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Abstract

The plasticity of skeletal muscle, whether an increase in size, change in metabolism, or alteration in structural properties,
is in a continuous state of flux largely dependent upon physical activity. Much of the past research has expounded upon
these ever-changing aspects of the muscle fiber following exercise. Specifically, endocrine and paracrine signaling have
been heavily investigated lending to much of the past literature comprised of such endocrinological dynamics following
muscle activity. Mechanotransduction, the ability of a cell to convert a mechanical stimulus into an intracellular biochemi-
cal response, has garnered much less attention. Recent work, however, has demonstrated the physical continuity of the
muscle fiber, specifically demonstrating a continuous physical link between the extracellular matrix (ECM), cytoskeleton,
and nuclear matrix as a means to rapidly regulate gene expression following a mechanical stimulus. Similarly, research has
shown mechanical stimuli to directly influence cytoplasmic signaling whether through oxidative adaptations, increased mus-
cle size, or enhanced muscle integrity. Regrettably, minimal research has investigated the role that exercise may play within
the mechanotransducing signaling cascades. This proposed line of study may prove paramount as muscle-related diseases
greatly impact one’s ability to lead an independent lifestyle along with contributing a substantial burden upon the economy.
Thus, this review explores both biophysical and biochemical mechanotransduction, and how these signaling pathways may
be influenced following exercise.
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investigations geared toward muscle biology, and exercise in
particular, has largely been lacking in the mechanobiology

Mechanotransduction: a brief history

Mechanotransduction is the ability of a cell to sense and
respond to a mechanical stimulus and convert this stimulus
into an intracellular biochemical response (Ingber 2006).
Interest in this area has increased in recent years. However,
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field. Rather, much of the skeletal muscle changes following
exercise have most notably been directed toward circulating
growth factors, such as testosterone, insulin, and growth hor-
mone, and their role upon the intracellular anabolic environ-
ment. Previous research has questioned the relative necessity
of these endocrinological changes upon anabolism following
exercise (West et al. 2010). In short, it has been proposed
that the acute and chronic changes in muscle fiber character-
istics are due to intrinsic mechanically sensitive properties
of the muscle fiber with circulating growth factors playing
an indispensable role. With this in mind, this review will
cover the key mechanotransducing pathways within the mus-
cle fiber and their likely role following a given mechanical
stimulus such as exercise.

Albert Goldberg pioneered much of the seminal research
exploring the possible intrinsic capacity of skeletal muscle
to sense a mechanical stimulus and respond in lieu of many
of the respected circulating growth factors. In the 1960s,
Goldberg used hypophysectomized rats (those having
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surgically removed pituitary glands as a means to reduce
circulating pituitary-specific growth factors such as insulin)
and then implemented a synergist ablation (SA) model (the
removal of the gastrocnemius as to overload the plantaris
and induce muscle growth) (Goldberg 1968). The results
of Goldberg’s work showed that, within 24 h, and reaching
maximum at 5 days, the soleus of the hypophysectomized
rats hypertrophied by ~40% which was similar to their non-
hypophysectomized counterparts. These results, while not
definitive, showed that skeletal muscle likely possesses
intrinsic sensors (outside of circulating growth factors) to
sense and convert mechanical stimuli into a functional intra-
cellular response. Goldberg further demonstrated the abil-
ity of skeletal muscle to uniquely respond to the degree of
mechanical tension placed on the muscle and subsequently
hypertrophy dependent upon overload (Goldberg et al.
1975). This was found even in states of attempted muscle
wasting (such as fasting). Moreover, cast immobilization
studies, such as that of Booth (1977), found that immobiliz-
ing a muscle in a lengthened (stretched) position rather than
a shortened (slack) position results in reduced atrophy and
in some cases elevated hypertrophy. These early findings
demonstrate a profound aptitude of the skeletal muscle to
respond to a mechanical stimulus.

With this said, what is lacking within the literature is
a comprehensive review concerning the exercise-induced
biophysical and biochemical mechanosensors which regu-
late protein synthesis following acute and chronic exercise.
Biophysical mechanotransduction denotes the direct force
transmission through the cell to influence gene expression
in a matter of seconds via intracellular structural reorien-
tation. Biochemical mechanotransduction denotes the less
rapid increase in cytosolic signaling proteins, such as the
anabolic mechanistic target of rapamycin complex one
(mTORC1), following mechanical stimulation as to influ-
ence gene expression. Thus, the goal of this review is to
extensively summarize and question the ever-increasing
field of mechanobiology and how this unique, and yet ever-
prevalent, field may be the underlying signaling apparatus
within the skeletal muscle fiber.

Muscle fiber protein synthesis

Much of intracellular metabolism can be partitioned into
two metabolic processes, namely protein degradation termed
catabolism and protein synthesis termed anabolism. There
are two primary signaling proteins which lie at the center of
both catabolism and anabolism signaling; specifically, AMP-
Activated Protein Kinase (AMPK) and mTORCI, respec-
tively, with AMPK both directly and indirectly inhibiting
mTORCI activity (Garcia et al. 2017). Concerning exer-
cise, much is still being delineated between these signaling
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hubs, such as can both be elevated simultaneously? Can
an increase in muscle mass occur with heightened levels
of AMPK (Lundberg et al. 2014)? Is mTORCI activity
required for protein synthesis and subsequent hypertrophy?
To answer these questions, the mechanisms behind their
intracellular dynamics must first be understood and will
briefly be discussed below.

Protein synthesis can be driven through a number of dis-
tinct intracellular signaling cascades, all of which uniquely
influence protein synthesis. Many of these signals ulti-
mately merge as to increase mMTORC1 (Saxton et al. 2017).
mTORCI has been coined as the protein synthesis master
regulator of the body. A myriad of upstream effectors have
been identified to regulate its activity state such as an influx
of amino acids, circulating growth factors, intracellular
energy status (AMP/ATP ratio), and mechanical stimuli
(Sabatini 2017; Saxton et al. 2017). Following one, or a
combination of these inputs, mTORC1’s activity state is
increased, and elevated protein synthesis ensues.

mTORCI can activate its anabolic effects through the
phosphorylation of two primary mechanisms, phosphoryla-
tion of p70S6 kinase 1 (p70S6K) and the eIF4E-binding
protein (4E-BP1) (Laplante et al. 2009) which result in
increased activity of translation initiation (protein synthe-
sis). P70S6K, upon direct phosphorylation from mTORCI,
can phosphorylate eIlF4B which is considered to be a posi-
tive regulator of the 5'-cap binding eIF4F complex (Saxton
et al. 2017). The majority of proteins necessary for protein
synthesis consist of 5" TOP complex mRNA sequences thus
necessitating p70S6K activity for efficient protein synthesis.
Moreover, 4E-BP1 plays an important role in protein synthe-
sis via inhibition of the eIF4F complex through its colocali-
zation with eIF4E. Upon 4E-BP1 phosphorylation, 4E-BP1
disassociates from eIF4E permitting the initiation complex
to form and translation of the mRNA to take place. Thus, an
increase in mMTORC1 activity is necessary for proper trans-
lation initiation and protein synthesis. Outside of driving
translation initiation, mMTORC]1 has shown to influence ribo-
some biogenesis ultimately influencing translational capac-
ity. However, this will not be described here and the reader
is recommended to other reviews on the topic (Mayer et al.
2006; Jastrzebski et al. 2007).

Key mechanotransducing pathways

The skeletal muscle membrane is a mechanically sensitive
structure that houses multiple mechanotransducing proteins
and complexes; specifically, the G-coupled protein recep-
tors (GPCRs), the dystrophin-associated glycoprotein com-
plex (DAG), and the alpha7 betal (a7p1) integrin. These
structures span the cellular membrane physically connecting
the outside of the cell (extracellular matrix) to the inside of
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the cell (cytoskeleton), allowing force transmission to take
place in both an inside-out and outside-in manner (Qin et al.
2004). These protein complexes are preferentially localized
at “protein islands” and costameres (Lillemeier et al. 2006).
Protein islands are key hubs through which signals are trans-
duced from the extracellular environment to the intracellular
space allowing for rapid force transmission and signaling
efficiency. The integrin has been characterized as a highly
active transmitter of the above-mentioned forces and will be
discussed below.

Integrins are a family of heterodimeric proteins consist-
ing of 18 alpha and 8 beta subunits, dependent upon cell
type, totaling 28 possible combinations (Legate et al. 2009).
The mature skeletal muscle is primarily comprised of the
a7p1 isoform. Within skeletal muscle, these proteins are
positioned at the costamere, myotendinous junction, and
neuromuscular junction. The transmembrane nature of the
integrin allows it to physically connect the extracellular
matrix (ECM) to the actin-cytoskeleton allowing for force
transmission and intracellular biochemical signal regula-
tion. In the integrin’s resting state, such as during periods
of minimal muscle activity, the extracellular head sits in a
bent conformation blocking its interaction with extracellular
ligands. Upon a stimulus such as exercise, the extracellular
head swings straight, the two integrin subunits separate, and
extracellular protein binding and cellular force propagation
ensue (Schwartz 2010).

The Boppart Lab has conducted much of the research
concerning o7f1 integrin dynamics following exercise.
Most notably, their group has shown that following a bout
of eccentric exercise, mice overexpressing the a7f1 inte-
grin have significantly greater anabolic signaling, such as
mTORC1, compared to their wild-type counterparts (Lued-
ers et al. 2011). Moreover, Burkin investigated muscle integ-
rity and regenerative properties in mice which overexpressed
the o7P1 integrin and, similar to that mentioned above, they
observed elevated hypertrophic signaling with a concomi-
tant increase in satellite cell content and improved muscle
membrane integrity (Boppart et al. 2006).

Due to its sensitivity to mechanical perturbation, it has
been proposed that high levels of mechanical tension are
required for the integrin to become active. However, we have
preliminary data to suggest otherwise. We found integrin
phosphorylation to increase to a similar degree in a fatigued
arm (aerobic exercise preceding resistance exercise) which
produced a marked decrease in power when compared to
the non-fatigued arm (resistance exercise only). Interest-
ingly though, the integrin was not recruited following a low-
intensity stimulus (aerobic exercise) which suggests a certain
exercise-intensity threshold for integrin recruitment. Taken
together, while power output was decreased in the experi-
mental arm, it would appear that maximal muscle activity
is not required for an increase in integrin phosphorylation.

This is an important finding as a number of populations,
such as in-season athletes, do not frequently take part in
high-intensity weight-room training sessions in which maxi-
mal muscle activity is performed. Collectively, here we pro-
pose that similar muscle fiber structural adaptations can be
achieved even with a sharp decrease in total muscle output.
Further research is necessary to expand upon these findings.

Phosphatidic acid

As mentioned above, transmembrane proteins such as the
o7p1 integrin are comprised of a number of signaling char-
acteristics which are enhanced through both increased phos-
phorylation and total quantity following mechanical stim-
ulation. However, the prevalence of integrin signaling on
protein synthesis, compared to its role as a force transmitter,
has been scrutinized. While past investigations utilizing the
mouse model reported a correlation between integrin activ-
ity and intracellular anabolism (Zou et al. 2011), recent work
within our lab did not find anabolic signaling to increase in
parallel with integrin phosphorylation. While differences in
exercise interventions between the two studies may partly
explain these discrepancies, it is speculated here that, at least
within humans, there are likely other factors with greater
prevalence concerning anabolic mechanotransducing mecha-
nisms within the skeletal muscle; one such mechanism being
the dynamic signaling molecule phosphatidic acid.

Phosphatidic acid (PA) is a lipid second messenger
which is found within a number of cellular locations. PA
plays a direct role in the activation of mTORC1, most
notably through its binding to the rapamycin-sensitive
FKBP12-rapamycin-binding (FRB) domain located upon
mTORC1 (Joy et al. 2014). Increased phospholipase D1
(PLD1), the enzyme which catalyzes the conversion of phos-
phatidylcholine to PA, increases mTORCI1 activity (Horn-
berger et al. 2006). In skeletal muscle, PLD1 is found to
reside upon the z-disc of the sarcomere, rendering it suscep-
tible to muscle activity. However, more recent investigations
within the Hornberger Lab have shed doubt on the absolute
necessity of PLD1 on PA signaling. You et al. (2014) found
that the enzyme diacylglycerol kinase zeta (DGKY) is the
primary activator of PA increasing mTORCI. This was pro-
posed due to DGKU’s interaction with the late-endosomal
lysosome (LEL). mTORCI is also found to reside at the
LEL. Thus, following an increase in muscle activity, the
enzymatic activity of DGKC to form PA is in close prox-
imity to mMTORCI1 increasing likelihood for interaction and
anabolism.

Thus, how might exercise influence DGKC activity as to
increase PA production and subsequent protein synthesis?
A study by Thalacker-Mercer et al. (2013) investigated the
pre-training levels of the skeletal muscle transcriptome.
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In short, the transcriptome is the genome-wide expres-
sion and activity of transcription factors—proteins which
regulate gene expression. Interestingly, this study found
that individuals who responded the most to heavy resist-
ance exercise, categorized as “extreme responders”, had
the greatest pre-training levels of DGKC. This denotes
the likelihood of these subjects being primed and ready
to increase PA levels following muscle activity. Moreo-
ver, this study implemented what would be considered a
high-intensity resistance exercise protocol (~75% 1RM)
(Bamman et al. 2007). It may then be reasoned that a large
mechanical stimulus is necessary for increased DGKC
activity compared to low-intensity exercise. While this
does not give a cause-and-effect relationship, it does fur-
ther promote the likelihood of DGK{ working as an ana-
bolic signaling factor following exercise.

Last, and what may be the least investigated area con-
cerning PA, is the effect that increased localization of PA
at the outer-membrane of the mitochondria has on mito-
chondrial dynamics. It has been suggested that mitochon-
dria are stagnant organelles, though it is now well accepted
that mitochondria are highly dynamic and break apart or
come together through a process called fission or fusion,
respectively. Following exercise, mitochondrial fusion
has been demonstrated to take place (Fealy et al. 2014).
However, the process through which mitochondrial fusion
and fission occur remains unclear. Adachi et al. (2016)
demonstrated that an increase in mitochondrial-PLD, and
thus PA, increased mitochondrial fusion through seques-
tration of the mitochondrial fission protein dynamin-
related protein 1 (Drpl). PLD can be localized at the outer
mitochondrial membrane and may be one of the primary
mechanisms through which PA is increased at the mito-
chondria subsequently initiating mitochondrial fusion. As
mentioned above, PLD is also found at the z-disc of the
sarcomere lending it susceptible to mechanical activity and
PA production. It is thus likely that, upon exercise which
stimulates the z-disc and subsequent activity of PLD, PA
is produced and translocates to the mitochondria initiat-
ing mitochondrial fusion and improved mitochondrial
function.

How then might the style of exercise, specifically low-
intensity and high-intensity exercise, differentially influence
DGKC dynamics ultimately altering the PA—-mTORCI rela-
tionship? Similarly, how might the PA enzymatically cata-
lyzed by PLD regulate mitochondrial fusion as to influence
intracellular oxidative adaptations? It may be reasoned from
the Thalacker-Mercer findings that relatively heavy resist-
ance exercise is necessary for PA-mTORCI1 signaling axis
to take place; however, endurance exercise has also been
demonstrated to drive mTORCI1 signaling (Kazior et al.
2016). It is clear that phosphatidic acid dynamics is a field
requiring further research.
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MAPK’s

Mitogen-activated protein kinases (MAPK) are a group
of protein signaling molecules that respond to diverse
extracellular stimuli. Of the numerous proteins studied in
the MAPK pathway, the three most studied proteins are
extracellular signal-regulated kinases 1 and 2 (ERK1/2),
c-jun N-terminal kinase (JNK) and p38-MAPK (p38)
(Long et al. 2004). All three kinases respond to circulating
growth factors, and mechanical (contraction) and meta-
bolic stresses. ERK1/2 is typically involved in regulat-
ing cell growth and proliferation (Wu et al. 2000; Haddad
and Adams 2004). JNK is highly mechanosensitive and
increases its activity in response to increasing mechanical
load and regulates proliferation, hypertrophy, and cellu-
lar death (apoptosis) (Martineau and Gardiner 2001; Tan
et al. 2009; Lessard et al. 2018). p38 is involved in satel-
lite cell activity, improving the metabolic properties, and
related to muscle phenotype of muscle tissue (Khurana
and Dey 2002; Hawley et al. 2014; Nicoll et al. 2017).
Together, MAPKSs integrate exercise-related stimuli into
biochemical transcriptional responses. This concept is
evident considering evidence showing the overexpres-
sion of ERK and p38 signaling is involved in promoting a
slow oxidative phenotype in skeletal muscle (reviewed by
Schiaffino et al. 2007). However, it does appear that the
nature of fiber-type transition is contingent of the ligand
or upstream extracellular stressor. For example, Murgia
and colleagues (2000) reported that continuatively active
Ras (upstream of ERK) increases the expression of a slow
muscle phenotype. However, Shi et al. (2008) reported that
activation of ERK2 signaling promoted an upregulation
of a fast-twitch fiber phenotype in mouse soleus. Thus,
considering these conflicting results, MAPK are involved
in modulating muscle fiber phenotype but the specific gene
program (fast or slow) may not just depend on the individ-
ual MAPK activated, (ERK or p38) but also the upstream
ligands and kinases that activate it.

To date, much of the literature has focused on the role
that the mTOR pathway contributes to hypertrophy and
exercise adaption (Spiering et al. 2008; Hawley et al.
2014). However, increasing evidence points to the integra-
tion of MAPK and mTOR signaling converging at several
points during transduction to coordinate transcriptional
responses (Martin et al. 2014; West et al. 2016). Resist-
ance exercise is a potent stimulator of MAPK; however,
it appears a minimum threshold of volume or intensity
is necessary to activate ERK1/2 and p38 (Burd et al.
2010; Holm et al. 2010). JNK is the most mechanosensi-
tive MAPK and activation of this protein increases with
increasing eccentric resistance exercise loads, even with
equalized time under tension (Gehlert et al. 2015). Recent
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evidence suggests JNK is the “molecular switch” that
regulates muscle fiber hypertrophy or atrophy in response
to resistance exercise or endurance exercise, respectively
(Lessard et al. 2018). This corroborates evidence show-
ing JNK’s integration on mTOR and p70S6K signaling
responses to contraction in humans (Gehlert et al. 2015)
and growth factors in murine models (Martin et al. 2014).
The activation of ERK may play a supporting role in
resistance exercise muscle adaptions by supporting the
maintenance of muscle mass via insulin-like growth-fac-
tor I (IGF-1)-mediated mechanisms and increases in ribo-
some biogenesis (Haddad and Adams 2004; Figueiredo
et al. 2015). Short-term resistance training can increase the
total expression of ERK, while highly-trained, elite pow-
erlifters and weightlifters have a lower total ERK expres-
sion compared to untrained controls (Galpin et al. 2016).
Stressful resistance exercise with insufficient recovery may
shift skeletal muscle to an inflammatory/apoptotic state
at rest (Nicoll et al. 2016). The activation of ERK and
p38 appears to depend on the exercise stimulus as high-
volume, moderate-load resistance exercise causes differen-
tial activation of ERK1/2 and p38 compared to high-load,
low-volume exercise (Burd et al. 2010; Holm et al. 2010;
Hulmi et al. 2012). There is a paucity of data that directly
investigate the role MAPK contributes to chronic exercise
adaptations in humans. Despite their known role in regu-
lating mechanotransductive signals, more research is war-
ranted to fully elucidate their role in resistance exercise-
induced adaptations in human skeletal muscle.

Stretch-activated channels

While the muscle fiber membrane houses structural pro-
teins such as the a7P1 integrin, it also contains ion chan-
nels which become active following mechanical stimulation.
These channels, termed stretch-activated channels (SAC),
span the membrane and alter their conformation upon mus-
cle contraction. This change in conformation decreases the
membrane resting potential allowing for an influx of cal-
cium. Spangenburg and McBride (2006) found that, upon
myofiber SAC inhibition and mechanical stimulation,
downstream anabolic signaling proteins, such as p70s6k,
were decreased. Moreover, McBride et al. (2000) showed
that the inhibition of SACs decreased total muscle growth.
These studies demonstrate SAC as a mechanotransducer and
its necessity in the anabolic response following exercise.
However, an area poorly understood is the manner through
which the SAC communicates to drive this anabolic signal-
ing cascade.

There are three primary pathways through which SACs
have been proposed to drive their anabolic effect, namely
cytoskeletal remodeling, calmodulin/calcineurin interaction,

and elevated heat shock protein 70 (HSP70) (Stiber et al.
2009; Stary and Hogan 2016). The first two have been
reviewed at length and thus this section will focus on the
SAC-HSP70 connection. HSP70 is part of a family of heat
shock proteins which are termed chaperones due to their role
in protein shuttling and folding (Senf et al. 2013). Heat shock
proteins are often thought to require a rise in temperature,
termed heat stress, to increase their activity. However, Stary
et al. (2008) demonstrated the ability of heat shock proteins,
specifically HSP70, to respond to mechanical stimulation
in lieu of any change of temperature or circulating growth
compounds, rendering HSP70 as a mechanosensor. Elevated
HSP70 following muscle activity is largely influenced by the
transient cytosolic calcium concentrations (Stary and Hogan
2016), much of which may be attributed to the myofiber
SAC lending a likely link between the SAC and HSP70.

Similarly, HSP72 (a homologue of HSP70) was shown
to positively correlate with intracellular anabolism (Locke
2008). Here, Locke used a synergist ablation model to
induce an increase in muscle size and analyzed the tissue at
various time-points following surgery to determine HSP72
content. Interestingly, there was a steady increase in HSP72
which paralleled muscle growth throughout all time-points.
However, the HSP72-regulating transcription factor, heat
shock factor (HSF), was found only to increase on days one,
two, and three, with no expression found at later time-points.
It is speculated here that this HSF-independent increase of
HSP72 works through elevated cytosolic calcium signaling
via increased SAC activity and this increased HSP72 content
then activates NF-KB which is necessary for muscle growth
(Locke 2008). Thus, while calcium is often discussed pri-
marily in its ability to allow muscle contraction to take place
through its interaction with the cross-bridge cycle, here we
describe the absolute necessity of adequate SAC function
on subsequent calcium influx in the overall anabolic signal-
ing cascade brought about, in part, by mechanical stimuli
(Fig. 1).

Cellular microenvironment

Much of the literature concerning intracellular dynam-
ics has focused around that which occurs inside the cell.
However, it has been shown that the cellular microenvi-
ronment, such as the extracellular matrix (ECM), greatly
influences the cell phenotype. Indeed, Discher and Engler
(2006) elegantly demonstrated this through changing the
relative microenvironment stiffness [as measured by change
in kilopascals (kPa)] upon which stem cells were plated,
subsequently influencing the lineage that these undifferen-
tiated cells differentiated toward. For example, when these
cells were plated on substrates comprised of 1 kPa stiffness,
the cells took on the characteristics of neurons. When the

@ Springer



338

European Journal of Applied Physiology (2019) 119:333-349

ECM

Membrane

m\@
Ry

SMADZ
HSP70

Cytosol

mTORC1
Protein
Synthesis

Fig.1 Three prominent mechanotransducing pathways proposed to
increase following exercise. a Following resistance exercise, the mus-
cle-specific a7f1 integrin binds to the extracellular matrix, recruit-
ing focal adhesion kinase (FAK) to its cytoplasmic tail, inhibiting
tuberous sclerosis complexes 1 and 2 (TSC1/2) and activating PI3K/
AKT, both of which indirectly increase mTORC]1. Also shown is the
DGKC on the lysosome increasing PA activity which directly acti-
vates mMTORC1. mTORCI can then phosphorylate both 4E-BP1 and
p70s6k which then increases protein synthesis. b Increased intracel-
lular calcium content via conformation change of SAC’s following
exercise leading to increased HSP70 and NF-KB. Elevated calcium

stiffness was increased to 8—17 kPa, a similar stiffness to the
microenvironment of skeletal muscle, the stem cells took on
the characteristics of a myocyte. When the stem cells were
plated on substrates of even greater stiffness (25-40 kPa),
they took on an osteogenic lineage. Thus, the influence that
the microenvironment has upon cellular dynamics can-
not be understated. How then might exercise influence the
muscle fibers’ microenvironment ultimately altering their
phenotype?

The ECM is comprised of a conglomerate of proteins
of both structural and signaling characteristics alike. It pri-
marily consists of type I, III, and IV collagen proteins, the
latter of which is predominantly found within the basement
membrane of the muscle fiber. The ECM also consists of
proteoglycans, hyaluronan, fibronectin, elastin, and laminin
(Kjaer 2004). The ECM is found to house a number of cell
types such as fibroblasts, growth factors, cytokines, and the
muscle-specific stem cell called satellite cells, the latter of
which being found to reside between the muscle fiber sar-
colemma and the basal lamina (Gattazzo et al. 2014). The
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content increases JNK which inhibits SMAD?2 and phosphorylating
p70s6k. ¢ Rapid force transmission through the ECM through cos-
tameric proteins, along the cytoskeleton, ultimately influencing the
organelles with which it interacts—here showing the mitochondria
and nucleus. Upon increased cytoskeletal tension, YAP translocates
to the nucleus, binds with TEAD transcription factors, ultimately
increasing ribosome biogenesis mRNA transcripts. Also shown are
microtubule cytoskeletal structures initiating from the microtubule
organizing center (MTOC) influencing the mitochondria (You et al.
2014; Goodman et al. 2015; Pasqualini et al. 2016)

degradation and synthesis of properties within the ECM are
driven by the matrix metalloproteinases (MMP) and tissue
inhibitors of metalloproteinases (TIMP), respectively (Kjaer
2004).

Interestingly, while MMPs and TIMPs work in a manner
to alter the ECM tension state through regulating protein
content, they also influence growth factor signaling through
mechanotransduction. Specifically, mechanical stimulation
at the cellular membrane, such as that found with exercise,
can drive nitric oxide signaling. This in turn can activate
MMPs which untether hepatocyte growth factors (HGF)
from the ECM. HGF can then increase satellite cell activity
(Yamada et al. 2006). It is readily agreed upon that satellite
cells are required, or in the least beneficial, for hypertrophy
and is thus one mechanism by which MMP’s work to influ-
ence anabolism.

Mackey and colleagues (2004) have shown that an acute
maximal eccentric stimulus of the knee extensors led to a
significant ECM remodeling through a short-term increase
in TIMPs and MMPs along with a subsequent increase in
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collagen I'V. Moreover, Koskinen (2002) utilized an animal
model in which rats ran downbhill as to stimulate an eccentric
muscle action. These rats showed a unique temporal regula-
tion of ECM factors such as an increase in MMP-2 mRNA
both 4 and 7 days following the acute exercise, increased
TIMP-1 as early as 6 h following the exercise, and increased
collagen IV 7 days following the training intervention but
only in the fast twitch muscle fibers.

Taken collectively, the underlying question is how might
cells sense this change in their microenvironment? This
question is fundamental to the field of mechanobiology as
any external mechanical stimulus, such as that brought about
by exercise, must first be transmitted through the ECM, into
the muscle fiber, ultimately influencing gene expression. The
elderly are often found to have a fibrotic ECM comprised of
increased collagen deposition with minimal MMP activity
leading to an over-abundance of collagen content (Garg et al.
2016). Due to direct interaction of transmembrane proteins
with the ECM, such as the a7p1 integrin, intracellular sign-
aling cascades can be directly altered through ECM protein
turnover such as that brought about by aging or exercise.
This directly relates to the necessity of proper tissue quality
as to improve muscle force transmission and signaling. If
an individual is continuously exposing a given muscle to a
certain stressor, such as high-intensity exercise with minimal
recovery, it is likely that the ECM protein content will take
on a fibrotic-like environment. This will likely culminate
into altered intracellular signaling along with negatively
influencing muscle force transmission.

The skeletal muscle microenvironment has also been
shown to be a key factor influencing satellite cell dynamics
(Murach et al. 2018). The satellite cell is the skeletal muscle-
designated stem cell which is often found to reside in its
quiescent state (inactive) between the sarcolemma and basal
lamina. Following muscle activity, the satellite cell can leave
its quiescent state, proliferate (create more satellite cells),
differentiate (change phenotype), and insert itself into the
muscle fiber as to provide a means to increase transcriptional
dynamics via greater nuclear number. Interestingly, recent
research has shown mechanically sensitive properties of the
satellite cell (Gattazo et al. 2014). Moreover, Eftestol (2016)
showed the necessity of high load, compared to a low-load
stimulus, to induce myonuclear accretion. Regrettably, much
of the past literature in satellite cell mechanotransduction
has been focused on the effect that circulating compounds,
such as those secreted from the fibroblast or skeletal muscle
fiber, have on satellite cell dynamics. Thus, an area of much-
needed investigation is biophysical mechanosensation of the
satellite cell and how exercise, both low and high intensity,
may be propagated to its intracellular space as to regulate
gene expression. Specifically, similar to the skeletal muscle
fiber, might the satellite cell be able to transmit force from
transmembrane proteins, through the cytoskeleton, directly

to the nucleus as to modulate its activity in a matter of sec-
onds? Much is to be discovered in this fascinating area of
research.

While the state of the ECM is clearly important concern-
ing its ability to influence both biochemical and biophysical
mechanotransduction, this altered ECM environment must
first be sensed and transmitted intracellularly. This largely
takes place though “bridges” connecting the ECM to the
actin-cytoskeleton, termed costameres. Costameres are mus-
cle-specific focal adhesion complexes found at the muscle
membrane which are aligned in parallel with the sarcomeric
z-disc (Ervasti 2003). While these protein complexes work
dually as both chemical and mechanical integrators, its role
as a lateral force transmitter has been most intensely studied.

Upon muscle contraction and cross-bridge movement
within the sarcomere, the force generated must be transmit-
ted to the tendon as to initiate movement. This transmission
of force can take place in both lateral and longitudinal direc-
tions (Hughes et al. 2015). Longitudinal force transmission
runs the length of the muscle fiber from z-disc to z-disc
and to the tendon via the myotendinous junction to initiate
movement. Lateral force transmission runs the width of the
muscle fiber, in a central to peripheral manner, working from
the z-disc to the cytoskeleton, through the costamere, and
out to the ECM. It has been demonstrated that ~80% of the
force generated within a muscle fiber is transmitted laterally
(Ramaswamy et al. 2011). This finding raises a number of
questions, specifically, how might different modes of con-
traction, such as eccentric and concentric muscle actions,
regulate and possibly improve the efficiency of lateral force
transmission? This specific question will be discussed fur-
ther in following sections.

The cytoskeleton

Similar to the ECM, the cellular cytoskeleton is a dynamic
macrostructure analogous to a scaffolding system, consist-
ing of continuous protein flux largely influenced by internal
and external mechanical stimuli (Ingber 2006). Indeed, upon
muscle activity, cytoskeletal microtubules buckle and break,
intermediate and microfilaments shorten and lengthen, all of
which activate or deactivate a number of signaling cascades
which are freely moving within the cytosol or immobilized
upon the cytoskeleton (Chicurel et al. 1998).

The cytoskeletal’s effect upon cellular function can read-
ily be seen with the intermediate filament desmin. Desmin is
the most abundant intermediate filament within the skeletal
muscle physically connecting a number of organelles such
as the mitochondria, nucleus, and lysosome, along with the
costamere to the force-generating sarcomere (Milner et al.
2000; Shah et al. 2004). This being so, force transmitted
from the ECM, through the costamere, along the protein
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desmin, ultimately influences the structures/organelles
through which it interacts. While the nucleus will be of spe-
cific focus, cytoskeletal regulation of mitochondrial function
has been demonstrated through controlling mitochondrial
morphology. A comprehensive review can be found here
(Pasqualini et al. 2016).

Concerning the nucleus, it has been well appreciated
since the 1980s that there is a direct physical connection
from the muscle fiber membrane to the nucleus through the
integrin—cytoskeleton—nuclear matrix link (Ingber 2006).
This continuous link allows for force to propagate intracel-
lularly upon transmembrane protein stimulation, leading to
cytoskeletal tension, deformation of nuclear transmembrane
proteins, and ultimately influencing gene expression through
chromatin deformation. The ability of the force to propagate
from the cellular membrane to the nucleus has been wonder-
fully demonstrated by Tajik et al. (2016). Here they physi-
cally pulled on the transmembrane integrin with magnetic
tweezers and observed an increase in gene expression, all of
which took place within ~ 15 s. Moreover, the same group
showed that, upon pulling on the integrin, the protein Src
was phosphorylated on the opposite side of the cell within
300 ms (far faster than growth factor-induced signaling tak-
ing ~5-15 min) (Na et al. 2008).

Tajik’s demonstration of rapid force transmission leads
to a number of questions which may be applied to the field
of exercise science. First, how do intracellular structural
proteins, specifically those of the cytoskeleton, change in
quantity and/or spatial positioning following both acute
and chronic periods of training? If changes do occur, how
does this influence the degree by which force is transmit-
ted through the muscle fiber to the nucleus? Interestingly,
Barash et al. (2002) demonstrated a significant decrease
in desmin following eccentric muscle activity. Here they
showed that desmin content was sharply decreased followed
by a threefold supercompensatory increase 5—7 days follow-
ing the eccentric stimulus. Thus, how might this threefold
increase in the cytoskeletal protein desmin influence force
transmission to the mitochondria, nucleus, or lysosome?
Might this improved cytoskeletal network decrease mechani-
cal perturbation of the mitochondria which may positively
influence oxidative capabilities through a decrease in reac-
tive oxygen species? Much is to be better understood con-
cerning the effect of cytoskeletal flux upon intracellular
organelle activity (Fig. 2).

The nuclear matrix
An area of much interest in the mechanobiology field is
the mechanically sensitive properties which make up the

nucleus. The nucleus is the DNA-housing center which regu-
lates gene expression following the integration of a myriad
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of signals. An interesting aspect of the mechanically sensi-
tive nucleus is the continuity of the intranuclear space and
the cytoskeleton through the LINC (linker of nucleoskel-
eton and cytoskeleton) complex (Fruleux et al. 2016). More
than 20 years ago, the Ingber Lab investigated this physical
coupling of the nucleus and cytoskeleton (Maniotis et al.
1997). They demonstrated that, upon physical perturba-
tion of the transmembrane integrin, force was transmitted
toward the nucleus resulting in nuclear deformation and
change in gene expression. As mentioned above, it was
demonstrated that this propagation of mechanical tension
could produce an increase in gene expression in less than
15 s. However, the mechanism(s) underlying this rapid
increase in gene expression are still under investigation.
Interestingly, Tajik et al. (2016) did show that the specific
gene which increased expression was shown to stretch upon
initiation of the mechanical stimulus. This stretch, termed
“chromatin stretching”, likely revealed binding sites for the
transcriptional machinery and subsequent upregulation of
transcription. Moreover, it has elegantly been demonstrated
that the nuclear actin physically moves specific DNA
sequences toward gene regulating sites such as the nuclear
pore complex (NPC) and nuclear speckle regions (D’Angelo
2018; Vera et al. 2014). The NPC comprises the primary
mechanism which allows for nucleo-cytoplasmic shuttling
of proteins/mRNA while speckle regions house many of the
transcriptional hardware and thus genes in close proximity to
either of these areas are often increased in their expression.

An interesting line of investigation with no apparent cur-
rent research is the structural characteristics of the nuclear
pore complex (NPC) in regulating gene expression and
hypertrophy following exercise. In short, it has been dem-
onstrated that the myocyte enhancer factor 2c (Mef2c), a
protein which regulates muscle hypertrophy, can be recruited
by nucleoporin 210 (Nup210) through its interaction with
the protein Trip6. This Mef2¢/Trip6/Nup210 complex can
then colocalize with a number of muscle growth genes phys-
ically connecting them to the NPC (D’Angelo 2018). As
previously mentioned, genes close to the NPC often have
increased expression. Moreover, it has been speculated that
some of the possible regulators of this Mef2c recruitment
and Nup210 immobilization work in part through the LIM-
domain protein Trip6, which are found to be localized at
focal adhesion complexes (such as the costamere) rendering
this protein to be highly mechanically regulated. Moreover,
movement of specific genes within the nucleus following an
external stimulus has been found to regulate gene expres-
sion. Vera (2014) found this to be the case with the heat
shock protein gene. Upon periods of heat stress, heat shock
protein genes were found to physically move to speckle
regions of which house a high number of transcription-
regulating factors. While this study utilized heat stress as
the stimulus, HSP70, as mentioned above, is mechanically
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Fig.2 Physical continuity between the extracellular matrix, integrin,
and cytoskeleton. Following muscle activity, the integrin becomes
active, binds to the extracellular matrix, and recruits signaling pro-
teins to its cytoplasmic tail such as the focal adhesion kinase. Struc-

sensitive and thus it is proposed that direct force transmis-
sion to the nucleus may influence the DNA movement and
subsequent increase in HSP70 expression.

An area of great interest concerning nuclear mecha-
notransduction is the effect that exercise, whether high or
low intensity, has on cytoskeletal protein kinetics. Specifi-
cally, does exercise influence the overall quantity or qual-
ity of the cytoskeleton? This is a key question as research
conducted in 2002 found that the level of cytoskeletal pre-
stress, which correlates with cytoskeletal filament content,
influences force transmission to the nucleus ultimately
regulating gene expression (Wang et al. 2002). Indeed,
Asparuhova et al. (2009) likened the cytoskeleton to a
‘memory device’ whereby previous mechanical activity
which rearrange cytoskeletal filaments subsequently influ-
ence the cytoskeletal pre-stress. This change in pre-stress
from a prior stimulus will then regulate force transmission
and gene expression during a following bout of mechanical
activity. Moreover, skeletal muscle is likely a key system
through which pre-stress regulates inter-nuclear commu-
nication as its nuclei are found at the periphery of the cell
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tural proteins are also recruited allowing physical interaction with
the actin-cytoskeleton allowing for force propagation throughout the
intracellular space. Used with permission (Ye et al. 2014)

(Roman et al. 2018). Thus, how might dissimilar modes of
exercise, such as high or low intensity, influence cytoskel-
etal pre-stress and subsequent degree to which the nucleus
senses the mechanical stimulus? If these two styles of
exercise do influence cytoskeleton flux in a unique man-
ner, it can then be reasoned that this will alter cytoskeletal-
nuclear force transmission and subsequent gene expres-
sion. This is an interesting field of investigation with no
current lines of inquiry lending it ripe for future research.

As the last three sections have attempted to bring to
light, there is a direct physical connection between the cel-
lular microenvironment, the cytoskeleton, and the nuclear
matrix, demonstrating the intrinsic biophysical mecha-
notransducing communication system through which
mechanical stimuli, such as that found with exercise, can
lead to rapid gene expression in lieu, and in conjunction,
with biochemical signal-transduction. An underlying ques-
tion of this physical continuity is the applicability of the
information on the overall training regimen of athletes and
the general population alike. The following section will
attempt to do so (Fig. 3).
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Fig. 3 Physical link between the cytoskeleton and the nucleus. Upon
muscle activity, force is transmitted along the cytoskeletal intermedi-
ate filaments, through the nuclear transmembrane proteins comprised

Intensity-dependent mechanotransduction

Exercise intensity lies upon a continuum with low- and high-
intensity exercise on opposing ends. Low intensity is often
thought to consist of an aerobic style of exercise with high
intensity consisting of an anaerobic style of exercise, such
as resistance exercise. As previously mentioned, much of
the past literature has speculated that mechanically sensitive
proteins and their respective pathways are largely activated
following exercise which creates high levels of mechanical
tension within the muscle, such as that found with resistance
training. However, recent evidence within our lab demon-
strates that, rather than the simplistic viewpoint of an “off”
or “on” switch, a number of mechanically sensitive proteins
alter their function dependent upon the degree to which the
mechanical stimulus is acting upon the protein. One protein
which demonstrates this unique degree of regulation fol-
lowing divergent modes of stimulation is the protein focal
adhesion kinase (FAK).

FAK is spatially found to bind to the sarcomeric myo-
sin protein while in its resting state (Fonseca et al. 2005).
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of the LINC complex, into the nuclear matrix. How exercise influ-
ences nuclear rearrangement through biophysical mechanotransduc-
tion is yet unknown. Used with permission (Ye et al. 2014)

Following high levels of mechanical tension, FAK can
become active and translocate to the betal integrin tail
leading to auto-phosphorylation and subsequent anabolic
signaling (Klossner et al. 2009). Interestingly, following an
aerobic stimulus, FAK was shown to act as an epigenetic
factor through chromatin remodeling along with acting as
a transcription factor to the muscle regulatory gene myo-
genin (Mei et al. 2010). The latter was found following the
introduction of a hypoxic stimulus driving FAK interaction
with the methyl-CpG binding domain 2 (MBD2), reducing
MBD?2’s interaction with histone deacytalase 1 (HDAC1),
and ultimately decreasing methylation of the myogenin pro-
motor. DNA methylation at the promotor has been widely
demonstrated to reduce gene expression. Thus, the inhibition
of methyl binding at this site is paramount for enhanced gene
expression.

Moreover, low-intensity resistance exercise in conjunc-
tion with blood flow restriction (BFR) has been shown to
increase a number of morphological adaptations such as
an increase in muscle fiber size, oxidative adaptations, and
power output capabilities, all while using a relatively low
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external load comprising 20-30% of one’s 1RM (Loenneke
et al. 2012a). While the key drivers behind this phenomenon
have yet to be solidified, it is proposed that a “cell swell-
ing” effect is likely at play and may be an influential mecha-
nism through which BFR drives its anabolic effect (Loen-
neke et al. 2012b). As evident in its name, BFR restricts,
or occludes, venous blood flow leading to a pooling effect
increasing muscle cell volume. BFR has been speculated to
drive this cell swelling effect through altering the intracellu-
lar and extracellular pressure gradient subsequently leading
to an increase in cellular fluid uptake. This increase of cel-
lular fluid uptake may then influence mechanotransduction
in two specific mechanisms—increased integrin activity and/
or driving cytoskeletal reorganization. Indeed, it has been
demonstrated that integrins may be a key mediator in the cell
swelling effect (Low et al. 1998). Moreover, the deformation
of the cellular membrane following an increase in cellular
volume would likely influence cytoskeleton dynamics. How
this would occur has yet to be investigated and is an area
requiring further research.

Nakada et al. (2016) reported that the degree of mechan-
ical overload via varying degrees of synergist ablation
resulted in ever-increasing levels of ribosome biogenesis
markers. Specifically, as the external stimulus increased, the
18S and 28S ribosomal RNA (rRNA) increased in parallel.
In contrast, Romero et al. (2017) demonstrated a marked
increase in ribosome biogenesis following endurance exer-
cise which likely poses minimal mechanical overload. Fyfe
et al. (2018) similarly found enhanced ribosome biogenesis
following the combination of endurance and resistance exer-
cise compared to resistance exercise alone. These investiga-
tions clearly utilized divergent modes of exercise with dif-
fering levels of mechanical overload yet rendering a similar
elevation in ribosome activity; interestingly, much of which
took place in an mTORC1-independent manner. A proposed
mechanism underlying this observation is the mechanosen-
sor yes-associated protein (YAP). YAP is regulated in part
by the cytoskeleton whereby increased cytoskeletal tension
leads to YAP dephosphorylation, nuclear translocation, and
subsequent enhanced transcription of ribosome biogenesis
mRNA transcripts such as c-Myc (Halder et al. 2012; Good-
man et al. 2015). Goodman et al. (2015) demonstrated that
this YAP-induced increase in ribosome biogenesis can take
place through an mTORC 1-independent mechanism. Similar
to that previously mentioned, while endurance exercise may
pose a reduced mechanical overload, the possible cell-swell-
ing effect brought on by elevated intracellular metabolites
may ultimately regulate cytoskeletal dynamics and subse-
quently influence YAP activity.

Taken collectively, the premise that mechanotransduc-
tion is only at play following high levels of mechanical
tension leaves much to be desired. Rather, mechanically
sensitive proteins and pathways should be viewed to lie

on a continuum with their activity state not necessarily
being increased or decreased dependent upon the degree of
mechanical tension, but rather the protein taking on a dif-
ferent role which is dictated by the position of the stimulus
on the mechanical tension spectrum.

Muscle action-specific mechanotransduction

It has been well documented that not only does the muscle
fiber respond uniquely to divergent metabolic stimuli, it can
also respond uniquely to the mode of muscle action such as
eccentric, concentric, or isometric muscle actions (Franchi
et al. 2017). The intrinsic response to these diverse modes of
muscle activity has been shown in part to be driven through
differentially regulated mechanically sensitive pathways ulti-
mately culminating into specific signaling cascades and gene
expression (Rindom et al. 2016).

Rindom’s premise (2016) is that the specific muscle
action dictates the relative activity of specific intracellu-
lar macromolecular structures; such that during eccentric
muscle actions, transmembrane receptors are preferentially
recruited, whereas concentric muscle actions largely recruit
sarcomeric proteins. While this may be a rather simplistic
viewpoint, it does render some interesting questions. Specifi-
cally, does one mode of exercise give rise to greater muscu-
lar adaptations, due in part to the mechanotransduction path-
way initiated, compared to other modes? As an example, one
may wish to develop the ability of a given fiber type such
as a fast twitch fiber, or the muscle as a whole, to transmit
force. With the above-proposed platform as a means to dif-
ferentiate between the cellular properties recruited depend-
ent upon mode of muscle action, this individual may benefit
from implementing eccentric muscle actions to improve their
muscle force transmission. This is recommended because, as
previously mentioned, up to 80% of force is transmitted in
a lateral direction (Ramaswamy et al. 2011). The key struc-
tures which allow for this lateral transmission of force are
the integrin, cytoskeleton, and extracellular matrix. These
structures, as Rindom described in their excellent review
(Rindom et al. 2016), are highly recruited during eccentric
muscle actions.

While important muscle fiber structural adaptations
are required for adequate muscle force transmission, other
sought-after goals may be of preference such as an increase
in muscle size. This, too, can be categorized in a muscle
action-specific manner through differential regulation of
cellular signaling. Eliasson et al. (2006) investigated this
through the implementation of either maximal concentric
or maximal eccentric muscle actions and subsequent analy-
sis of anabolic signaling proteins such as p70s6k, mTOR,
AKT, and ribosomal protein S6 (rpS6). Here they found that
eccentric muscle actions led to a fourfold increase in p70s6k
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phosphorylation at residues Ser424/Thr421 and a twofold
increase in phosphorylation at residue Thr389 while the con-
centric muscle action did not show any noticeable increase
in p70s6k activity. Moreover, there were noticeable differ-
ences in the phosphorylation of rpS6 in favor of eccentric
activity compared to concentric.

Hornberger and colleagues directly investigated this dif-
ferential effect of signaling kinetics following the type of
muscle activity and found that the implementation of multi-
axial and uniaxial muscle actions, mimicking eccentric and
concentric muscle actions, respectively, uniquely regulated
muscle fiber signaling (Hornberger et al. 2005). Specifi-
cally, multiaxial stress resulted in a significantly greater
phosphorylation of p70s6k along with ERK. This increase
in phosphorylation, specifically that of p70s6k, was found
to be decreased following pharmacological inhibition of the
cytoskeleton, whereas no such decrease was found with uni-
axial muscle activity. This demonstrates the ability of the
cytoskeleton to sense different muscle actions subsequently
altering protein phospho-kinetics. As previously mentioned,
the cytoskeleton is in a continuous state of flux and has
been proposed to be at the center of muscle fiber mecha-
nosensation. Moreover, with the cytoskeleton sensitive to
the specific mode of muscle action, how might eccentric
or concentric exercise regulate cytoskeletal pre-stress and
nuclear mechanotransduction? This exciting line of inquiry
will undoubtedly provide great insight into what is currently
a poorly understood means of muscle fiber communication.

It must be noted that the above does not imply preference
from one mode of muscle action over another. Rather, the
utilization of a broad spectrum of muscle actions is recom-
mended as to regulate cellular anabolism, structural protein
adaptations, and metabolic changes, as is necessary for often
sought-after training goals. A number of specific populations
require a greater prioritization of one mode of muscle action
over another; whether this be a given sporting endeavor or
one’s health. For example, the sport of American Football
requires a number of abrupt change-of-directions resulting in
large eccentric forces working upon the muscles of the lower
body. These athletes may then warrant a greater emphasis
upon exercise implementing an eccentric overload. Thus,
dependent upon the population, the use of one mode of mus-
cle activity over another will inevitably vary.

Integration of diverse signals

While the majority of this review has been geared toward
mechanically sensitive properties of the muscle fiber, it
must be understood that the biochemical milieu induced by
autocrine, paracrine, and endocrine factors alike intertwine
with mechanotransducing signaling events as to culminate
into a functional response. In 1995, Plopper and colleagues
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(1995) brilliantly described this phenomenon. As stated by
Plopper, “growth factors and ECM must work hand-in-hand
to produce the full cellular response”. Furthermore, Takada
and colleagues (2017) recently demonstrated the ternary
complex formed by the anabolic insulin-like growth factor
1 (IGF-1), integrin, and the IGF-1 receptor axis. This func-
tional complex formation is formed in such a manner that
upon IGF-1 binding to its designated receptor (IGF1R), the
integrin is subsequently recruited and forms a ternary com-
plex. Inhibition of the specific residues upon the integrin
which allow for IGF1-IGF1R binding to take place reduces
cellular proliferation through inhibition of several anabolic
downstream pathways. While this area has yet to be inves-
tigated in skeletal muscle, it would appear a promising line
of study.

Furthermore, post-transcriptional modification of the
IGF-1 pre-mRNA has shown to be influenced via mechani-
cal activity leading to alternative splicing and subsequent
synthesis of the IGF-1Ec splice variant, also known as
mechano-growth factor (MGF) (Matheny et al. 2010). Hill
(2003) observed the proliferative effect of MGF on quies-
cent satellite cells. In fact, much of literature concerning
MGF’s muscle promoting function has largely been geared
toward its role upon satellite cell proliferation. However, the
absolute necessity of functional satellite cells upon muscle
growth has been questioned (McCarthy et al. 2011), lending
doubt to MGF’s primary anabolic effect working through
these muscle progenitor cells (Barton 2006). Rather, it is
likely that other muscle growth-promoting characteristics
of MGF take precedence. Most notably, it was shown that
the injection of a plasmid containing the MGF vector into
rat muscle led to a dramatic 25% increase in muscle mass
within 3 weeks (Goldspink et al. 2001). However, how MGF
influences muscle growth is an ongoing area of debate. It has
been proposed that these proliferative effects work through
the MAPK signaling pathway (Matheny et al. 2010). Recent
scrutiny, however, has questioned this mode of MGF signal-
ing leaving the anabolic effects of MGF to remain elusive
(Fornaro et al. 2014). Indeed, it may be that MGF plays a
permissive role in muscle growth following exercise com-
pared to supraphysiological doses administered in cell cul-
ture and animal models. Interestingly, work by Bamman
et al. (2007) showed that the degree of MGF activity fol-
lowing exercise differs between those considered “high” or
“low” responders. Thus, these discrepancies make it clear
that further research of MGF signaling following exercise
is greatly needed.

Growth hormone, similar to IGF-1, has come under
immense scrutiny concerning its role upon muscle growth,
namely it has been proposed that growth hormone does
not play a significant role in intracellular anabolic signal-
ing. This, in our opinion, is dogmatic, lacking context of
the dynamic and integrating nature of the muscle fiber. Past
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and current investigations have demonstrated the positive
role GH has upon collagen activity (Doessing et al. 2010).
This is often not considered when investigating hypertro-
phy and protein synthetic machinery but is nevertheless
important due to many of the factors mentioned above,
namely adequate ECM-cytoskeletal force transmission
which can be improved via increased collagen synthesis.
Specifically, improved extracellular collagen content influ-
ences the above-mentioned lateral force transmission sub-
sequently influencing both biophysical and biochemical
mechanotransduction.

Thus, while it may seem tempting to compartmentalize
mechanotransduction and growth factor-stimulating path-
ways, it should not be seen as such. Rather, the harmonious
integration of a diverse array of signaling cascades, from
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Fig.4 Integrative signaling of commonly accepted growth factor
signaling and mechanically sensitive intracellular and extracellu-
lar properties. a Following exercise, a proposed ternary complex is
formed between the insulin-like growth factor-1 receptor, insulin-like
growth factor, and the a7p1 integrin receptor ultimately inducing ana-

both mechanical and hormonal stimuli alike, should be
viewed as, while different pieces to the muscle remode-
ling puzzle, they ultimately culminate to form a functional
response driving cellular adaptation (Fig. 4).

Future perspectives

While much has been described concerning the muscle
fiber mechanotransducing network and how it may be influ-
enced by exercise, this field of study is only in its infancy.
Indeed, while the past two decades have largely focused
on the mechanically sensitive skeletal muscle membrane,
minimal research has been directed toward the relationship
between extracellular matrix dynamics and the resultant
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bolic downstream signaling (Takada et al. 2017). b Following exer-
cise (dependent on intensity), growth hormone secretion increases
with a resultant increase in collagen. This is proposed to improve
intracellular force transmission through the integrin, cytoskeleton,
and subsequently to the nucleus (Doessing et al. 2010)
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effect upon intracellular mechano-signaling. Moreover, the
mechanically sensitive properties of the satellite cell and
muscle fiber nuclei remain poorly understood. These areas
of mechanobiology will prove important as the role of the
ever-changing extracellular matrix tension state on gene
expression has been readily identified (Engler et al. 2006).
The field of mechanobiology, and specifically biophysical
mechanotransduction, will require techniques which are not
frequently used within exercise physiology; for example, the
use of three-dimensional magnetic twisting cytometry as a
means to impose a physical stress on the muscle membrane
and identify rapid rearrangement of the cytoskeleton/nuclear
matrix (Tajik et al. 2016). Of specific interest, this could be
used with primary muscle cells from trained and untrained
test-subjects and the resultant speed at which force is trans-
mitted to the nucleus can be measured along with real-time
imaging of rapid transcription and translation (protein syn-
thesis) (Chao et al. 2012). A following “omics” approach,
such as proteomics, could then be utilized to gain wide-
spread cellular information (Ohlendieck 2011). These areas
and strategies will require increasing levels of expertise and
thus collaboration will continue to be important to further
the field of mechanobiology and exercise science.
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