Meng Z, Qiu Y, Lin KC, Kumar A, Placone JK, Fang C, Wang KC,
Lu S, Pan M, Hong AW, Moroishi T, Luo M, Plouffe SW, Diao Y, Ye
Z, Park HW, Wang X, Yu FX, Chien S, Wang CY, Ren B, Engler AJ,
Guan KL. RAP2 mediates mechanoresponses of the Hippo pathway.
Nature 560: 655–660, 2018. doi:10.1038/s41586-018-0444-0.

99. Miller BF, Olesen JL, Hansen M, Døssing S, Crameri RM, Welling
RJ, Langberg H, Flyvbjerg A, Kjaer M, Babraj JA, Smith K, Rennie
MJ. Coordinated collagen and muscle protein synthesis in human patella
tendon and quadriceps muscle after exercise. J Physiol 567: 1021–1033,
2005. doi:10.1113/jphysiol.2005.093690.

100. Moore DR, Phillips SM, Babraj JA, Smith K, Rennie MJ. Myofibril-
lar and collagen protein synthesis in human skeletal muscle in young men
after maximal shortening and lengthening contractions. Am J Physiol
Endocrinol Metab 288: E1153–E1159, 2005. doi:10.1152/ajpendo.
00387.2004.

101. Morton RW, Murphy KT, McKellar SR, Schoenfeld BJ, Henselmans
M, Helms E, Aragon AA, Devries MC, Banfield L, Krieger JW,
Phillips SM. A systematic review, meta-analysis and meta-regression of
the effect of protein supplementation on resistance training-induced gains
in muscle mass and strength in healthy adults. Br J Sports Med 52:
376–384, 2018. doi:10.1136/bjsports-2017-097608.

41HYPERTROPHY STIMULI AND SENSORS

J Appl Physiol • doi:10.1152/japplphysiol.00685.2018 • www.jappl.org
Downloaded from www.physiology.org/journal/jappl at Deakin Univ (128.184.188.010) on February 11, 2019.

https://doi.org/10.1016/j.cmet.2015.09.001
https://doi.org/10.1016/j.cmet.2015.09.001
https://doi.org/10.2353/ajpath.2006.060250
https://doi.org/10.1016/j.biocel.2011.05.007
https://doi.org/10.1073/pnas.0600678103
https://doi.org/10.1002/mus.24077
https://doi.org/10.1016/S0092-8674%2803%2900929-2
https://doi.org/10.1016/S0092-8674%2803%2900929-2
https://doi.org/10.1007/BF00867933
https://doi.org/10.1007/BF00867933
https://doi.org/10.1038/nrm3903
https://doi.org/10.1017/erm.2015.9
https://doi.org/10.1007/s00421-013-2712-x
https://doi.org/10.1007/s00421-013-2712-x
https://doi.org/10.1016/j.bbamcr.2016.10.007
https://doi.org/10.1016/j.bbamcr.2016.10.007
https://doi.org/10.1007/BF00724517
https://doi.org/10.1007/BF00724517
https://doi.org/10.1249/JES.0000000000000007
https://doi.org/10.1249/JES.0000000000000007
https://doi.org/10.3389/fphys.2014.00032
https://doi.org/10.3389/fphys.2014.00032
https://doi.org/10.22203/eCM.v021a36
https://doi.org/10.22203/eCM.v021a36
https://doi.org/10.1007/s00421-010-1513-8
https://doi.org/10.1113/expphysiol.2010.055269
https://doi.org/10.3389/fphys.2016.00076
https://doi.org/10.1152/japplphysiol.00962.2003
https://doi.org/10.1113/jphysiol.2008.164483
https://doi.org/10.1111/cpf.12147
https://doi.org/10.1080/17461391.2018.1450898
https://doi.org/10.1080/17461391.2018.1450898
https://doi.org/10.1128/MCB.00165-09
https://doi.org/10.1111/apha.12948
https://doi.org/10.1111/apha.12948
https://doi.org/10.1007/s00421-011-2167-x
https://doi.org/10.1111/j.1469-7793.1998.481be.x
https://doi.org/10.1113/jphysiol.2008.159830
https://doi.org/10.14814/phy2.12893
https://doi.org/10.1016/j.jsams.2012.08.009
https://doi.org/10.1016/j.jsams.2012.08.009
https://doi.org/10.1007/s00223-014-9925-9
https://doi.org/10.1242/dev.068858
https://doi.org/10.1002/mus.23884
https://doi.org/10.1126/science.aaa0355
https://doi.org/10.1038/s41586-018-0444-0
https://doi.org/10.1113/jphysiol.2005.093690
https://doi.org/10.1152/ajpendo.00387.2004
https://doi.org/10.1152/ajpendo.00387.2004
https://doi.org/10.1136/bjsports-2017-097608


102. Mounier R, Lantier L, Leclerc J, Sotiropoulos A, Pende M, Daegelen
D, Sakamoto K, Foretz M, Viollet B. Important role for AMPKalpha1
in limiting skeletal muscle cell hypertrophy. FASEB J 23: 2264–2273,
2009. doi:10.1096/fj.08-119057.

103. Murach KA, White SH, Wen Y, Ho A, Dupont-Versteegden EE,
McCarthy JJ, Peterson CA. Differential requirement for satellite cells
during overload-induced muscle hypertrophy in growing versus mature
mice. Skelet Muscle 7: 14, 2017. doi:10.1186/s13395-017-0132-z.

104. Nalbandian M, Takeda M. Lactate as a signaling molecule that regu-
lates exercise-induced adaptations. Biology (Basel) 5: E38, 2016. doi:10.
3390/biology5040038.

105. Nicklin P, Bergman P, Zhang B, Triantafellow E, Wang H, Nyfeler
B, Yang H, Hild M, Kung C, Wilson C, Myer VE, MacKeigan JP,
Porter JA, Wang YK, Cantley LC, Finan PM, Murphy LO. Bidirec-
tional transport of amino acids regulates mTOR and autophagy. Cell 136:
521–534, 2009. doi:10.1016/j.cell.2008.11.044.

106. Nishimura A, Sugita M, Kato K, Fukuda A, Sudo A, Uchida A.
Hypoxia increases muscle hypertrophy induced by resistance training. Int
J Sports Physiol Perform 5: 497–508, 2010. doi:10.1123/ijspp.5.4.497.

107. Noorkõiv M, Nosaka K, Blazevich AJ. Effects of isometric quadriceps
strength training at different muscle lengths on dynamic torque produc-
tion. J Sports Sci 33: 1952–1961, 2015. doi:10.1080/02640414.2015.
1020843.

108. Nosaka K, Clarkson PM. Changes in indicators of inflammation after
eccentric exercise of the elbow flexors. Med Sci Sports Exerc 28:
953–961, 1996. doi:10.1097/00005768-199608000-00003.

109. O’Neil TK, Duffy LR, Frey JW, Hornberger TA. The role of phos-
phoinositide 3-kinase and phosphatidic acid in the regulation of mTOR
following eccentric contractions. J Physiol 587: 3691–3701, 2009. doi:
10.1113/jphysiol.2009.173609.

110. Ohno Y, Oyama A, Kaneko H, Egawa T, Yokoyama S, Sugiura T,
Ohira Y, Yoshioka T, Goto K. Lactate increases myotube diameter via
activation of MEK/ERK pathway in C2C12 cells. Acta Physiol (Oxf)
223: e13042, 2018. doi:10.1111/apha.13042.

111. Oishi Y, Tsukamoto H, Yokokawa T, Hirotsu K, Shimazu M, Uchida
K, Tomi H, Higashida K, Iwanaka N, Hashimoto T. Mixed lactate and
caffeine compound increases satellite cell activity and anabolic signals
for muscle hypertrophy. J Appl Physiol (1985) 118: 742–749, 2015.
doi:10.1152/japplphysiol.00054.2014.

112. Ozanne DM, Brady ME, Cook S, Gaughan L, Neal DE, Robson CN.
Androgen receptor nuclear translocation is facilitated by the f-actin
cross-linking protein filamin. Mol Endocrinol 14: 1618–1626, 2000.
doi:10.1210/mend.14.10.0541.

113. Palmisano MG, Bremner SN, Hornberger TA, Meyer GA, Domen-
ighetti AA, Shah SB, Kiss B, Kellermayer M, Ryan AF, Lieber RL.
Skeletal muscle intermediate filaments form a stress-transmitting and
stress-signaling network. J Cell Sci 128: 219–224, 2015. doi:10.1242/
jcs.142463.

114. Paulsen G, Cumming KT, Holden G, Hallén J, Rønnestad BR, Sveen
O, Skaug A, Paur I, Bastani NE, Østgaard HN, Buer C, Midttun M,
Freuchen F, Wiig H, Ulseth ET, Garthe I, Blomhoff R, Benestad HB,
Raastad T. Vitamin C and E supplementation hampers cellular adapta-
tion to endurance training in humans: a double-blind, randomised, con-
trolled trial. J Physiol 592: 1887–1901, 2014. doi:10.1113/jphysiol.2013.
267419.

115. Paulsen G, Mikkelsen UR, Raastad T, Peake JM. Leucocytes, cyto-
kines and satellite cells: what role do they play in muscle damage and
regeneration following eccentric exercise? Exerc Immunol Rev 18: 42–
97, 2012.

116. Peake JM, Neubauer O, Della Gatta PA, Nosaka K. Muscle damage
and inflammation during recovery from exercise. J Appl Physiol (1985)
122: 559–570, 2017. doi:10.1152/japplphysiol.00971.2016.

117. Pereira MG, Dyar KA, Nogara L, Solagna F, Marabita M, Baraldo
M, Chemello F, Germinario E, Romanello V, Nolte H, Blaauw B.
Comparative analysis of muscle hypertrophy models reveals divergent
gene transcription profiles and points to translational regulation of muscle
growth through increased mTOR signaling. Front Physiol 8: 968, 2017.
doi:10.3389/fphys.2017.00968.

118. Petrella JK, Kim JS, Mayhew DL, Cross JM, Bamman MM. Potent
myofiber hypertrophy during resistance training in humans is associated
with satellite cell-mediated myonuclear addition: a cluster analysis. J
Appl Physiol (1985) 104: 1736–1742, 2008. doi:10.1152/japplphysiol.
01215.2007.

119. Phillips SM, Tipton KD, Aarsland A, Wolf SE, Wolfe RR. Mixed
muscle protein synthesis and breakdown after resistance exercise in
humans. Am J Physiol Endocrinol Metab Physiol 273: E99–E107, 1997.
doi:10.1152/ajpendo.1997.273.1.E99.

120. Piazzesi G, Reconditi M, Linari M, Lucii L, Bianco P, Brunello E,
Decostre V, Stewart A, Gore DB, Irving TC, Irving M, Lombardi V.
Skeletal muscle performance determined by modulation of number of
myosin motors rather than motor force or stroke size. Cell 131: 784–795,
2007. doi:10.1016/j.cell.2007.09.045.

121. Potts GK, McNally RM, Blanco R, You J-S, Hebert AS, Westphall
MS, Coon JJ, Hornberger TA. A map of the phosphoproteomic
alterations that occur after a bout of maximal-intensity contractions. J
Physiol 595: 5209–5226, 2017. doi:10.1113/JP273904.

122. Psatha M, Wu Z, Gammie FM, Ratkevicius A, Wackerhage H, Lee
JH, Redpath TW, Gilbert FJ, Ashcroft GP, Meakin JR, Aspden RM.
A longitudinal MRI study of muscle atrophy during lower leg immobi-
lization following ankle fracture. J Magn Reson Imaging 35: 686–695,
2012. doi:10.1002/jmri.22864.

123. Psychogios N, Hau DD, Peng J, Guo AC, Mandal R, Bouatra S,
Sinelnikov I, Krishnamurthy R, Eisner R, Gautam B, Young N, Xia
J, Knox C, Dong E, Huang P, Hollander Z, Pedersen TL, Smith SR,
Bamforth F, Greiner R, McManus B, Newman JW, Goodfriend T,
Wishart DS. The human serum metabolome. PLoS One 6: e16957, 2011.
doi:10.1371/journal.pone.0016957.

124. Puchner EM, Alexandrovich A, Kho AL, Hensen U, Schäfer LV,
Brandmeier B, Gräter F, Grubmüller H, Gaub HE, Gautel M.
Mechanoenzymatics of titin kinase. Proc Natl Acad Sci USA 105:
13385–13390, 2008. [Erratum in: Proc Natl Acad Sci USA 105: 21045,
2008. 10.1073/pnas.0810209105] doi:10.1073/pnas.0805034105.

125. Radak Z, Zhao Z, Koltai E, Ohno H, Atalay M. Oxygen consumption
and usage during physical exercise: the balance between oxidative stress
and ROS-dependent adaptive signaling. Antioxid Redox Signal 18: 1208–
1246, 2013. doi:10.1089/ars.2011.4498.

126. Ralston E, Lu Z, Biscocho N, Soumaka E, Mavroidis M, Prats C,
Lømo T, Capetanaki Y, Ploug T. Blood vessels and desmin control the
positioning of nuclei in skeletal muscle fibers. J Cell Physiol 209:
874–882, 2006. doi:10.1002/jcp.20780.

127. Rindom E, Vissing K. Mechanosensitive molecular networks involved
in transducing resistance exercise-signals into muscle protein accretion.
Front Physiol 7: 547, 2016. doi:10.3389/fphys.2016.00547.

128. Rognoni L, Stigler J, Pelz B, Ylänne J, Rief M. Dynamic force sensing
of filamin revealed in single-molecule experiments. Proc Natl Acad Sci
USA 109: 19679–19684, 2012. doi:10.1073/pnas.1211274109.

129. Romero P, Wagg J, Green ML, Kaiser D, Krummenacker M, Karp
PD. Computational prediction of human metabolic pathways from the
complete human genome. Genome Biol 6: R2, 2004. doi:10.1186/gb-
2004-6-1-r2.

130. Savarese M, Sarparanta J, Vihola A, Udd B, Hackman P. Increasing
Role of Titin Mutations in Neuromuscular Disorders. J Neuromuscul Dis
3: 293–308, 2016. doi:10.3233/JND-160158.

131. Scharner J, Zammit PS. The muscle satellite cell at 50: the formative
years. Skelet Muscle 1: 28, 2011. doi:10.1186/2044-5040-1-28.

132. Schoenfeld BJ. Does exercise-induced muscle damage play a role in
skeletal muscle hypertrophy? J Strength Cond Res 26: 1441–1453, 2012.
doi:10.1519/JSC.0b013e31824f207e.

133. Schoenfeld BJ. Potential mechanisms for a role of metabolic stress in
hypertrophic adaptations to resistance training. Sports Med 43: 179–194,
2013. doi:10.1007/s40279-013-0017-1.

134. Schoenfeld BJ, Contreras B. The muscle pump: potential mechanisms
and applications for enhancing hypertrophic adaptation. Strength Condit
J 36: 5, 2014.

135. Schoenfeld BJ, Grgic J, Ogborn D, Krieger JW. Strength and hyper-
trophy adaptations between low- vs. high-load resistance training: a
systematic review and meta-analysis. J Strength Cond Res 31: 3508–
3523, 2017. doi:10.1519/JSC.0000000000002200.

136. Schoenfeld BJ, Ogborn DI, Vigotsky AD, Franchi MV, Krieger JW.
Hypertrophic effects of concentric vs. eccentric muscle actions: a sys-
tematic review and meta-analysis. J Strength Cond Res 31: 2599–2608,
2017. doi:10.1519/JSC.0000000000001983.

137. Selcen D. Myofibrillar myopathies. Neuromuscul Disord 21: 161–171,
2011. doi:10.1016/j.nmd.2010.12.007.

138. Serrano AL, Baeza-Raja B, Perdiguero E, Jardí M, Muñoz-Cánoves
P. Interleukin-6 is an essential regulator of satellite cell-mediated skeletal

42 HYPERTROPHY STIMULI AND SENSORS

J Appl Physiol • doi:10.1152/japplphysiol.00685.2018 • www.jappl.org
Downloaded from www.physiology.org/journal/jappl at Deakin Univ (128.184.188.010) on February 11, 2019.

https://doi.org/10.1096/fj.08-119057
https://doi.org/10.1186/s13395-017-0132-z
https://doi.org/10.3390/biology5040038
https://doi.org/10.3390/biology5040038
https://doi.org/10.1016/j.cell.2008.11.044
https://doi.org/10.1123/ijspp.5.4.497
https://doi.org/10.1080/02640414.2015.1020843
https://doi.org/10.1080/02640414.2015.1020843
https://doi.org/10.1097/00005768-199608000-00003
https://doi.org/10.1113/jphysiol.2009.173609
https://doi.org/10.1111/apha.13042
https://doi.org/10.1152/japplphysiol.00054.2014
https://doi.org/10.1210/mend.14.10.0541
https://doi.org/10.1242/jcs.142463
https://doi.org/10.1242/jcs.142463
https://doi.org/10.1113/jphysiol.2013.267419
https://doi.org/10.1113/jphysiol.2013.267419
https://doi.org/10.1152/japplphysiol.00971.2016
https://doi.org/10.3389/fphys.2017.00968
https://doi.org/10.1152/japplphysiol.01215.2007
https://doi.org/10.1152/japplphysiol.01215.2007
https://doi.org/10.1152/ajpendo.1997.273.1.E99
https://doi.org/10.1016/j.cell.2007.09.045
https://doi.org/10.1113/JP273904
https://doi.org/10.1002/jmri.22864
https://doi.org/10.1371/journal.pone.0016957
https://doi.org/10.1073/pnas.0805034105
https://doi.org/10.1089/ars.2011.4498
https://doi.org/10.1002/jcp.20780
https://doi.org/10.3389/fphys.2016.00547
https://doi.org/10.1073/pnas.1211274109
https://doi.org/10.1186/gb-2004-6-1-r2
https://doi.org/10.1186/gb-2004-6-1-r2
https://doi.org/10.3233/JND-160158
https://doi.org/10.1186/2044-5040-1-28
https://doi.org/10.1519/JSC.0b013e31824f207e
https://doi.org/10.1007/s40279-013-0017-1
https://doi.org/10.1519/JSC.0000000000002200
https://doi.org/10.1519/JSC.0000000000001983
https://doi.org/10.1016/j.nmd.2010.12.007


muscle hypertrophy. Cell Metab 7: 33–44, 2008. doi:10.1016/j.cmet.
2007.11.011.

139. Shad BJ, Smeuninx B, Atherton PJ, Breen L. The mechanistic and
ergogenic effects of phosphatidic acid in skeletal muscle. Appl Physiol
Nutr Metab 40: 1233–1241, 2015. doi:10.1139/apnm-2015-0350.

140. Spangenburg EE, McBride TA. Inhibition of stretch-activated channels
during eccentric muscle contraction attenuates p70S6K activation. J Appl
Physiol (1985) 100: 129–135, 2006. doi:10.1152/japplphysiol.00619.
2005.

141. Street SF. Lateral transmission of tension in frog myofibers: a myofi-
brillar network and transverse cytoskeletal connections are possible
transmitters. J Cell Physiol 114: 346–364, 1983. doi:10.1002/jcp.
1041140314.

142. Sudol M, Chen HI, Bougeret C, Einbond A, Bork P. Characterization
of a novel protein-binding module–the WW domain. FEBS Lett 369:
67–71, 1995. doi:10.1016/0014-5793(95)00550-S.

143. Suga T, Okita K, Morita N, Yokota T, Hirabayashi K, Horiuchi M,
Takada S, Takahashi T, Omokawa M, Kinugawa S, Tsutsui H.
Intramuscular metabolism during low-intensity resistance exercise with
blood flow restriction. J Appl Physiol (1985) 106: 1119–1124, 2009.
doi:10.1152/japplphysiol.90368.2008.

144. Suga T, Okita K, Takada S, Omokawa M, Kadoguchi T, Yokota T,
Hirabayashi K, Takahashi M, Morita N, Horiuchi M, Kinugawa S,
Tsutsui H. Effect of multiple set on intramuscular metabolic stress
during low-intensity resistance exercise with blood flow restriction. Eur
J Appl Physiol 112: 3915–3920, 2012. doi:10.1007/s00421-012-2377-x.

145. Sun Z, Guo SS, Fässler R. Integrin-mediated mechanotransduction. J
Cell Biol 215: 445–456, 2016. doi:10.1083/jcb.201609037.

146. Takarada Y, Takazawa H, Ishii N. Applications of vascular occlusion
diminish disuse atrophy of knee extensor muscles. Med Sci Sports Exerc
32: 2035–2039, 2000. doi:10.1097/00005768-200012000-00011.

147. Tatsumi R. Mechano-biology of skeletal muscle hypertrophy and regen-
eration: possible mechanism of stretch-induced activation of resident
myogenic stem cells. Anim Sci J 81: 11–20, 2010. doi:10.1111/j.1740-
0929.2009.00712.x.

148. Tesch PA, Colliander EB, Kaiser P. Muscle metabolism during intense,
heavy-resistance exercise. Eur J Appl Physiol Occup Physiol 55: 362–
366, 1986. doi:10.1007/BF00422734.

149. Tipton KD, Hamilton DL, Gallagher IJ. Assessing the role of muscle
protein breakdown in response to nutrition and exercise in humans.
Sports Med 48, Suppl 1: 53–64, 2018. doi:10.1007/s40279-017-0845-5.

150. Trappe S, Harber M, Creer A, Gallagher P, Slivka D, Minchev K,
Whitsett D. Single muscle fiber adaptations with marathon training. J
Appl Physiol (1985) 101: 721–727, 2006. doi:10.1152/japplphysiol.
01595.2005.

151. Tumaneng K, Schlegelmilch K, Russell RC, Yimlamai D, Basnet H,
Mahadevan N, Fitamant J, Bardeesy N, Camargo FD, Guan KL.
YAP mediates crosstalk between the Hippo and PI(3)K-TOR pathways
by suppressing PTEN via miR-29. Nat Cell Biol 14: 1322–1329, 2012.
doi:10.1038/ncb2615.

152. Ulbricht A, Eppler FJ, Tapia VE, van der Ven PF, Hampe N, Hersch
N, Vakeel P, Stadel D, Haas A, Saftig P, Behrends C, Fürst DO,
Volkmer R, Hoffmann B, Kolanus W, Höhfeld J. Cellular mechano-
transduction relies on tension-induced and chaperone-assisted autophagy.
Curr Biol 23: 430–435, 2013. doi:10.1016/j.cub.2013.01.064.

153. Ulbricht A, Gehlert S, Leciejewski B, Schiffer T, Bloch W, Höhfeld
J. Induction and adaptation of chaperone-assisted selective autophagy
CASA in response to resistance exercise in human skeletal muscle.
Autophagy 11: 538–546, 2015. doi:10.1080/15548627.2015.1017186.

154. Ulbricht A, Höhfeld J. Tension-induced autophagy: may the chaperone
be with you. Autophagy 9: 920–922, 2013. doi:10.4161/auto.24213.

155. Verbrugge SAJ, Schönfelder M, Becker L, Yaghoob Nezhad F,
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