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A B S T R A C T

Skeletal muscle anabolism is driven by numerous stimuli such as growth factors, nutrients (i.e., amino acids,
glucose), and mechanical stress. These stimuli are integrated by the mechanistic target of rapamycin (mTOR)
complex 1 (mTORC1) signal transduction cascade. In recent years, work from our laboratory and elsewhere has
sought to unravel the molecular mechanisms underpinning the mTOR-related activation of muscle protein syn-
thesis (MPS), as well as the spatial regulation of these mechanisms within the skeletal muscle cell. These studies
have suggested that the skeletal muscle fiber periphery is a region of central importance in anabolism (i.e.,
growth/MPS). Indeed, the fiber periphery is replete with the substrates, molecular machinery, and translational
apparatus necessary to facilitate MPS. This review provides a summary of the mechanisms underpinning the
mTOR-associated activation of MPS from cell, rodent, and human studies. It also presents an overview of the
spatial regulation of mTORC1 in response to anabolic stimuli and outlines the factors that distinguish the pe-
riphery of the cell as a highly notable region of skeletal muscle for the induction of MPS. Future research should
seek to further explore the nutrient-induced activation of mTORC1 at the periphery of skeletal muscle fibers.
Introduction

In 1968 Goldberg reported that mechanical loading of rat plantaris
and soleus via tenotomy of the gastrocnemius resulted in increased
incorporation of [14C]-Leucine into muscle proteins (i.e. protein syn-
thesis), and the increase in muscle protein synthesis (MPS) was corre-
lated with muscle hypertrophy over time.1 Extensive research has since
been conducted to characterize the molecular mechanisms through
which mechanical loading and unloading influence skeletal muscle pro-
tein turnover. In the years since Goldberg's findings, much has been
learned about skeletal muscle anabolism, and the mechanistic target of
rapamycin (mTOR) complex 1 (mTORC1), has emerged as a candidate
central regulator of skeletal muscle anabolism.

mTOR is a serine/threonine protein kinase found in two protein
complexes, mTORC1 and mTOR complex 2 (mTORC2), across a variety
of cell types.2 mTORC1 is composed of regulator associated protein of
mTOR (RAPTOR),3 mammalian lethal with sec13 protein 8 (mLST8, also
known as GβL), and two negative regulators, proline rich substrate of Akt
of 40 kDa (PRAS40), and DEP containing mTOR interacting protein
(DEPTOR).4–7 Similar to mTORC1, mTORC2 contains mLST8, and DEP-
TOR. However, mTORC2 also contains rapamycin insensitive companion
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of mTOR (RICTOR), mSIN1, and Protor1/2, which are distinct from
mTORC1.8 mTORC1 positively regulates mRNA translation (protein
synthesis) through the phosphorylation of ribosomal protein S6 kinase 1
(S6K1, also called p70S6K), and eukaryotic initiation factor 4E binding
protein 1 (4E-BP1).9 Furthermore, mTORC1 negatively regulates auto-
phagy by phosphorylating and inactivating transcription factor EB, and
Unc-51 like autophagy activating kinase, further promoting net cellular
anabolism.2 Although mTORC2 influences substrate metabolism,2

mTORC1 has been the primary complex characterized for skeletal muscle
anabolism, and thus will be the focus of the two kinase complexes for this
review.

Seminal work by Baar & Esser10 demonstrated that the degree of
hypertrophy following resistance-type exercise was highly correlated
with S6K1 phosphorylation. It was subsequently shown that the mTORC1
inhibitor rapamycin completely prevented both protein synthesis
([14C]-Phenylalanine incorporation) and S6K1T389 phosphorylation
following stretch in an ex vivo model of skeletal muscle.11 The role of
mTOR as the rapamycin-sensitive element in mechanically-induced
protein synthesis was later confirmed using transgenic mice and C2C12
myotubes with skeletal muscle-specific expression of a
rapamycin-resistant mTOR.12,13 Indeed, mTORC1 is required for the
acute (< 3 h) in vivo increases in mixed MPS following resistance exercise
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Abbreviations:

4E-BP1 eukaryotic initiation factor 4E binding protein 1
AA amino acids
DEPTOR DEP containing mTOR interacting protein
EAA essential amino acids
eIF3F eukaryotic initiation factor 3F
eNOS endothelial nitric oxide synthase
FAK Focal Adhesion Kinase
FLCN folliculin tumor suppressor
GAP GTPase activating protein
GEF guanine nucleotide exchange factor
IGF-1 Insulin-like growth factor-1
LAMP2 Lysosome associate membrane protein 2
LAT1 Large neutral amino acid transporter 1
LEAA leucine enriched essential amino acids
MPS Muscle protein synthesis

mTOR mechanistic target of rapamycin
mTORC1 mTOR Complex 1
mTORC2 mTOR Complex 2
PI3K phosphatidylinositol 3-kinase
PtdIns3P phosphatidylinositol 3-phosphate
RAPTOR regulator associated protein of mTOR
Rheb Ras homologue enriched in brain
RICTOR rapamycin insensitive companion of mTOR
S6K ribosomal protein S6 Kinase
SAM S-adenosylmethionine
SAMTOR S-adenosylmethionine sensor upstream of mTORC1
SNAT2 Sodium-coupled neutral amino acid transporter 2
TSC Tuberous sclerosis
v-ATPase vacuolar-type Hþ ATPase
VPS34 vacuolar protein sorting 34
WGA wheat germ agglutinin
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in rodents,14,15 and humans,16 as evidenced by rapamycin administration
preventing the immediate rise in mixed MPS following resistance exer-
cise. These findings have been corroborated in several rodent models
showing that rapamycin administration prevents resistance
exercise-induced MPS17 and largely blunts (~90%) the hypertrophic
response to resistance exercise training.14,18 These findings highlight the
importance of mTORC1 following mechanical stimulation on skeletal
muscle anabolism.

mTORC1 is involved in the regulation of many anabolic pathways
across a variety of cell types, and mTORC1 dysregulation has been
implicated in a variety of diseases such as cancer, metabolic disease, and
skeletal muscle anabolic resistance.2,19 Therefore, understanding the
molecular mechanisms governing mTORC1 can help facilitate the
development of clinical interventions. Many studies have attempted to
determine the upstream mechanisms which lead to mTORC1 activation
in response to a variety of cellular inputs such as nutrient availability,
growth factors and mechanical stimulation. The upstream regulation of
mTORC1 by nutrients, specifically amino acids (AA) and growth factors
(e.g., insulin, insulin-like growth factor 1 [IGF-1]), has been well char-
acterized, in part due to their role in cancer biology. This ‘canonical’
pathway of mTORC1 activation by AA and growth factors is far better
understood than mechanical stimulation-induced activation of mTORC1,
although significant progress has been made in recent years. The aim of
this review is to discuss mTOR-related anabolism in skeletal muscle.
Specifically, we will discuss the canonical understanding of mTORC1
activation from in vitro studies, the emerging data on the spatial regula-
tion of mTORC1 in human skeletal muscle, and how the periphery of
skeletal muscle fibers acts as a nexus of anabolism.

Canonical understanding of mTORC1 activation in vitro

The two canonical upstream arms that converge to activate mTORC1
are the growth factor- and AA-responsive pathways. The growth factor
pathway functions to ultimately allow mTORC1 to interact with its
activator, GTP-loaded Ras homologue enriched in brain (Rheb) on the
lysosome. Separately, the AA pathway serves to promote mTORC1
translocation to the lysosome during periods of AA sufficiency. The
subsequent section will discuss the understanding of these two upstream
arms and their roles in mTORC1 activation from in vitro studies across
several cell types. Importantly, these upstream arms can act synergisti-
cally to stimulate mTORC1.

Growth factor-mediated activation of mTORC1

Growth factor-mediated activation of mTORC1 functions by
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promoting GTP-loading of the small GTPase, Rheb.20,21 Although Rheb is
generally stated to be localized on the lysosome,21 some studies have
shown that Rheb is localized to other cellular organelles such as the Golgi
apparatus, and the endoplasmic reticulum.22,23 Nonetheless, Rheb is able
to activate mTORC1 from both the lysosome,21 and the Golgi apparatus,
particularly when the latter is adjacent to lysosomes,24 and where mTOR
is localized in response to AA. Rheb can bind to mTOR regardless of its
guanylyl nucleotide binding state. However, Rheb-mediated activation of
mTOR requires Rheb to be GTP-bound,20 which suggest that regulation
of mTOR kinase activity can occur through modulating Rheb's
GTP-binding status.

Growth factor activation of mTORC1 occurs through insulin or IGF-1
signalling, both of which activate their respective receptor tyrosine ki-
nases. Activation of these receptors results in the recruitment and phos-
phorylation of insulin receptor substrate proteins,25 which then bind and
activate phosphatidylinositol 3-kinase (PI3K).26 PI3K subsequently
phosphorylates plasma membrane phospholipids, creating phosphoino-
sitol-(3,4,5)-triphosphate (PIP3), which interact with and recruit Akt
(also called protein kinase B) and 3-phosphoinositide dependent protein
kinase 1 to the plasma membrane.27 Akt kinase activity is subsequently
promoted by phosphorylation at Thr308 and Ser473 by PDK1 and
mTORC2, respectively.28,29 Active Akt is then able to phosphorylate
proline-rich Akt substrate of 40 kDa, a negative regulator of mTORC1.30

Furthermore, active Akt phosphorylates and deactivates the negative
regulator of Rheb, the tuberous sclerosis (TSC) complex.31 The TSC
complex is a heterotrimeric complex containing TSC1, TSC2 and
TBC1D7.32 Specifically, TSC2 acts as a GTPase activating protein (GAP)
towards Rheb, promoting its GDP-bound form, and preventing Rheb from
activating mTORC1.33 TSC2 activity towards Rheb is regulated by its
cellular localization, whereby TSC2 phosphorylation by Akt results in
TSC dissociating from Rheb and the lysosome,31 allowing Rheb to
become GTP-bound and activate mTORC1 in response to growth factors.
Rheb activates mTORC1 allosterically by binding to and inducing
conformation change through closure of the catalytic cleft and reor-
ienting active-site residues to promote mTOR kinase activity.34

AA-mediated activation of mTORC1

As discussed, mTORC1 becomes activated on the lysosome through
interaction with its allosteric activator, GTP-bound Rheb.20,33,35,36

mTORC1-lysosome localization in vitro is regulated by intracellular AA
availability.37 In vitro, mTORC1 localization to the lysosome is both
necessary and sufficient for mTORC1 activation by AA and forced
localization of mTOR to lysosomes renders mTORC1 active even in the
absence of AA,38 thus demonstrating the importance of lysosomes in
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cellular anabolism.
mTORC1-lysosomal recruitment is mediated by a heterodimer of Rag

GTPases during periods of AA sufficiency, whereby the Rags are in an
active conformation with RagA/B GTP-bound and RagC/D GDP-bound
(GTPRagA/B-RagC/DGDP). This conformation allows them to recruit
mTORC1 to the lysosome via their interaction with RAPTOR.37 Several
upstream AA sensors, located both in the cytosol and on the lysosome,
converge on the Rag GTPase heterodimer to control mTORC1 localiza-
tion in response to changes in intracellular AA concentrations.

The putative cytosolic AA sensors that regulate mTORC1 are the
protein complexes GATOR1, GATOR2, Sestrin2, CASTOR1, and SAM-
TOR, which all interact to regulate the GTP/GDP loading status of the
Rag GTPases. Briefly, during AA starvation, GATOR1 acts as a GAP to-
wards RagA/B, promoting it's inactive GDP-bound form, and preventing
mTOR translocation to the lysosome.39 Upstream of GATOR1, GATOR2
negatively regulates GATOR1 during periods of AA sufficiency, pro-
moting mTORC1 activity.39 Sestrin2 and CASTOR1 negatively regulate
mTORC1 signalling by acting on GATOR2 to prevent its interaction with
GATOR1 in the absence of leucine and arginine, respectively.40,41

SAMTOR (S-adenosylmethionine sensor upstream of mTORC1) is a
S-adenosylmethionine (SAM) sensor that acts to promote the activity of
GATOR1, also negatively regulating the mTORC1 pathway. SAM suffi-
ciency, resulting from increased cellular methionine, prevents SAMTOR
from activating GATOR1, and therefore positively regulates mTORC1
signalling.42

In addition to anchoring the Rag heterodimer to the lysosome, it was
originally reported that the Ragulator complex acted as a guanine
nucleotide exchange factor (GEF) for RagA/B.43 However, recent find-
ings from the same lab with improved assays have shown that Ragulator
instead acts to induce conformational changes in the Rag GTPase
Fig. 1. Canonical understanding of activation of mTORC1 in a variety of cell types.
Ras/Raf/ERK and the PI3K/Akt pathways, respectively, resulting in the inhibitory p
Rheb to allosterically activate mTORC1. Amino acids function to promote mTORC1
regulators, such that it can be activated by lysosomal Rheb. R, Arginine; L, Leucine; Q
Met, methionine; SAH, S-adenosylhomocysteine. Images were created using BioRend
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heterodimer, promoting the GTP off-rate of RagC and allowing its active
GDP bound state through a non-canonical GEF mechanism.44 Similarly,
the folliculin tumor suppressor (FLCN)-FNIP2 complex acts as a GAP
towards RagC, promoting its active GDP-bound form at the lysosomal
surface in the presence of AA, facilitating mTORC1 recruitment.45

SLC38A9, a lysosomal AA transporter, also plays a central role in AA-
induced activation of the Rag GTPase heterodimer. SLC38A9 acts as a
GEF for RagA in the presence of AA, specifically lysosomal arginine.44

SLC38A9 GEF activity towards RagA promotes GDP dissociation from
RagA and therefore opens the binding pocket for GTP. Importantly,
SLC38A9 cannot bind RagA when it is bound to RAPTOR, suggesting
SLC38A9 binds and activates the inactive Rags, and then dissociates prior
to mTORC1 recruitment, possibly activating other Rags.44 Furthermore,
SLC38A9 can sense lysosomal cholesterol levels, activating Rag-mediated
recruitment of mTOR to the lysosome in the presence of cholesterol, but
not several other oxysterols.46 As SLC38A9 senses lysosomal AA levels, it
is important in activating mTORC1 during periods of catabolism, to
promote cellular AA homeostasis and preventing excessive protein
breakdown.47 Another protein, the vacuolar-type Hþ ATPase (v-ATPase)
is also required for AA-induced mTORC1 activation and localization to
the lysosome.48 V-ATPase does not interact directly with Rags but rather
acts upstream of them, where Ragulator connects them.48 While the exact
function of the v-ATPase has yet to be determined, although it is evident
that it senses intra-lysosomal AA concentration and acts to promote
mTORC1 recruitment to the lysosome, similar to SLC38A9.

Overall, it is evident that mTORC1 regulation by AA is multi-faceted
and involves several integrated signalling pathways and numerous up-
stream protein regulators (Fig. 1). These upstream proteins respond to
cellular AA levels (both in the cytosol and in lysosomes), and ultimately
function to regulate mTORC1 through modulating the GTP/GDP loading
Growth factor and insulin stimulation results in signalling cascades through the
hosphorylation of the TSC complex, alleviating inhibition on Rheb. This allows
recruitment to the lysosome by the Rag GTPases through a variety of upstream
, Glutamine; AA, Amino acids; SAM, S-adenosylmethionine; Hcy, homocysteine;
er.com.
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status of the Rag GTPase heterodimer through a variety of mechanisms,
thereby controlling mTORC1 recruitment to the lysosome and its activity.

Mechanically induced activation of mTORC1

Mechanical stimulation (e.g., resistance exercise, ex vivo stretching,
synergist ablation) of skeletal muscle is a potent stimulator of mTORC1
activity and promotes acute increases in protein synthesis via increased
translation efficiency (i.e., greater protein synthetic capacity per ribo-
some).11 Compared to growth factor and AA-induced signalling, the
mechanical regulation of mTORC1 is relatively less characterized as
many in vitro models/cell lines place relatively low importance on me-
chanical stimulation as an anabolic stimulus.

Despite the importance of PI3K/Akt signaling in growth factor-
mediated mTORC1 activation, inhibition of PI3K by Wortmannin does
not prevent mechanically induced activation of mTORC113,49 or elevated
protein synthesis.11 Instead, it appears that mechanical stimulation re-
sults in increased activity of membrane-associated diacylglycerol kinase
ζ, resulting in increased concentrations of phosphatidic acid, a direct
activator of mTOR kinase activity.50,51 Furthermore, eccentric contrac-
tions and synergist ablation in mice can also induce phosphorylation of
TSC2,52 and increase mTOR association with the lysosome,52–54 in a
manner that required the presence of RAPTOR.54 Importantly, the sites
phosphorylated on TSC2 differ between insulin-stimulation and eccentric
contraction-induced stimulation.52 Indeed, mutating the mechanically
sensitive phosphorylation sites on TSC2 to alanine prevents eccentric
contraction-induced, but not insulin-induced, activation of mTORC1
signalling in skeletal muscle.52 Together, these results suggest that TSC2
phosphorylation and inactivation is an important event in
eccentric-contraction induced activation of mTORC1, and that the up-
stream mechanism is divergent from growth factor induced inactivation
of TSC2.

Interestingly, inducible muscle-specific RAPTOR knockout mice have
similar protein synthetic responses after 7 days of myotenectomy as
control mice,54 and electrical stimulation of rat gastrocnemius is only
partially inhibited by rapamycin at 6 h post-stimulation.55 However, the
mTOR ATP-competitive inhibitor AZD8055 abolished the protein syn-
thetic response to electrical stimulation at 1 h and 6 h in rat gastrocne-
mius, suggesting that mTORC2, or rapamycin-resistant mTOR substrates,
may be responsible for regulating the longer-term protein synthetic
response to mechanical stimulation. However, the loss of RAPTOR, and
therefore mTORC1 kinase activity, renders skeletal muscle unable to
hypertrophy in response to chronic mechanical stimulation.54 While
future work should attempt to elucidate the mechanisms underlying the
divergent response betweenMPS and hypertrophy with mTOR inhibition
in skeletal muscle, it is clear that mTORC1 plays a prominent role in the
response to anabolic stimuli, both acute and chronic. As such, further
understanding of the mechanisms by which mTORC1 is regulated in
human skeletal muscle will provide vital information that will inform
potential therapeutic targets in populations who exhibit anabolic
resistance.

mTORC1 translocation in human skeletal muscle following
anabolic stimuli

As discussed, many in vitro investigations have observed mTORC1
translocation to the lysosome to be an integral event in the activation of
this kinase complex, particularly following increased AA availability.38,48

However, other investigations have suggested that other mechanisms are
involved in mTORC1 activation following anabolic stimuli. Specifically,
Korolchuk et al.,56 observed no dissociation of mTORC1 and the lyso-
some when a less severe nutrient deprivation protocol, more akin to
postabsorptive conditions in vivo, was applied to cells. Moreover, when
nutrients were re-introduced mTORC1-lysosome complexes were seen to
translocate to peripheral regions of cells, and if this movement was
inhibited mTORC1 could no longer be activated.56 As such, in addition to
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localization at the lysosomal surface, it is also well accepted that
mTORC1 translocation to peripheral regions of cells supports its
activation.

Our laboratory first began to investigate these mechanisms in human
skeletal muscle several years ago. In our initial investigation, no changes
in mTOR colocalization with LAMP2 (lysosomal marker) were observed
following resistance exercise alone or when combined with protein-
carbohydrate feeding.57 In these settings, readouts of mTORC1 kinase
activity were elevated following each intervention, and therefore the lack
of changes in mTOR-LAMP2 colocalization suggest that this may not be a
mechanism of mTORC1 activation in human skeletal muscle. Conversely,
our findings were in concordance with the data presented from Kor-
olchuk et al.,56 as mTOR and LAMP2 colocalization with a sarcolemmal
marker (WGA) was elevated in response to anabolic stimuli indicative of
translocation of these complexes to peripheral regions of fibres.57

Although dystrophin is regarded as a more “specific” marker of the
sarcolemma, work from our laboratory has demonstrated a high level of
agreement between WGA and dystrophin staining in human skeletal
muscle (r ¼ 0.77).58 Moreover, similar patterns and direction of change
were observed when we compared mTOR-WGA colocalization to the
peripheral staining intensity of mTOR protein, in response to anabolic
stimuli, suggesting this is a reliable measure of peripheral mTOR trans-
location. Our observations were then extended in a unilateral exercise
model whereby protein-carbohydrate ingestion alone or following acute
resistance exercise elicited small, non-significant reductions in
mTOR-LAMP2 colocalization, whereas mTOR-WGA colocalization was
elevated across the postprandial period, and to a greater extent when
exercise was undertaken.59 RAPTOR-WGA colocalization followed a
similar pattern to this while RICTOR-WGA colocalization remained un-
changed,59 confirming that it was likely mTORC1 which is most mobile
following anabolic stimuli in human skeletal muscle. These initial data
suggested the predominant mechanism of mTORC1 activation in human
skeletal muscle was likely mTORC1-lysosome translocation to peripheral
regions (reviewed in detail elsewhere60), however, it must be noted that
these conclusions were founded upon a small evidence base.

Acute changes in mTOR translocation in human skeletal muscle

Recently, a greater focus has been placed on understanding mTOR
translocation in human skeletal muscle research leading to several more
investigations involving these measurements stemming from a range of
laboratories. These investigations have produced somewhat varying re-
sults to those initially observed,57,59,60 which indicates that the regula-
tion of mTORC1 activity in human skeletal muscle may be more complex
than previously thought based on early investigations (summarized in
Table 1). Nevertheless, there have been several reports in agreement with
the earlier work on this topic. For example, our laboratory reported that,
following protein-carbohydrate feeding alone, mTOR-WGA colocaliza-
tion was elevated 1 h into the postprandial period, which coincided with
elevated S6K1 kinase activity (readout of mTORC1 activity).61 Moreover,
in that investigation, no alterations in mTOR-LAMP2 colocalization were
observed, consistent with the notion that, in vivo, postabsorptive nutrient
deprivation does not influence mTOR's lysosomal association.57

Protein-dense whole foods offer distinct amino acid profiles and
anabolic responses that are not contingent on the protein dose or extent
of aminoacidemia.62,63 For instance, no changes in mTOR-LAMP2
colocalization were observed in individuals consuming either cheese or
milk containing 20 g protein.62 Again, mTOR-WGA colocalization was
elevated, indicative of peripheral translocation, albeit only following
cheese ingestion.62 It is therefore possible that the source of protein
ingested may impact mTOR translocation, albeit more clarifying research
is needed in this area. More intriguingly, although cheese ingestion
inducedmTOR translocation, markers of mTORC1 activity (p-S6K1Thr389,
p-RPS6Ser240/244) were only elevated when milk was consumed.62 This
divergence between translocation events and kinase activity is counter-
intuitive based on in vitro gain/loss of function studies38,48,56 but may be



Table 1
Summary of human studies investigating mTOR localization in skeletal muscle. Estimated percent change is expressed for studies when possible. n.a., Not applicable (i.e.
not measured); T, Resistance Exercise Trained; UT, Untrained; R.Ex, Resistance exercise; CHO, Carbohydrate; EAA, Essential amino acids; LEAA, Leucine-enriched EAA;
RT, Resistance training.

Investigation Stimulus/Intervention mTOR-LAMP2 mTOR-WGA LAMP2-WGA mTOR-Rheb

Abou Sawan et al., (2018) 66 R.Ex with whole egg or egg white ↑ (Whole-egg) n.a. n.a. ↑↑
Abou Sawan et al., (2022) 69 Pre & Post RT (8 weeks) with acute R.Ex. ↓ (Trained only) ↑ (T vs UT) n.a. n.a.
D'Lugos et al., (2018) 67 Acute R.Ex ↑ (Type II Fibers) n.a. n.a. n.a.
de Hart et al., (2021) 62 Cheese or milk protein ↔ ↑ (Cheese only) n.a. n.a.
Hannaian et al., (2020) 64 R.Ex with LEAA or carb placebo ↓ ↔ ↔ ↔
Hodson et al., (2017) 59 Protein & CHO � R.Ex ↔↓ ↑↑↑↑ n.a. n.a.
Hodson et al., (2020) 61 Protein & CHO Ingestion ↔ ↑ n.a. n.a.
Hodson et al., (2022) 58 Protein & CHO � R.Ex n.a. ↑↑(EX-FED only) n.a. n.a.
Holowaty, Lees, et al., (2022; In Review) Leucine ingestion ↑ ↑↑↑ n.a. ↔
Moro et al., (2018) 68 EAA consumption Pre & Post-RT (12 weeks) ↑ (Trained only) n.a. n.a. n.a.
Song et al., (2017) 57 R.Ex � Protein & CHO ↔ ↑↑ ↑↑↑ ↑↑↑
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explained by the static nature of human skeletal muscle sampling (i.e.
biopsy sampling only provides a snapshot of the given timepoint andmay
miss precise temporal variations in measures). Such discord warrants
further study in order to ascertain if alterations in mTOR translocation
are always linked to kinase activity or if congruence only occurs under
certain cellular conditions. It is, however, important to acknowledge that
another investigation failed to observe measurable changes in
mTOR-WGA localization following resistance exercise combined with
leucine-enriched AA (LEAA) supplementation,64 even when mTORC1
activity is elevated. Further, LEAA ingestion seemed to maintain the
peripheral location of mTOR further into the postprandial period (4 h)
when compared to a cohort who completed resistance exercise but only
ingested carbohydrates.64 As such, it was hypothesised that the locali-
zation of mTOR may also be implicated in the mechanically-induced
sensitisation of skeletal muscle to further anabolic stimuli.65 Therefore,
although some questions remain, recent research had provided further
evidence of mTORC1 translocation occurring in human skeletal muscle
following anabolic stimuli.

Acute changes in mTOR-lysosome colocalization in human skeletal muscle

While there is evidence of peripheral mTOR translocation corrobo-
rating the notions we have previously proposed,60 other investigations
have produced varying findings. In particular, several studies have re-
ported increases in mTOR-LAMP2 colocalization following anabolic
stimuli, suggestive of the canonical mechanism of mTOR translocation to
the lysosomal surface previously identified in vitro and in rodent skeletal
muscle. Abou Sawan et al.,66 investigated the effects of post-resistance
exercise whole egg or egg white ingestion (protein-matched) on mTOR
colocalization in human skeletal muscle. The authors reported that
elevated mTOR-LAMP2 colocalization was only observed when in-
dividuals consumed whole eggs following resistance exercise, suggesting
a non-protein substance within the egg yolk may have contributed to
mTOR translocation to the lysosomal surface.66 Based on in vitro evidence
in non-muscle cells it is possible that cholesterol contained in the egg
yolk may have contributed to these results as it can drive mTOR
recruitment to the lysosomal surface via a SLC38A9-specific mechanism.3

Importantly, Abou Sawan et al.,66 found that mTOR-LAMP2 colocaliza-
tion was positively associated with a readout of mTORC1 activity
(S6K1Thr389 phosphorylation) and myofibrillar protein synthesis which
highlights a potential contribution of this cellular event to these down-
stream processes. Post-resistance exercise elevations in mTOR-LAMP2
colocalization were also observed by D'Lugos et al.,67 where colocaliza-
tion was seen to increase 3 h following exercise cessation whereas
markers of mTORC1 activity were predominantly elevated at 1 h
post-exercise. These elevations only occurred in type II fibres, suggesting
a fibre-type specific regulation of mTOR translocation/activity, and were
impaired by prior acetaminophen consumption, indicating that some
drugs may contribute to mTOR cellular movement as well.67 Whilst these
14
two studies indicate mTOR translocation to the lysosomal surface occurs
following anabolic stimuli in human skeletal muscle, it is important to
note here that both investigations did not assess/report mTOR colocali-
zation with the sarcolemma, and therefore whether mTOR also trans-
located to peripheral regions is unknown. Our laboratory has observed
one occasion where mTOR colocalization with both LAMP2 and WGA
was elevated. Here, participants consumed 2 g leucine (considered the
most anabolic AA) at rest, and it was found that both mTOR-LAMP2 and
mTOR-WGA colocalization were elevated for 60 min post-ingestion
(Holowaty, Lees, Abou Sawan et al., 2022; in review). Thus, it seems
possible that following acute anabolic stimuli, both lysosomal recruit-
ment of mTOR and the translocation of these complexes to peripheral
regions of muscle fibres could be implicated in subsequent cellular
anabolism. However, additional research is needed to confirm the roles
of these events in this tissue.

Changes in mTOR localization in human skeletal muscle from chronic
anabolic stimuli

In addition to the effects of acute anabolic stimuli on mTOR trans-
location and protein -protein interactions, several recent investigations
have also examined the effects of more chronic anabolic stimuli on these
outcome measures. The first of these investigations was conducted by
Moro et al.68 and studied the effects of a 12-week progressive resistance
exercise program on acute anabolic responses to essential AA ingestion in
older individuals. mTOR-LAMP2 colocalization was assessed with the
only difference observed being a greater colocalization 3 h following AA
ingestion in the trained state compared to untrained state. As such, it
could be inferred that a period of resistance training increases the
sensitivity of this mechanism to anabolic stimuli in such a population,
however this has yet to be replicated. Our laboratory has attempted to
understand the influence of chronic anabolic stimuli on these mecha-
nisms in young individuals.69 Here, both young males and females
completed an 8-week progressive resistance training program which
elicited significant hypertrophy of 8%–20% depending on measure and
sex. Immunofluorescent microscopy analysis of mTOR colocalization
displayed that, irrespective of sex and acute exercise status, resistance
training caused mTOR to be located in more peripheral regions of muscle
fibres and in closer proximity to lysosomes.1 We hypothesised that these
spatial changes would have the effect of placingmTOR in a location it can
be more efficiently activated by subsequent acute anabolic stimuli.
Additionally, sexually dimorphic findings were also observed, whereby
mTOR-LAMP2 colocalization was lower in females compared to males
across all timepoints assessed, a phenomenon which may underpin the
reduced rates of MPS observed in females.69 Together these recent
studies suggest that a period of resistance training can alter mTOR
cellular location, which could impact subsequent downstream anabo-
lism. However, as this evidence base is still in its infancy, future in-
vestigations are required to determine the role of these training-mediated
changes particularly in populations exhibiting anabolic resistance.
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The recent increase in attention on the spatial regulation of mTORC1
in human skeletal muscle has solidified these mechanisms as integral to
anabolic responses in this tissue, whilst asking several further questions
regarding their role. As findings regarding mTOR translocation to the
lysosomal surface appear to be inconsistent, it is important for future
research to attempt to understand what components of anabolic stimuli
initiate these events (e.g., resistance exercise, AA, or non-protein dietary
components). The mechanism, however, that seems to be most consis-
tently observed in response to anabolic stimuli, under both acute and
chronic conditions, is the translocation of mTORC1-lysosome complexes
to peripheral regions of fibres (Fig. 2). This notion is compounded by our
recent observations that mTOR-mediated phosphorylation events (i.e.,
kinase activity) seems to occur in the periphery of fibres,58 and implies
that this area is the primary site of anabolism in human skeletal muscle. A
summary of all research articles studying mTOR translocation in human
skeletal muscle can be seen in Table 1. The next section of this reviewwill
focus on the potential reasons why mTOR translocation and subsequent
activation to these areas would increase cellular anabolism as well as the
other associated proteins/cellular events that have been observed there.

The importance of peripheral regions in skeletal muscle
anabolism

The translocation of the mTORC1-lysosome complex toward the pe-
riphery of skeletal muscle fibers is of significant importance for mTORC1
activation and the stimulation of MPS.70 Indeed, the periphery appears to
be the predominant site of MPS, as new proteins are synthesized here in
vivo.71 Emerging evidence using immunofluorescence microscopy ap-
proaches in humans suggests that the periphery of the cell represents a
protein synthetic ‘hub’, replete with the nutrients (e.g., AA transporters,
nutrient sensors, capillaries) and molecular apparatus (e.g., ribosomal
RNA72) that facilitate skeletal muscle anabolism.
Proximity to the microvasculature

The microvasculature appears to be a central component underpin-
ning the fiber periphery as a region of importance in skeletal muscle
Fig. 2. Overview of the regulation of mTOR action at the skeletal muscle fiber perip
there are less circulating amino acids, the mTOR-Lysosome complexes are mostly co
state during the post-prandial (i.e., fed). period and following resistance exercise. The
complex moving to the periphery of the cell, where the translational machinery is lo
ingestion) may stimulate an increase in mTOR-lysosome colocalization. Mechanic
dissociation from the lysosome, further promoting mTORC1 activation. L, Leucine; Q
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anabolism. Feeding and resistance exercise are important anabolic
stimuli that redistribute mTOR-LAMP2 complexes toward the sarco-
lemmal membrane,57,59,62,66,73 in close proximity to capillaries.57,73

Repositioning of mTORC1 to the microvasculature in this manner could
ostensibly suggest a greater ability to “sense” extracellular AA in the
post-training state.73These complexes are themselves enriched with
growth factor receptors, AA transporters, and integrins, suggesting that
they could be a nexus where anabolic stimuli convene to regulate
mTORC1 activity.58
AA transporters

In the first instance, the periphery of skeletal muscle fibers contains
AA transporters that govern access of AAs from the interstitial fluid into
the sarcoplasm.74,75 This is an indispensable aspect of cell survival76 that
promotes AA availability as substrates for MPS.77–79 It is proposed that
AA transporters might also serve a dual function as receptors, or ‘trans-
ceptors’, that detect extracellular AA concentrations and convert this
availability into intracellular signals.80–83

The large neutral AA transporter 1 (LAT1) mediates the influx of
essential AA (EAAs), particularly leucine but also isoleucine, valine,
tyrosine, and phenylalanine,84 into skeletal muscle.80 Concomitantly,
LAT1 transports glutamine out of the cell, working in tandem with the
sodium-coupled neutral AA transporter 2 (SNAT2).80,85 Leucine is
generally regarded as distinct among the AAs due to its role as a substrate
for MPS and its ability to directly stimulate mTORC1-associated signaling
in skeletal muscle.86,87 Moreover, LAT1 is the most highly expressed
large neutral AA transporter in skeletal muscle,88 and is required for
normal myogenesis in vitro.79

In humans, LAT1 is observed in close proximity to the sarcolemmal
membrane in skeletal muscle, as shown in immunofluorescence
studies,89,90 with greater abundance in the sarcoplasmic regions of type II
fibers.91 At rest, LAT1 is located close to the microvasculature, as
revealed by endothelial nitric oxide synthase (eNOS)-positive staining,89

which might support the efficient transport of these substrates for MPS.60

Evidence for the acute modulation of LAT1 and SNAT2 protein expres-
sion and trafficking by dietary protein ingestion and exercise in humans
hery (A) Post-absorptive (i.e., fasted). state. During the post-absorptive period,
localized, but dispersed throughout the cytoplasm, as is VPS34 (B) The cellular
influx of amino acids and mechanical stimulation results in the mTOR-lysosome
cated. In some instances, certain stimuli (e.g., whole-egg ingestion and leucine
al stimulation of muscle may also promote phosphorylation of TSC2 and its
, Glutamine; P, Phosphorylation modification.
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is equivocal.64,73,90,92–94 However, chronic total-body resistance
training, irrespective of daily dietary protein supplementation, was
shown to increase LAT1 protein content per muscle fiber after 12
weeks.85 This increase occurred primarily in the sarcoplasm, suggesting
that membrane LAT1 content remains unaltered.85 Nevertheless, the
sarcolemmal localization of indispensable AA transporters, such as LAT1,
underlines the importance of the periphery in the upstream activation of
MPS by EAAs.

Nutrient sensors

The stimulation of mTORC1 activity by nutrients in human skeletal
muscle is still a poorly understood phenomenon. Nonetheless, one po-
tential nutrient-sensitive activator of mTORC1 is the vacuolar protein
sorting 34 (Vps34),61,95–97 a class III PI3Kinase that has recently been
explored by our laboratory in C2C12 myotubes and human skeletal
muscle.61 The proposed mechanism of Vps34 nutrient sensing holds that
in the postabsorptive state, mTORC1 and Vps34 are located indepen-
dently in the cytosol, with mTORC1 and the lysosome in close associa-
tion. Following the provision of protein and carbohydrates (and thus high
AA availability and the elevation of plasma insulin concentrations), the
mTORC1-lysosome complex and Vps34 translocate to the periphery of
the cell, upon which they colocalize.61 This process then brings about an
elevation in mTORC1 activity, and stimulation of MPS, whereas Vps34
activity remains comparable to that in the postabsorptive state.61 One
proposed mechanism of Vps34-induced mTORC1-lysosome redistribu-
tion to the periphery concerns several products of Vps34 activity itself.98

AA stimulate phosphatidylinositol 3-phosphate (PtdIns3P) production
via Vps34 which is eventually bound by the PtdIns3P effector Protrudin.
Under conditions of Vps34 inhibition or depletion of Protrudin, the
mTORC1-lysosome complex is located perinuclearly. Hence, its trans-
location to the periphery and subsequent activation is PtdIns3P-de-
pendent.98 This adds further credence to our findings61 suggesting the
increased peripheral colocalization of mTOR and Vps34 may have
resulted from PtdIns3P-dependent lysosomal translocation to aid
mTORC1 activation.

mTORC2-mediated glucose uptake

mTORC2 is thought to directly regulate insulin-mediated skeletal
muscle glucose uptake, insulin sensitivity, and glucose tolerance.99,100 In
mice lacking RICTOR, insulin-stimulated glucose uptake was decreased
and there was evidence of glucose intolerance.101 The insulin-stimulated,
mTORC2-specific phosphorylation of AktSer473 was also significantly
reduced. Elsewhere, in mouse skeletal muscle lacking mTORC2 activity,
exercise-induced glucose uptake was also decreased.102 Thus, mTORC2
appears to act as an important regulator of glucose homeostasis in rodent
skeletal muscle.

In humans, previous work by the lead author has revealed that
mTORC2 is in a constant state of association with the sarcolemma and is
largely unaffected by nutrient provision or resistance exercise.103 This is
noteworthy, given that leucine has been shown to mediate insulin
signaling and glucose uptake in rat primary skeletal muscle not only
through mTORC1, but mTORC2 as well.104 Hence, the subcellular
localization of mTORC2 in peripheral regions,103 in close proximity to
LAT1,89,90 capillaries,57 and growth factors seems to carry substantial
physiological relevance, however, it may be unaffected by acute anabolic
stimuli. In this region, the presence of mTORC2 might potentially facil-
itate enhanced insulin-stimulated glucose uptake, an important process
during periods of hypertrophy wherein skeletal muscle reprograms its
metabolism, and diverts at least some of this glucose into anabolic
pathways.105 It must be stated however, that our laboratory has only
explored the subcellular localization of mTORC2 in the acute phase (i.e.,
3 h post-exercise/feeding).103 Therefore, the effects of chronic stimuli on
mTORC2 subcellular distribution and protein-protein interactions in
human skeletal muscle remain to be elucidated. Although not in skeletal
16
muscle, there is evidence to suggest that mTORC2-lysosome trans-
location to peripheral regions regulates mTORC2 kinase activity. Jia and
Bonifacino106 showed that mTORC2-rich lysosomes are redistributed to
peripheral regions in cells following nutrient replenishment and this was
essential for downstream Akt phosphorylation (HeLa, HeLa-derived KO
and HEK293T lines). Such data further solidifies the view that the pe-
riphery of cells/fibres is a hub of anabolism.

Focal adhesions and “Mechanosensing” proteins

Focal adhesion complexes are discrete plasma membrane hubs that
appear to govern growth factor signaling and AA transport into the cell,
and are implicated in the peripheral and intracellular induction of
mTORC1.107 They are constructed from proteins such as talin, paxillin,
vinculin, and focal adhesion kinase (FAK).108,109 In skeletal muscle, focal
adhesion complexes form part of the costamere108,110 and serve as major
interfaces between extracellular mechanical stimuli and intracellular
biochemical signaling, a process referred to as
mechanotransduction.111,112

Immunofluorescence studies in humans have shown that focal
adhesion complexes are situated in sarcolemmal regions113 and in
proximity with the microvasculature.114 Following feeding,
mTORC1-mediated phosphorylation events are acutely elevated within
paxillin-positive regions, with or without resistance exercise,58 and the in
vitro targeting of mTORC1 to focal adhesions enhances mTORC1 activity
regardless of the position of the lysosome.107 FAK may modulate mTOR
through its inhibition of TSC2 a negative regulator of mTOR,110 but at
present this area remains largely unexplored in human skeletal muscle.
Nevertheless, inhibition of FAK in an ovarian cancer cell line suppressed
the activation of the PI3K/Akt/mTOR pathway and blunted cell prolif-
eration andmigration.115 Accordingly, the movement of mTORC1 to, and
subsequent activation in, peripheral regions rich in focal adhesion com-
plexes may provide a mechanism by which mTORC1 is able to integrate
multiple anabolic stimuli.

Translational apparatus

The translocation of mTOR-LAMP2 to the sarcolemma occurs in
tandem with enhanced activity of mTORC1 and mTORC1-associated
proteins involved in translation initiation and elongation.57,59 In vivo
research in rodents using puromycin incorporation and visualization
methods has indicated that MPS occurs in the periphery of skeletal
muscle fibers.71 Indeed, there is an abundance of ribosomal RNA in
proximity to the sarcolemma,116 and a subsarcolemmal pool of ribosomes
has been revealed.117 We previously observed that mTOR colocalizes
with eukaryotic translation initiation factor 3 subunit F (eIF3F) at the cell
membrane post-exercise in the fasted or fed state, with a greater response
in the fed condition.57 eIF3F is an important subunit of the eukaryotic
initiation factor 3 complex that serves as a scaffold for the interaction
between mTOR and S6K1, ultimately leading to the formation of the
pre-initiation complex, a crucial process in protein synthesis.118,119

Therefore, it follows that MPS is likely to occur in the regions wherein
mTORC1, its associated proteins, and the translational apparatus coin-
cide,70 confirming that the functional consequences of mTORC1 activa-
tion also occur in peripheral regions of the cell.

Conclusion

This review has presented contemporary findings on the physiolog-
ical relevance of the peripheral regions of skeletal muscle within the
context of MPS. Indeed, these regions appear to serve as a protein syn-
thetic ‘nexus’ that integrates the molecular machinery and materials
needed to drive anabolism. This comprises the apparatus that facilitates
the ingress of substrates (i.e., AAs, glucose), as well as that needed to
translate mechanical stimuli into biochemical signals and AAs into
functional proteins. Future work should more cogently elucidate these
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pertinent topics, particularly with respect to the stimulation of mTORC1
activity by nutrients in human skeletal muscle.
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