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From Barbells to Brawns: The Physiology of Resistance Exercise and
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A complex network of biochemical pathways carries out the process of muscle regeneration/growth following
resistance exercise. The initial inflammatory response following muscle damage is primarily mediated by the nuclear
factor « -light-chain-enhancer of activated B cells (NF-« B), cyclooxygenase enzymes, and prostaglandins. Muscle
damage also stimulates the activation, proliferation, differentiation, migration, and fusion of satellite cells onto
damaged myofibers, resulting in myofibrillar hypertrophy. The progression of the myogenic lineage is predominantly
coordinated by the wingless/integrated family of glycoproteins which engages in crosstalk with NF-x B and the
mitogen-activated protein kinase (MAPK)/extracellular signaling-regulated kinase network. The MAPK cascade is
essential for mechanotransduction, the process of converting mechanical stimuli into biochemical responses such
as accelerated protein synthesis and satellite cell activation. Muscle protein synthesis is primarily governed by the
insulin-like growth factor 1/phosphoinositide 3-kinase/protein kinase B/mammalian target of rapamycin pathway.
Several calcium-dependent pathways are also integrated into the process of myogenesis and influence skeletal
muscle plasticity. These dynamic interactions are part of the anabolic priming by resistance exercise effect, which
defines resistance exercise as an acute catabolic event that potentiates multiple downstream anabolic pathways.
Plateaus in muscle growth are attributed to deteriorating inflammatory signaling with repeated bouts of muscle
damage as well as increasing thresholds for continuous adaptations, which ultimately become unreachable beyond
a certain point. The physiological ceiling of skeletal muscle mass is also credited to myostatin. However, recent
discoveries suggest the role of myostatin is not limited to preventing excessive skeletal muscle hypertrophy.
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Introduction

The benefits of resistance exercise such as enhanced insulin
sensitivity, reduced morbidity, and healthy aging are well-
established in literature"*. Numerous hormones and biochemical
pathways coordinate the adaptive myotropic response following
resistance exercise’”. These mechanisms are complex and compose
both independent and synergistic vectors leading to skeletal muscle
growth. This growth is primarily achieved via hypertrophy, the
thickening of muscle fibers. It is proposed that such hypertrophic
adaptations occur in response to mechanical tension, metabolic
stress, and/or muscle damage’. Provided an adequate stimulus,
skeletal muscle regeneration composes three phases: (1) an initial
inflammatory phase, followed by (2) satellite cell activation and
differentiation, and finally (3) a maturation phase where newly
formed myofibers are remodeled’. Various attempts have been
made to collaborate the numerous components of postnatal skeletal
muscle development into a single comprehensive manuscript™"”.
Although our previous reviews have described the mechanisms
of muscle hypertrophy"’, we believe there has yet to be a review
outlining this process in proper sequence with respect to the
dynamic interactions between endogenous metabolic routes and
homeostasis. Further, there is significant overlap of molecular
targets (i.e., mammalian target of rapamycin [mTOR]) and
hormones (i.e., insulin-like growth factor 1 [IGF-1]) between
skeletal muscle growth mechanisms and pathological growth states

. 11,12
like cancer °

. A well-rounded comprehension of such topics
would prove useful in designing nutrition/training regimens for
elite athletes, curing myopathies and disrupted growth diseases,
and expanding the scope of knowledge regarding the human body
as a whole. Hence, the purpose of our present review is to clearly
illustrate the step-by-step process in which mechanical and
biochemical stimuli from resistance exercise leads to contractile
protein accretion and other adaptations (Fig. 1). Moreover, this
review aims to elucidate tips for practical application based on
the science of muscle growth, explain the underlying factors that
limit excessive muscularity, and illuminate biological paradigms
and topics for future research and development. To begin, we

first establish the origin of new myonuclei, satellite cells.

Satellite Cells

Stem cells are undifferentiated progenitor cells capable of
developing into one or multiple types of tissue-specific cells.
Muscle-derived stem cells are multipotent and are thought to
give rise to the immediate precursors to myoblasts, satellite cells”.
Satellite cells are unipotent, meaning they can only differentiate
into one type of cell, a myoblast, and are found between the
basal lamina and sarcolemma of muscle fibers. In undamaged
muscle tissue of adults, satellite cells are mostly quiescent”.
Following muscle damage, the regeneration of muscle tissue can
be attributed to the recruitment and myogenic commitment of
satellite cells in concordance with a positive net protein balance”.
This regeneration process is slightly overcompensated, accumu-
lating to tangible muscle growth with consistent repeated bouts.
Thus, the proper progression of the myogenic linage, which
constitutes the activation, proliferation, differentiation, migration,
and fusion of satellite cells, largely determines the rate and capacity
of muscle growth. Satellite cells have the potential to either
self-renew and replenish the satellite cell reserve pool or

“B In the latter case, activated

differentiate into myoblasts
satellite cells undergo myogenic commitment and proliferation.
After the proliferation phase, myoblasts develop into myocytes
and can fuse together to generate myotubes®. Finally, the fusion
of these newly formed myotubes to damaged myofibers, or the
direct fusion of myoblasts to damaged myofibers, results in
myofibrillar regeneration/hypertrophy (Section: Myofibrillar and
Sarcoplasmic Hypertrophy)g. Therefore, it is widely accepted that
the primary source of acquired myonuclei during muscle
regeneration/growth is through the fusion of differentiated muscle
stem cells to damaged muscle fibers either directly or as newly
formed myotubes’. The myonuclear domain hypothesis suggests
that there is a fixed ratio between the sarcoplasmic volume and
the number of myonuclei’. Indeed, sufficient myonuclear density
facilitates messenger RNA (mRNA) transcription and ribosome-
mediated protein translation”. However, type II muscle fibers
have demonstrated the ability to hypertrophy in the absence of
myonuclear accretion'®. Hence, the concept of a fixed myonuclear
domain remains confounded. The phenomenon known as muscle
memory describes how previously hypertrophied muscles that have

atrophied from detraining regrow to their hypertrophied state
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Fig. 1. The biochemical transduction of resistance exercise. Resistance exercise stimulates calcium mobilization, AMPK
and Wnt signaling, and growth hormone release while also causing metabolic stress, mechanical tension, and muscle
damage. Crosstalk between the Wnt, MAPK (particularly the JNK subpathway), and NF- « B pathways coordinates satellite
cell activation and the subsequent myonuclear accretion. It is suggested that the retention of such myonuclei is responsible
for the muscle memory phenomenon. The MAPK pathway also increases fatty acid oxidation to improve body composition.
Growth hormone causes the release of multiple pro-IGF-1s, while mechanical tension preferentially upregulates the MGF
isoform. Pro—IGF—1s exert their own independent effects, while generating E—-peptides and mature IGF-1. IGF-1, insulin,
nutrients/amino acids, and other growth factors can stimulate the Akt/mTOR pathway. mTOR induces MPS and blocks
FOXO signaling to inhibit MPB. Food ingestion demarcates a critical early checkpoint in the postexercise recovery period
and is responsible for providing adequate nutrients as well as a stimulus for insulin secretion. AMPK signaling during ex—
ercise activates autophagic processes necessary for health and longevity. As part of the anabolic priming by resistance
exercise effect, AMPK also abruptly inhibits mTOR and enhances insulin sensitivity, hyper—sensitizing the cell to anabolic
stimuli during the subsequent postexercise recovery period. Metabolic stress during exercise causes skeletal muscle perfu-
sion, defined as a transient increase in muscle blood flow and thickening of the sarcoplasm and/or sarcolemma. Like the
insulin/mTOR sensitizing effect of AMPK, increased muscle blood flow promotes nutrient uptake and primes downstream
anabolism via spatial priming. The combination of myonuclear accretion, MPS, and spatial priming yields myofibrillar
hypertrophy. This increase in contractile tissue mass, in addition to increased glycogen synthesis via Wnt inhibition of
GSK3- 4, enhances insulin sensitivity and optimizes nutrient partitioning in the long—term. Exercise-induced calcium mobi-
lization activates calcium—dependent pathways. In turn, transcription factors, such as NFAT and MEF2, induce transcrip—
tional activity. Calcium signaling also promotes oxidative adaptations. The combination of optimized nutrient partitioning
(i.e., larger/more receptive glycogen stores), increased contractile tissue mass, and oxidative adaptations results in greater
exercise capacity. Thus, performance improvements are demonstrated in resistance training. Continuous skeletal muscle
anabolism is limited by myostatin and the depletion of AA. However, these factors also appear to be attributed to the
maintenance of tendon integrity and the anti—inflammatory effects of exercise, respectively. In summary, several interrelated
routes govern skeletal muscle adaptations following resistance exercise. Note: Some relationships and signaling pathways
are not shown for the purpose of simplicity. AMPK: AMP-activated protein kinase, MAPK: mitogen—activated protein kinase,
JNK: c-Jun N-terminal kinase, NF-« B: nuclear factor « -light-chain—-enhancer of activated B cells, IGF-1: insulin-like
growth factor 1, MGF: mechano growth factor, mTOR: mammalian target of rapamycin, MPS: muscle protein synthesis,
FOXO: forkhead box O, MPB: muscle protein breakdown, GSK3- £ glycogen synthase kinase 3— 3, NFAT: nuclear factor
of activated T cells, MEF2: myocyte—enhancing factor 2, AA: arachidonic acid.
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considerably faster on subsequent bouts of training compared
to initial bouts of training. It is suggested that this is due to
the preservation of acquired myonuclei in inactive muscle tissue'”.
As such, the retention of myonuclei is a long-term adaptation
that enhances prospective short-term growth. Additional sustained
exercise-induced modifications, such as changes to the epigenome,
may also be implicated in this phenomenon. Nonetheless, satellite
cell recruitment appears to be crucial for both ongoing and

upcoming muscle growth.

Myogenic Regulatory Factors and
Satellite Cell Heterogeneity

Satellite cells are a functionally heterogenous population com-
prising some designated to expanding/replenishing the satellite
cell reservoir as well as those that are myogenically committed".
Paired box 7 (PAX7) is the myogenic identity expressed by all
satellite cells and is needed to direct pluripotent stem cells toward
the myogenic lineage in adults”. The progression of the myogenic
lineage is orchestrated by myogenic regulatory factors (MRFs)
which include myogenic factor 5 (Myf5), myoblast determination
protein (MyoD), MRF4, and myogenin (MyoG)lg. As transcription
factors, MRFs bind to sequence-specific DNA elements in the
promoter region of muscle genes during hypertrophy*. MyoD and
Myf5 appear to play important roles in initiating differentiation”.
Approximately 10% of satellite cells never express Myf5 during
development and this subset of the population is thought to exist
primarily to replenish the satellite cell reservoir”, Likewise, Myf5+
satellite cells that do not upregulate MyoD may exist transiently
for the same purpose”. PAX7-+/Myf5- cells are non-committed
satellite stem cells while PAX7+/Myf5+ cells are committed
satellite progenitor cells’. Following MyoD upregulation, MyoG
aids in fulfilling the differentiation of myogenic progenitors®. The
co-expression of MyoD and MyoG leads to the upregulation of
MRF4 during the terminal stages of differentiation, which emerges
as the predominant MRF in fully differentiated muscle'®, Newly
formed myofibers are marked by a central nuclei and the expression
of developmental myosin heavy chains®. Once activated, satellite
cells can undergo either symmetric or asymmetric cell division.
Symmetric cell division of stem cells generates two identical

daughter cells is a crucial process to expand/preserve the stem
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cell population. On the other hand, asymmetric cell division
generates one myogenically-committed apical daughter cell and
one basal daughter cell pledged to self-renewel”’. Myogenically-
committed daughter cells subsequently undergo bouts of symmetric
cell division as part of proliferation preceding differentiation'.
The rates of symmetric and asymmetric satellite cell division,
as well as coordination of proliferation and differentiation, must
be precisely controlled, as imbalances may lead to depletion of
the satellite cell reservoir and/or diminished muscle regeneration
capacity. Signaling molecules that promote differentiation often
inhibit proliferation, and vice versa. For example, quiescent/
proliferating satellite cells express high levels of Notch, which
prevents precocious differentiation and excessive depletion of the

8,14 - - .
. For differentiation to occur, canonical Wnt

stem cell pool
signaling antagonizes Notch, and this can only occur after adequate
proliferation has taken place (Section: The Wnt Signaling
Pathways)". Evidently, not only the progression but also the proper
sequence of the myogenic lineage is necessary for adequate muscle

regeneration.

Myofibrillar and Sarcoplasmic Hypertrophy

In adults, the significant growth of skeletal muscle in response
to mechanical overload is primarily attributed to muscle fiber
hypertrophy™. The gain in the number of muscle cells is termed
hyperplasia. Evidence for the occurrence of hyperplasia in adults
is limited, although it is speculated that new muscle fibers can
be acquired via satellite cell proliferation and longitudinal fiber
splitting™. On the contrary, skeletal muscle hypertrophy has been
well documented in literature and can be further classified as
either myofibrillar or sarcoplasmic hypertrophy. In myofibrillar
hypertrophy, as previously discussed, satellite cells fuse to damaged
myofibrils, donating their intracellular proteins and nuclei to
generate new contractile elements, termed sarcomeres, to regene-
rating muscle tissue’. The parallel addition of sarcomeres during
myofibrillar hypertrophy results in an increased cross-sectional
area of a muscle and a correspondingly greater contractile strength4.
Conversely, sarcoplasmic hypertrophy refers to adaptations
enhancing the volume of the sarcolemma and/or sarcoplasm
accompanied by an increase in mitochondrial volume, sarcoplasmic

reticulum, t-tubules, enzymes, and/or substrate (i.e., glycogen)
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content™, Notably, this type of hypertrophy appears to play a
significant role in type I muscle fibers as oxidative muscle fibers
maintain higher resting intracellular Ca”* levels and mitochondrial
content than their glycolytic counterparts (Section: Calcium as
a Regulator of Muscle Size and Plasticity)”. Along the spectrum
of muscle fiber types, glycolytic fibers generally maintain a higher
propensity for hypertrophy overall as there is an inverse relationship
between striated muscle fiber size and its oxidative capacity’.
During exercise, particularly high-volume/short-rest exercise,
metabolites (i.e., lactate and hydrogen ions) accumulate inside
of the working muscle, generating an influx gradient of extracellular
fluid into the sarcoplasm™. These metabolites also cause
vasodilation and capillary recruitment, resulting in a transiently
thicker muscle that can best be described as a swelling of the
muscle and this phenomenon is often referred to as the muscle
pump26. Therefore, the primary influential factor to skeletal muscle
perfusion is its metabolic rate™. Training-induced edema, active
hyperemia, and skeletal muscle perfusion are all phrases
synonymous with the muscle pump™. High-volume/hyperemia-
focused blood flow restriction training has shown to induce
sarcoplasmic hypertrophy”. Similar training styles popular among
bodybuilders induces capillary neoformation (angiogenesis) which
likely facilitates prospective bouts of skeletal muscle perfusion’™’.
In essence, sarcoplasmic hypertrophy results in a larger muscle
cross-sectional area, but not necessarily a concomitant increase
in muscle strength because it does not comprise the addition
of contractile elements”. Resistance exercise rapidly stimulates
a sustained elevation in muscle protein synthesis (MPS) favoring
myofibrillar hypertrophy™. However, sarcoplasmic hypertrophy
concomitant with resistance exercise appears to complement the

acquisition of myofibrillar hypertrophy7.

Complementing Roles of Myofibrillar and
Sarcoplasmic Hypertrophy

In the sarcoplasm expansion hypothesis of hypertrophy proposed
by Roberts et al.”’, sarcoplasmic hypertrophy induces spatial
priming of muscle fibers, an optimal preliminary step to myonuclear
accretion and subsequent myofibrillar hypertrophy. Likewise,
Vann et al.29, describe how an expansion of the sarcoplasm

facilitates the accretion of new contractile proteins by assuring

sufficient cellular space. Schoenfeld and Contreras’ speculate that
cellular swelling is perceived as a threat to the cell membrane’s
integrity and results in adaptive responses such as satellite cell
recruitment. Further, an increased amount of intramyocellular fluid
caused by skeletal muscle perfusion likely facilitates nutrient uptake
in damaged myofibers due to an amplified influx gradient. These
concepts fortify the ability of sarcoplasmic hypertrophy/acute bouts
of active hyperemia to complement myofibrillar hypertrophy and
is in line with the anabolic priming effect of resistance exercise
on muscle tissue effectuated by multiple stress and damage-
sensitive pathways that potentiate downstream anabolic targets
of muscle regeneration/growth (Section: Anabolic Priming by
Resistance Exercise). Beyond neural adaptations, given the
objective to maximize myofibrillar hypertrophy and strength, it
would be germane to incorporate eccentric resistance training
since eccentric contractions are associated with significant
myofibrillar damage™. Thus, numerous models of skeletal muscle
regeneration are based off eccentric exercises’ . On the other
hand, those prioritizing metabolic adaptations would benefit from
hyperemia-focused workouts with short-rest intervals that
maximize sarcoplasmic hypertrophy’. For competitive body-
builders, both myofibrillar and sarcoplasmic hypertrophy are
recognized as the primary goal is to maximize muscle
size/development overall. Thus, the training style of many
successful bodybuilders incorporates proper volume, intensity,
and rest with various types of contractions. Beyond sarcoplasmic
and myofibrillar hypertrophy, a third type of hypertrophy is
described in the connective tissue of muscle where the volume
of extracellular matrix expands and is accompanied by increased
mineral and protein content™. This adaptation may serve an integral
role in maintaining tendon integrity to match the increasing peak
tensile load that can be generated by growing contractile fibers.
At any rate, long-term muscle growth is the product of many
short-term adaptations and the rate and capacity of muscle growth
due to resistance training is largely dependent on the ability of
acute inflammatory responses to stimulate downstream anabolic
pathways. The fundamental mechanisms of resistance exercise-

induced inflammation are outlined below.
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Leukocyte Recruitment

Inflammation is the general physiological reaction to any type
of tissue damage. As such, the regenerative processes following
a bout of resistance exercise involve an array of coordinated
immune responses. In addition to their role in removing cell debris
(i.e., damaged muscle proteins), leukocytes recruited to the site
of tissue damage release proinflammatory cytokines. However,
since prolonged inflammation impedes longer-acting downstream
effectors of MPS such as mTOR (Section: The Mechanistic/
Mammalian Target of Rapamycin), one should aim to maximize
acute/local inflammation while minimizing chronic/systemic
inflammation™. In  this respect, proinflammatory monocytes
recruited to the site of skeletal muscle injury transform shortly
after into anti-inflammatory macrophages to support optimal
myogenesi534. Further, these recruited macrophages release growth
factors that stimulate myogenic precursor cells™. Disruption of
the acute and localized inflammatory signal in response to muscle
damage hinders muscle growth (Section: Depletion of Arachidonic
Acid in Trained Athletes).

Prostaglandin Synthesis

Among the various proinflammatory cytokines released,
prostaglandins function as chief mediators of proper muscle
regeneration”. Prostaglandins are lipids derived from @-3 and
w-6 fatty acids and their synthesis begins with the cleavage of
arachidonic acid (AA) from the phospholipid membrane by
phospholipase A2”. Prostaglandins cannot be stored inside cells
and must be synthesized on-demand and therefore, the terminal
prostaglandin product of this pathway is highly responsive to
the environment. Appropriately, stimulators of AA cleavage and
subsequent prostaglandin synthesis include mechanical stimula-
tion, cellular damage, and/or stretch-stress”. Once liberated, AA
is converted into prostaglandin H2 (PGH2), the precursor to all
prostaglandins. PGH2 can be transformed into the vasoconstrictor
and platelet aggregator, thromboxane A2, or one of four bioactive
prostaglandins: prostaglandin E2 (PGE2), prostacyclin (PGI2),
prostaglandin D2 (PGD2), and prostaglandin F2- @ (PGF2- ).
Each of these prostaglandins maintain unique and overlapping

functions and are essential in the progression of the myogenic
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lineage. The biotransformation of AA into prostaglandins is
mediated by cyclooxygenase (COX) enzymes which exist in two
isoforms: COX-1 and COX-2. In the regulation of skeletal muscle
turnover in relation to muscle injury, COX-2-derived prosta-

. . . . 35,38
glandins emerge as crucial autocrine/paracrine factors™ .

Prostaglandins Progress the Myogenic Lineage
and Affect Muscle Protein Synthesis

Early in the process of muscle regeneration, proliferating
myoblasts and leukocytes generate large quantities of PGE2 and
PGF2- a. These two prostaglandins have been proposed to
influence nitrogen balance by increasing the rates of protein
degradation and synthesis, respectively’ . In this sense, PGE2
may seem detrimental to muscle growth; however, some proteolytic
processes such as autophagy (the degradation and removal of
unnecessary and/or damaged components) remain necessary to
optimize long-term cellular functions”. Moreover, both PGF2- @
and PGE2 are required for stretch-induced proliferation of
myoblasts and PGE2 enhances myogenic differentiation supported
by upregulated MyoD and MyoG expression’. Likewise, PGI2
promotes myotube formation and PGF2- ¢ also assists in the
engraftment of satellite cells onto damaged myofibers, interacts
with the phosphoinositide 3-kinase (PI3K)/Akt/mTOR pathway
to increase MPS (Section: The Phosphoinositide 3-Kinase/Akt/
Mammalian Target of Rapamycin Pathway), and increases
intracellular levels of calcium ions to activate nuclear factor of
activated T cells (NFAT)37. The exact role of PGD2 in adult
myogenesis has yet to be uncovered, though one of its metabolites
is known to interact with nuclear factor « -light-chain-enhancer
of activated B cells (NF- £ B) (Section: Nuclear Factor #-Light-
Chain-Enhancer of Activated B Cells) and peroxisome
proliferator-activated receptor- 7 *°. Transient antimyogenic
effects of PGD2 may serve as a deterrent for premature myogenesis
during the early stages of inflammation and thus, PGD2 may

S . 37
serve an overall significant role in muscle growth™.

Depletion of Arachidonic Acid in Trained Athletes

Nonsteroidal anti-inflammatory drugs (NSAIDs) inhibit COX

enzymes and the production of downstream prostaglandins to
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elicit their anti-inflammatory effects. Several studies report that
high doses and/or prolonged use of glucocorticoids and NSAIDs
can interfere with resistance exercise-induced muscle regeneration/
growth32’37. However, there is some discrepancy on the effects
of NSAIDs on skeletal muscle adaptations to exercise, particularly
regarding whether NSAIDs are overall beneficial or detrimental
to long-term muscle growth. Beyond sample heterogeneity,
potential differences in basal inflammatory states and treatment
durations are proposed to account for these discrepancies™.
Nonetheless, acute and localized inflammation appears to be
necessary for maximizing resistance exercise adaptations.
Inhibition of AA-derived inflammatory prostaglandin production
via pharmacological blockade of COX enzymes has shown to
completely obstruct MPS 24 hours following eccentric exercise’ .
On the other hand, many cachexic diseases stem from uncontrolled
chronic/systemic inflammation while the supplementation of AA
has shown to enhance skeletal muscle growth and aerobic
capacity”54

signal for repair, uncontrolled/prolonged inflammation will

. Although acute inflammation serves as an essential

inevitably impede muscle regeneration/growth”. In trained
athletes, the depletion of AA/prostaglandins appears to contribute
to the stagnation of muscle growth as this results in diminishing
acute inflammatory responses following muscle damage. Strength
training is associated with a lower the phospholipid -6 (generally
proinflammatory) to @-3 (generally anti-inflammatory) ratio” .
This matches the relationship between regular exercise and reduced
resting systemic inflammation as well as the gradual amelioration
of delayed-onset muscle soreness following repeated bouts of
consistent exercise . As the body becomes accustomed to
exercise, the ability to generate a localized inflammatory response
to repeated bouts of muscle damage deteriorates. Correspondingly,
the threshold of anabolic stimulus (i.e., exercise volume and
intensity) needed to cause further growth of muscle tissue increases,
eventually beyond reach. Hence, the rate of new adaptations slows

down and progress stagnates.

Nuclear Factor « -Light-Chain-Enhancer of
Activated B Cells

The NF- #B is a nuclear transcription factor that regulates

over 150 genes associated with inflammation, redox status, and

apoptosis2. NF- £ B activation constitutes two classes: canonical
and noncanonical. Canonical activation of the NF- £ B pathway
has shown to mediate the regeneration of skeletal muscle after
injury by promoting the survival and proliferation of satellite
cells and simultaneously preventing premature differentiation®.
Upon differentiation, activation of the noncanonical NF- £ B
pathway enhances myoblast fusion™. NF- £ B lies both upstream
and downstream of key inflammatory mediators such as COX
enzymes and prostaglandins, hence the early activation of
exercise-induced inflammation is largely under the control of
NE- B, Appropriately, metabolic stress and muscle damage
during resistance exercise leads to the activation of NF- #B and
like its physiological effect, inflammation, acute and local
stimulation of NF- £ B promotes muscle growth and regeneration
by inducing proper progression of the myogenic lineage™*.
Conversely, chronic stimulation of this pathway often leads to
muscle wasting and is involved in the cachexia of chronic
inflammatory diseases***’. Furthermore, constitutive activation of
the canonical NF-«#B pathway deters skeletal muscle
regeneration™. This is likely because NF- £ B also upregulates
atrogenes (i.e., muscle RING-finger protein-1 [MuRF1]) associated
with the ubiquitin-proteosome system®. To maximize muscle

growth, precise activation of NF- B is key.

The Wnt Signaling Pathways

Crosstalk between NF- #B and the Wnt pathways modifies

satellite cell polarity, motility, and migra‘[ionw’50

. It is apparent
that the balance between satellite cell proliferation and
differentiation must be finely regulated, as an imbalance in the
myogenic lineage can lead to discrepancies in muscle regeneration
and/or depletion of the satellite stem cell pool. Appropriately,
the homeostatic proportion of satellite cells remaining in the reserve
pool versus those that are myogenically-committed is finely tuned
by a highly conserved and efficient signaling cascade known
as the Wnt signaling pathways’ . Wnt members are a family of
cysteine-rich glycoproteins that are involved in ensuring proper
satellite cell proliferation and differentiation”. Two classes of
Wnt signaling pathways have been described: the classical/
canonical and the noncanonical. The canonical pathway is also

known as the Wnt/(3 -catenin pathway since it involves the /-
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catenin protein. On the other hand, the noncanonical Wnt pathways
can be further classified into the Wnt/planar cell polarity (PCP)
pathway and the Wnt/Ca’ " pathway”. The various Wnt pathways
function synergistically to coordinate the progression of the
myogenic lineage. Wnt/Fzd signaling pathways begin with the
activation of the G protein-coupled receptor, frizzled (Fzd) by
Wnt*”. Downstream effectors of Wnt include the various
calcium-dependent pathways; c-Jun N-terminal kinase (JNK), a
constitute of the mitogen-activated protein kinase (MAPK)/
extracellular signal-regulated kinase (ERK) cascade (Section:
Mitogen-Activated Protein Kinase/Extracellular Signal-Regulated
Kinase); and the PI3K/Akt/mTOR pathway’ ™.

differentiation and fusion, satellite cells first require adequate

Preceding

proliferative and migrational capacity which is mainly established

by the noncanonical Wnt pathways™.

The Noncanonical Wnt Pathways

Cytoskeletal organization is a marker of cell polarity. In turn,
cell polarity largely dictates its adhesive, migrational, and mitotic
properties”. The Wnt/PCP pathway establishes polarized cellular
structures and alters cytoskeletal organization, partially through
its interaction with JNK’. As discussed before, both symmetrical
and asymmetrical cell division are essential in generating sufficient
myogenically-committed satellite cells. To regulate this balance,
multiple Wnt subtypes maintain unique functions in myogenesis.
Following muscle injury, Fzd7 and Wnt7a expression are
upregulated in muscle tissue/satellite cells’. The activation of Fzd7
by Wnt7a preferentially drives symmetric cell division of satellite
cells, a process carried out by the Wnt/PCP pathway™’. Wnt7a
also preferentially activates MyoD via the Wnt/Ca” " pathway,
whereas Wntl enhances Myf5 expression via the canonical Wnt
pathway'®. The Wnt/Ca™" pathway also regulates cytoskeleton
organization and cellular adhesion”. Wnt/Ca™" signaling involves
the activation of phospholipase C and Ca’" influx, causing
downstream stimulation of Ca’ -sensitive protein kinase C (PKC),
calmodulin-dependent protein kinase (CaM-kinase 1I), and NFAT
(Section: Calcium as a Regulator of Muscle Size and Plasticity)”.
The Wnt signaling network is implicated in numerous crosstalk
interactions, both within the various Wnt signaling pathways and

beyond. For example, the activation of the Fzd by Wnt can lead

158 | CHBRAT20|5}5|R|

to the activation of the G; @ subunit, which subsequently activates
the PI3K/AktmTOR pathway™. Further, Wnt/Ca™ " activity can
antagonize canonical Wnt signaling”. In myogenesis, these
interactions preserve the proper orchestration of satellite cell

activation.

The Canonical Wnt/Fzd Pathway

Notch signaling prevents precocious differentiation by
suppressing MyoD expression and retaining satellite cells in the
quiescent state’. This effect primes the expression of target genes
for subsequent activation”. A gradual switch from Notch to
canonical Wnt signaling occurs throughout the activation of satellite

8,57
. In

cells following muscle damage to permit differentiation
the absence of Wnt, a complex formed by axin, adenomatous
polyposis coli, and glycogen synthase kinase 3-8 (GSK3-3)
phosphorylates 3 -catenin, the marker of canonical Wnt/Fzd
signaling, and inhibits its activity’. In the canonical Wnt/Fzd
signaling pathway, the activation of Fzd by Wnt disassociates
B-catenin from its inhibitory complex, which allows /3-catenin
to accumulate inside the cytoplasm™. Activated 4-catenin then
translocates into the nucleus where it guides the transcription
of Wnt/ 3-catenin target genes. Notable Wnt/ 3 -catenin targets
include growth-control genes such as c-Myc and cyclin D1 that
are key regulators of proliferation, thus /-catenin liberation
supports noncanonical Wnt/Fzd pathways in the early steps of

: : 49,58
myogenic commitment

. Wnt/ B-catenin signaling also promotes
cell-to-cell adhesion, an imperative process for myotube
formation/fusion, and stimulates transcriptional elongation, a
component of MPS™. The liberation of /A-catenin from its
inhibitory complex also constitutes the inhibition of GSK3- 23,
which otherwise hinders mTOR-mediated MPS (Section: The
Phosphoinositide 3-Kinase/Akt/Mammalian Target of Rapamycin
Pathway)ll’“. Therefore, the noncanonical and canonical arms
of the Wnt/Fzd signaling network maintain overlapping functions;
however, each pathway also exhibits unique fortes in progressing

the myogenic lineage.

Insulin-Like Growth Factor-1

Both aerobic and resistance exercise result in acute increases
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of growth hormone (GH)

GH, especially those that are growth-promoting, are mediated

. Many of the metabolic effects of

through IGF-1, which is secreted by the liver in response to
GH’. IGF-1 isoforms are also locally produced by extrahepatic
tissues (i.e., myofibers) and recruited macrophages following
resistance exercise” . The bioactivity of IGF-1 is regulated by
IGF-binding proteins, which stabilize circulating IGF-1’s while
also providing tissue-specific bioavailability™. IGF-1 receptors
are present in activated satellite cells and adult myofibers’. Free
IGF-1 triggers skeletal muscle hypertrophy by interacting with
multiple signaling pathways, namely the PI3K/Akt/mTOR and
MAPK/ERK pathways’"™®. Initial translation of the IGFI gene
generates a pre-pro-peptide composed of an N-terminal signal
peptide, mature IGF-1, and a C-terminal E-peptide extension®.
Removal of the N-terminal signal peptide yields pro-IGF-1, which
can then be further cleaved into mature IGF-1 and an E-peptideﬁ.
As such, alternative mRNA splicing of the /GFI gene permits
the formation of multiple pro-IGF-1 isoforms distinguished by
their E-peptide extensions. Three pro-IGF-1 isoforms have been
described in humans: IGF-1Ea, IGF-1Eb, and IGF-1Ec/mechano
growth factor (MGF). The exact biological functions of these
pro-IGF-1 isoforms have yet to be determined; however, it appears
that the three pro-IGF-1 isoforms collaborate with one another
as well as with mature IGF-1s to carry out the adaptive and
regenerative response to resistance exercise”. Evidently, unique
and overlapping functions across multiple subpathways of a major

biochemical pathway is a recurring theme in resistance exercise

physiology.

The Mechano Growth Factor Hypothesis

The correlation between the sequence of biological events
following resistance exercise and the specific expression pattern
of different pro-IGF-1 isoforms has led to the proposition of
the MGF hypothesis. IGF-1Ea resides as the dominant pro-IGF-1
isoform and main precursor of mature IGF-1; however, resistance
exercise results in the preferential upregulation of MGF
transcription, and thus, MGF is the first pro-IGF-1 isoform to
be upregulated in the process of myogenesis™®. In healthy and
physically active, but untrained men, MGF levels peaked first

and demonstrated a transient increase 2 days following a maximal

eccentric exercise protocol of knee extensor muscles. IGF-1Ea
and IGF-1Eb exhibited similar expression profiles to one another
and both were elevated beyond baseline at 5 days postexercise”.
The Notch/Wnt antagonistic relationship was previously discussed,
where only one process, proliferation or differentiation, is
maximized at a given time’. This paradigm is demonstrated once
again in the MGF hypothesis. According to the MGF hypothesis
described by Matheny et al.”, the initial rise in MGF activates
quiescent satellite cells and promotes proliferation of myogenic
precursor cells but opposes differentiation. Following substantial
proliferation, MGF levels decline and succeeding pro-IGF-1s
commence differentiation. Concurrently, mature IGF-1s
generated from pro-IGF-1s potentiate several anabolic pathways
(i.e., PI3K/Akt/mTOR) and promote early myogenic commitment
of stem cells, while IGF-2 aids in the process of completing
differentiation”’. The MGF hypothesis is further supported by
the findings of Ascenzi et al.*, where the proliferative effects
of mouse IGF-1Eb (the rodent equivalent of human MGF) and
the differentiative effects of IGF-1Ea in mice were demonstrated.
It has been suggested that E-peptides, particularly the E-peptides
of MGFs, act as mitogens to induce anabolic effects independently
as well as complement the direct actions of pro-IGF-1s and mature
IGF-1s". Brisson and Barton” reported the ability of E-peptides
to increase phospho-ERK1/2, but not phospho-Akt in myoblasts,
suggesting that E-peptides enhance the ability of IGF-1 to activate
its receptor by enhancing the MAPK/ERK pathway but not the
PI3K/Akt/mTOR pathway.

The Mechanistic/Mammalian Target of Rapamycin

Two to three hours after a single bout of resistance exercise,
a 40%-150% increase in MPS above baseline can be detected™".
This elevation in MPS is sustained for up to 48 hours and is
calibrated by multiple signaling pathwaység. The NF-«
B/COX/prostaglandin, Wnt/Fzd, and IGF-1 axes all intersect at
the master nexus of anabolism: the mechanistic/mTOR which
is a member of the PI3K-related kinases familyl2’49’69. As such,
mTOR is regarded as one of the primary junctions between anabolic
stimuli and their tangible effects on protein synthesis/degradation.
Both mTORC1 and mTORC2, the two catalytic subunits of mTOR,

have regulatory functions on cell proliferation and metabolism;
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however, mTORCI1 appears to have a more direct influence on
MPS while mTORC2 mainly influences cell survival/metabolism
and cytoskeletal organization''. Crosstalk between mTORCI and
mTORC2 allows for an intricate feedback system involving
multiple targets of the mTOR signaling network”. Activation
of the mTOR/S6 kinase (S6K) pathway, which can be effected
by insulin, hinders the ability of insulin to continuously activate
through insulin receptor substrate protein-1 (IRS-1), resulting in
insulin resistance and negative feedback of the insulin/IRS/mTOR

- 11,71
axis

. Further, mTORC1 activates growth factor receptor
bound protein 10, a negative regulator of the insulin/IGF-1 receptor,
and S6K induces the degradation of IRS-1". This feedback system
emerges as a cardinal factor to consider when determining optimal
meal distribution patterns with respect to insulin sensitivity and
maximizing MPS (Sections: Balancing Muscle Protein Synthesis
and Autophagy and Optimal Meal Distribution to Maximize Muscle
Protein Synthesis). An essential role of mTORC?2 is stimulating
mTORCI through its activation of Akt”. In addition to mTORC2
and insulin, amino acids (mainly arginine and leucine), and several
growth factors, including IGF-1, can activate mTORCI1, while
hypoxia, glucose deprivation, stress, and DNA damage inhibit
mTORC1"™. Few studies show that resistance exercise-induced
mTORCI activation and the subsequent hypertrophy that occurs
can be obtained without growth factor-mediated anabolic
signaling®. This phenomenon likely stems from feedback-
mediated compensations in mTOR signaling. However, as potent
stimulators of mTOR, growth factors, particularly IGF-1, are likely
needed to optimize all major growth pathways and elicit a maximal
MPS response to resistance exercise. As an anabolic signaling
pathway, mTOR requires energy to function. The energy status
of cells is chiefly monitored by AMP-activated protein kinase
(AMPK), which is activated by nutrient deprivation and some
inflammatory cytokines (i.e., interleukin-6); thus, exercise and
fasting activate AMPK™”. Among the several AMPK isoforms,
exercising skeletal muscle predominantly upregulates the AMPK
a2B273 type complex”. In general, AMPKs promote
energy-conserving processes such as glucose uptake and
mitochondrial biogenesis while suppressing energy-spending
processes such as mTORCl-mediated MPS®. Upon exercise
cessation and given an abundance of nutrients (i.e., from a

post-workout meal), AMPK signaling declines and MPS is enabled
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via the Akt/mTOR pathway. This process is aided by the
postexercise IGF-1 and GH surge’. Key myogenic genes involved
in satellite cell proliferation and differentiation (i.e., PAX7 and
MRFs) are also influenced by mTOR™.

The Phosphoinositide 3-Kinase/Akt/Mammalian
Target of Rapamycin Pathway

The mTOR signaling network involves a complex series of
activations, inhibitions, and disinhibitions. One route to mTORC1
activation starts with the stimulation of PI3K by growth factors.
PI3K then activates Akt, also known as protein kinase B”.
Subsequently, Akt inhibits negative regulators of mTORC1 such
as proline-rich Akt substrate-40 and tuberous sclerosis complex
(TSC), allowing mTORCI to induce the anabolism of proteins,
lipids, and nucleic acids through its downstream effectors”. p70
ribosomal protein S6K1 and eukaryotic translation initiation factor
4E (elF4E)-binding protein (4E-BP1) are the two primary
substrates of mTORCI'"". Phosphorylation of 4E-BP1 by
mTORCI inhibits the sequestration of translation initiation factor,
elF4E, promoting cap-dependent mRNA translation’. Phos-
phorylation of S6K1 by mTORCI also promotes cap-dependent
mRNA translation as well as mRNA biogenesis”. Beyond
mTORCI stimulation, Akt maintains additional functions in the
process of myogenesis. Some of these functions include Akt’s
ability to enhance cellular adenosine triphosphate content,
mediate the positive effects of IGF-1 in skeletal muscle, and
promote glycogen synthesis by inhibiting GSK3- 8”. Akt also
prevent muscle protein breakdown (MPB) by suppressing the
expression of forkhead box O (FOXO) atrogenes such as MuRF1,
atroginl, and regulated in development and DNA damage responses
1°7, Furthermore, autophagy and apoptosis are inhibited by
mTORCI and Akt, respectively'"'">. Autophagy and apoptosis
are biological processes crucial to an organisms health and
longevity. Thus, this raises the following question: How does
one most effectively allocate periods of anabolism (i.e., MPS)

and catabolism (i.e., autophagy)?

Balancing Muscle Protein Synthesis and Autophagy

Acute suppression of catabolism in concordance with augmented
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MPS via mTORCI is cardinal for muscle growth as these events
result in a positive net protein balance. However, like many
endogenous processes, including inflammation, prolonged
activation often leads to detrimental effects and pathology. In
the case of mTORCI, sustained activation via loss of TSC1 leads
to muscle atrophy because in the absence of autophagy, an excess
of damaged proteins and organelles accumulate, resulting in cell
death”. In correspondence, exercise-induced autophagy has shown
to complement skeletal muscle plasticity in response to training".
Beyond the previously described negative feedback loops and
crosstalk interactions that protect against excessive and/or
insufficient mTORCI activation, a significant regulatory dynamic
has been discovered between mature IGF-1s and pro-IGF-1s.
Despite the ability of mature IGF-1 to inhibit MPB and autophagy
via mTOR activation, pro-IGF-1s in mice activate autophagy/
lysosome systems64. It is proposed that this effect of pro-IGF-1s
preserves skeletal muscle in aging due to the autophagic
optimization of cellular functions™. In essence, these findings
suggest that long-term muscle growth is best achieved by
incorporating adequate, but calculated, intervals of autophagy into

a preferentially anabolic environment.

Optimal Meal Distribution to
Maximize Muscle Protein Synthesis

In a study on the latency and duration of MPS stimulation
in response to amino acid infusion, it was found that the elevated
MPS response to leucine/protein ingestion returns to baseline
approximately 2 hours after ingestion, despite elevated plasma
leucine content and mTOR signaling (including mTOR targets,
S6K, and 4E-BP1) persisting above baseline for 5 hours™”. Thus,
given that all other variables are optimized, it is not only a finite
rate of nutrient absorption and assimilation that restricts the rate
of MPS. Rather, a major limiting factor for muscle growth appears
to be the temporary desensitization of skeletal muscle to the anabolic
effects of food. Considering this refractory period, Norton and
Wilson™ advise 4 to 6 hours in between each leucine/protein-rich
meal to maximize daily MPS. However, in a period of 12 hours,
healthy resistance trained men who consumed 20 g of protein
every 3 hours demonstrated higher MPS area under the curve

than groups who consumed either 40 g of protein every 6 hours

or 10 g of protein every 1.5 hours”. Thus, the MPS refractory
period and optimal frequency of meals may depend on training
status and/or body composition. Indeed, daily micronutrient and
macronutrient recommendations vary greatly based on factors
such as physical activity level, sex, body mass, and goals. As
a highly metabolic tissue, skeletal muscle possesses the ability
to rapidly allocate and expend macronutrient substrates (i.e.,
glucose) and this process is accelerated with exercise™®.
Specifically, the insulin-sensitizing effects of exercise are
well-established'. Hence, muscle-bound individuals may possess
a more flexible mTOR/MPS system that can accommodate higher
meal frequencies. Relevantly, for highly active individuals
attempting to accrete as much muscle as possible, eating more
frequently can facilitate consuming the massive amount of food
needed to achieve a hypercaloric state, the most optimal energy
balance for muscle growthgo. Apart from food, many athletes
incorporate supplements for performance-enhancing benefits.
Intermittent supplementation of branched-chain amino acids and
B -hydroxy- 5 -methyl butyrate aids in establishing a preferentially
anabolic environment via mTOR activation'. Based on the
evidence above, when considering the incorporation of
mTOR-stimulating dietary supplements, our conjecture is to factor
in the refractory nature of mTOR which may compromise maximal

anabolic responses to real food.

Anabolic Priming by Resistance Exercise

Effective training is characterized by appropriate intensity,
volume, exercise selection, and rest, leading to desired adaptations4.
Based on our previously discussed topics, these adaptations are
calibrated by inflammatory signals, satellite cells, nutrients, MPS,
and MPB (ic., autophagy)” ***"*""
stimulates both MPS and MPB but preferentially sensitizes skeletal

. Resistance exercise

muscles to the anabolic effects of protein consumption and
subsequent hormonal responses, which results in an overall growth
of protein tissue, especially when paired with a caloric surplus/
high-protein diet™. To put it simply, the acute catabolic event
of resistance exercise potentiates the subsequent activation of
anabolic pathways. We refer to this phenomenon as the anabolic
priming by resistance exercise effect. Many of the dynamics we

have previously detailed in this review fit this criterion. For instance,
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protein/carbohydrate consumption shortly following an efficient
exercise protocol maximizes the myotropic effects of the
proteins/carbohydrates chiefly due to the interplay between AMPK
and mTOR. High AMPK signaling during exercise abruptly inhibits
mTOR®. Hence, it may be inferred that exercise truncates the
mTOR refractory period, sensitizes the MPS system, and promotes
a maximal anabolic response given an adequate post-workout
meal. This is in line with the insulin-sensitizing effect of exercise
which may ameliorate insulin resistance caused by protein intake
as part of the negative feedback loop involving the insulin/
IRS/mTOR axis"""*"". In addition to AMPK signaling, skeletal
muscle perfusion also demonstrates an anabolic priming effect.
Blood functions as a medium to support cellular metabolism and
contains numerous signaling molecules. As such, increased blood
flow during exercise aids in transporting growth factors and
nutrients to downstream effectors. Moreover, spatial priming and
adaptive responses to cellular swelling corresponding sarcoplasmic
hypertrophy further exemplify the muscle pump as an anabolic

5,26,27 .
. At the cell’s surface, an acute bout of resistance

primer
exercise has shown to upregulate IGF-1 receptor expression in
type I muscle fibers, but not in type I muscle fibers™. However,
resistance exercise has shown to upregulate glucose transporter
4 expression in both type I and type II muscle fibers". Since
the density of such receptors significantly dictate a cell’s
responsiveness to stimuli, exercise-induced receptor modulation
may also contribute to an anabolic priming effect, though these

adaptations may be fiber specific and variable in nature.

Mitogen-Activated Protein Kinase/Extracellular
Signal-Regulated Kinase

Mechanotransduction is the conversion of mechanical stress
into biochemical signals, yielding accelerated MPS and other
anabolic responses”. The MAPK cascade composes a series of
kinases that transduce extracellular signals (i.e., mechanical
tension) into cellular responses (i.e., myofibrillar hypertrophy).
To accomplish this wide-ranging goal, the MAPK cascade
modulates gene expression, redox status, and metabolism as well
as cellular programs such as proliferation and differentiation*".
Activators of MAPK include growth factors, cytokines, stress,
and transforming growth factor- 4 (TGF- 8) members"'. Three

ol
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families of MAPK have been characterized in mammalian cells:
(1) the classical MAPK (also known as ERK), (2) JNK/
stress-activated protein kinase, and (3) p38 kinase*’. Among
these modules, JNK appears to be the most responsive to
mechanical tension and muscle damage, as exercise-induced JNK
activation leads to a rapid rise in the mRNA of transcription
factors involved in cell proliferation4. Low levels of reactive oxygen
species generated during muscle contractions can lead to mTOR
activation through MAPK-dependent pathways™*. High intensity/
unaccustomed exercise has shown to activate all three modules
(ERK1/2, INK, and p38), whereas low intensity/accustomed
exercise has shown to activate only ERK1/2°. While ERK1/2
stimulates acute substrate metabolism (i.e., fatty acid oxidation),
p38 MAPK and JNK are proposed to propagate transcription-
dependent adaptations”. In other words, it appears that high
intensity/unaccustomed exercise is necessary to elicit significant
changes in gene and protein expression necessary for long-term
adaptation. Thus, adequate intensity and variability in exercise
programs serve a purpose. MAPKs are integrated into various
checkpoints of skeletal muscle regeneration/growth following
muscle damage, including upstream of the NF- £ B network, as
well as downstream of the noncanonical Wnt signaling pathwayz’ﬁ.
Crosstalk between MAPKs and NF- £ B influences the expression
of genes related to inflammation (i.e., prostaglandins and COX
enzymes), vasodilation (i.e., nitric oxide synthase), and satellite
cell activation (i.e., myocyte-enhancing factor 2 [MEF2], a

P 1t is also suggested

transcription factor interacting with MRFs)
that the MAPK/ERK cascade supports amino acid sensing and
coregulates mTORC1-induced MPS by inhibiting TSC2™. In turn,
Akt negatively regulates ERK, and the MAPK/ERK and
Akt/mTORC1/S6K axes converge to coregulate numerous cell

survival, proliferation, metabolism, and motility genes".

Calcium as a Regulator of Muscle Size and Plasticity

Skeletal muscle is highly plastic, meaning that it can
accommodate a wide range of adaptations beyond the apparent
changes in muscle size. For example, substrate-specific metabolic
adaptions are attributed to the type of exercise performed (i.e.,
strength vs. endurance training)z’m. The corresponding modifications

to mitochondrial biosynthesis/degradation and oxidative capacity
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of muscle cells appear to be governed through calcium signaling24.
Physical activity, Wnt/Ca2+, IGF-1, and PGF2- @ can increase

4,37,53,86
. Downstream effectors of

intracellular calcium levels
calcium include calmodulin, a calcium-binding messenger protein;
calcineurin (CnA), a major calmodulin-binding protein that
mediates MEF2 and the hypertrophic effects of IGF-1*"; CaMK;
PKC, which interacts with MAPK to induce transcriptiongs; and
NFAT". Both NFAT and MEF?2 are myogenic transcription factors
downstream of CnA and CaMK™, Oxidative muscle fibers maintain
higher resting concentrations of intracellular Ca" and
mitochondrial content than their glycolytic counterparts”.
Appropriately, high-volume/endurance-focused training induces
PGC-1 @, CaMK, CnA, and AMPK signaling to augment
mitochondrial biogenesis and consequently, one’s endurance/

7% Indeed, this is the preferred training

oxidative capacity
approach when attempting to elicit type I muscle fiber-specific
adaptions and sarcoplasmic hypertrophy. Conversely, heavy
resistance training favors the stimulation of myofibrillar protein
synthesis via the Akt/mTOR pathway, which is otherwise
interrupted by high AMPK signaling™®*". This is in line with
the inverse relationship between striated muscle fiber size and
oxidative capacity since compared to type [ muscle fibers, type
II muscle fibers are better suited for myofibrillar hypertrophy
stimulated by intense resistance training™*. Moreover, these
interactions explain the concurrent training effect, where
simultaneous strength and endurance training compromises
adaptations due to the interference of biochemical pathways®.
Although the multiple calcium-dependent pathways appear to
preferentially stimulate oxidative adaptations, CnA signaling has
been linked to hypertrophy in all fiber types**’. This may be
due to the role of the CnA/NFAT pathway down-regulating

myostatin, the primary obstacle to muscle growth®.

Myostatin Expression and Receptor Activation

Potent negative regulators of muscle growth are highly
conserved across speciesgg. Specifically, skeletal muscle mass is
tightly controlled by myostatin, also known as growth/
differentiation factor (GDF)-8. Myostatin is a member of the
TGF-B family of proteins, which mediate cell growth,

proliferation, and differentiation™. In the canonical (Smad-

dependent) myostatin signaling pathway, free myostatin activates
activin type II receptors (ActRIIA/ActRIIB), which leads to the
activation of type I activin receptors (ALK4/ALKS5)". ALK4/
ALKS then stimulates the formation of a Smad protein
heterooligomer complex that transitions into the nucleus to induce
the expression of target genes’. Endogenous negative regulators
of myostatin signaling include myostatin pro-peptide, GDF-
associated serum protein-1/2, Smad7, and follistatin™”. The exact
transcriptional targets of myostatin remain ill-defined, though it
is suggested that transcriptional outputs can depend on the
cell/tissue type and physiological context”. Potential interactions
with noncanonical (MAPK-dependent) myostatin signaling adds
further complexity to the roles of myostatin94. There appears to
be an inverse relationship between the oxidative capacity of a
muscle and the level of myostatin expression”. Hence, a muscle
fiber-type size paradox emanates, part of which describes that
despite the higher hypertrophic potential of type II muscle fibers,
glycolytic fibers also express higher levels of myostatin compared
to oxidative fibers™. Although this relationship raises several
questions, it is in agreement with the fact that a higher proportion
of type II muscle fibers are present in myostatin deficiency™.
Additionally, there are conflicting findings on the effects of
resistance training on myostatin expression. Some studies report
that resistance exercise increases basal myostatin mRNA levels,
while others report the very opposite’. Differences in exercise
modality, sample demographics, and/or the timing of sample
collection likely contribute to this discrepancy. Nonetheless, more
research is needed to determine the specific role and expression

pattern of myostatin in humans.

Myostatin Impedes Satellite Cells and
Muscle Protein Synthesis

Myostatin is integrated into various muscle turnover pathways,
including the myogenic stem cell lineage™”'. Satellite cell
proliferation and differentiation are interrupted by myostatin
signaling as shown by its ability to inhibit Akt, promote GSK3- 58
activation, and down-regulate PAX7 and MRF expression’". In
turn, Akt inhibition leads to the upregulation of FOXO transcription
factors, promoting proteolytic processes”. FOXO1 also increases

myostatin expression, demonstrating a feed-forward loop between
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myostatin and FOXO transcription factors™. Despite these effects,
it has been suggested that the primary purpose of myostatin is
not to induce atrophy directly, but rather to block excessive
hypertrophy%. Synthetic knock-out or naturally occurring
mutations that delete the myostatin gene across various species
have been shown to cause drastic increases in skeletal muscle
mass. Myostatin-null animals have approximately twice the muscle
mass of wild-type animals and this additional muscle mass appears

89,96
. Moreover,

to stem from both hyperplasia and hypertrophy
myostatin-null mice exhibit improved insulin sensitivity and
reduced adiposity attributed to their increased muscle mass”.
Although rare, organic mutations in the myostatin gene that result
in significantly reduced myostatin production also occur in
humans”. These people expectedly display a hyper-muscular
phenotype. In myofibers, myostatin blockade can induce significant
muscle growth in the absence of satellite cell activity and changes
to the myonuclear domain”. Akt inhibition via myostatin deters
mTOR-mediated MPS in skeletal muscle, thus, the anti-
hypertrophic effects of myostatin extend beyond satellite cell
inhibition”" .

Myostatin Inhibition and Tendon Integrity

Since myostatin is mainly confined to skeletal muscle tissue,
myostatin inhibition has emerged as a promising therapeutic
approach for sarcopenia and other muscle wasting diseases™”.
Muscle mass of wild-type mice injected with a soluble myostatin
decoy receptor, ActRIIB-Fc, increased by 40%-60% in only 2
weeks. Myostatin-selective antibodies and follistatin-based
therapies have also shown to cause drastic muscle growth and/or
ameliorate muscle wastinggg. Follistatin impedes multiple members
of the TGF- 8 family, including myostatin, and follistatin transgene
integration into myostatin-null mice causes a “quadruple muscle
mass” effect”. These findings suggest TGF- 4 members apart
from myostatin also exist to negatively regulate skeletal muscle
mass and advocate myostatin inhibition in the clinical setting
of muscle wasting. As the name suggests, transforming
growth/growth differentiation factors influence the terminal
differentiation of non-committed cells, sometimes diverting a cell
toward an alternative lineage. In this respect, myostatin inhibition

may not be as selective and desirable as previously perceived
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due to its influence on stem cells and tendon integrity. Pluripotent
stem cells are directed toward specific lineages based on different
cues. For instance, PAX7 denotes a stem cell’s commitment toward
the myogenic lineagem. In a surgical research study, myostatin
has shown the ability to divert the differentiation of rat bone
marrow mesenchymal stem cells toward the tenocyte lineage’”.
Moreover, tendons of myostatin-deficient mice are 40% smaller
and exhibit significant reductions in fibroblast density and type
I collagen content compared to wild-type controls”. These findings
can be explained by the fact that multiple collagen-related genes
are upregulated by myostatin, proposedly via Smad-dependent
mechanisms'”’. The apparent negative and positive effects that
myostatin inhibition has on connective tissues and striated
contractile tissues, respectively, may predispose one to injury
and disease. Collagen is not only present at the muscle/bone
interface (i.e., the distal/proximal tendon), but is also found
ubiquitously as a supportive structure, including surrounding
contractile muscle fibers (i.e., as fascicles) to protect against
stretch-stress'”’. One reported side effect of soluble ActRIIB-Fc
administration in humans is gum bleeding”™. This symptom
emulates scurvy, a disease characterized by a lack of vitamin
C and subsequent deleterious changes to connective tissues.
Moreover, in the previously described muscle fiber-type size
paradox, type 11 muscle fibers paradoxically express higher levels
of myostatin despite their greater cross-sectional area compared
to type I muscle fibers™. Also, myostatin loss leads to a preferential
increase in type II muscle fibers™. These discoveries suggest
that the role of myostatin may be to synchronize tendon/connective
tissue integrity and contractile protein mass by modifying multiple
biochemical pathways and stem cell commitment (i.e., diverting
stem cells away from the myogenic lineage and toward the tenocytic
lineage). Indeed, glycolytic fibers can generate a higher peak
force compared to oxidative fibers. A higher muscle fiber peak
force necessitates a correspondingly higher tendon load capacity,
providing a rationale for type Il muscle fibers to express higher
myostatin levels. Nutrient allocation and other biochemical
pathways are also likely affected in a similar manner since the
anti-myogenic effects of myostatin extend past satellite cell
inhibition’'. Beyond myostatin, additional TGF- 3 members are
anticipated to modulate stem cell distribution and maintain

physiologic proportions of tissue turnover.
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Summary and Future Directions

In summary, the anabolic priming by resistance exercise effect
describes how resistance exercise serves as an acute catabolic
event to potentiate multiple anabolic pathways (Fig. 1). The initial
inflammatory response following muscle damage is primarily
mediated through NF- £ B, and COX

enzymes™**"*’. Subsequently, satellite cells fuse to damaged

prostaglandins,

myofibers as part of myofibrillar hypertrophy and this process
is complemented by sarcoplasmic hypertrophy”. The sequence
of the myogenic lineage is chiefly regulated by the Wnt signaling
pathways and supported by pro-IGF-1 isoforms”. The MGF
hypothesis elucidates unique roles of pro-IGF-1s preceding their
cleavage into mature IGF-1, which in turn, emerges as a potent
activator of the PI3K/Akt/mTOR and MPS™*™”. Multiple
pathways influence skeletal muscle plasticity, partially via
interactions with calcium signaling™. Also, differential activation
of the MAPK/ERK cascade emphasizes the importance of adequate
training intensity and Variabilityz. It is apparent that numerous
crosstalk interactions and negative feedback loops govern muscle
protein turnover. These dynamic interactions appear to maintain
homeostasis and health/longevity, but also complicate the process
of optimizing exercise and nutrition variables (i.e., exercise timing,
frequency, and type; as well as macronutrient ratios). Although
some literature may suggest objective values for these variables,
we propose that it is most pertinent to continuously evaluate
one’s progress and adjust variables accordingly due to vast
individual differences in genetics, lifestyle, and goals. In the case
one’s goal relates to bodybuilding, it is inevitable for one to
face a plateau in muscle growth, as the threshold of anabolic
stimulus needed for continuous adaptations rises beyond reach
and the ability to generate a sufficient inflammatory response
deteriorates. In addition, myostatin impedes excessive hypertrophy
through multiple vectors”™". To surpass natural limits of body
composition and performance, some may experiment with
performance-enhancing drugs (PEDs)'". Several hormones not
detailed in this review, such as testosterone and estrogen, are
also involved in skeletal muscle anabolism™". These sex steroids
are the basis of anabolic-androgenic steroid (AAS) development
and appear to govern long-term body composition beyond exercise

and nutrition variables by manipulating many of the pathways

outlined in the present review. To read more on the mechanisms
of AAS and other PEDs, as well as the highly conserved homeostatic
system of skeletal muscle regulation, we recommend the review,
“The mechanisms of anabolic steroids, selective androgen receptor
modulators and myostatin inhibitors” by Park et al.”’, Clearly,
investigating the science of exercise physiology reveals insightful
findings on the finely tuned ability of the human body to adapt
to stress. Future research is needed to expand off current literature
and clarify discrepancies such as the pattern of myostatin expression
in relation to resistance exercise. With great interest, we anticipate
the discovery of new paradigms and novel regulators of skeletal

muscle turnover.
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