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What is the topic of this review?

This review summarizes the impacts of exercise training on the translation elongation pathway

in skeletal muscle focusing on eEF2 and eEF2K.

What advances does it highlight?

This review highlights mechanisms and factors that profoundly influence the translation
elongation pathway and argues that exercise might modulate the response. This review also
combines the experimental observations focusing on the regulation of translation elongation
during and after exercise. The findings widen our horizon to the notion of mechanisms involved

in muscle protein synthesis (MPS) through translation elongation response to exercise training.



Abstract

Skeletal muscle is a flexible and adaptable tissue that strongly responds to exercise training.
The skeletal muscle responds to exercise by increasing muscle protein synthesis (MPS) when
energy is available. One of protein synthesis's major rate-limiting and critical regulatory steps
is the translation elongation pathway. The process of translation elongation in skeletal muscle
is highly regulated. It requires elongation factors that are intensely affected by various
physiological stimuli such as exercise and the total available energy of cells. Studies have
shown that exercise involves the elongation pathway by numerous signaling pathways. Since
the elongation pathway, has been far less studied than the other translation steps, its
comprehensive prospect and quantitative understanding remain in the dark. This study
highlights the current understanding of the effect of exercise training on the translation
elongation pathway focusing on the molecular factors affecting the pathway, including Ca?",
AMPK, PKA, mTORCI1/P70S6K, MAPKs, hypoxia, and myostatin. We further discussed the

mode and volume of exercise training intervention on the translation elongation pathway.
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AC: Adenylate Cyclase

AMPK: AMP-activated protein kinase

cAMP: Cyclic adenosine monophosphate
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CaMKs: Calcium-calmodulin-dependent protein kinases



CaMKIII: Calmodulin-dependent protein kinase I11

ERK: Extracellular signal-regulated kinase

elFs: Initiation factors
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eEF2: Eukaryotic elongation factor-2

eEF2K: Eukaryotic elongation factor-2 kinase

GDF-8: Growth differentiation factor 8

GPCRs: G protein-coupled receptors

GSK-3: Glycogen synthase kinase-3

HIF-1: Hypoxia-inducible factor 1

JNK: c-Jun N-terminal kinase

MPS: Muscle protein synthesis

MPB: Muscle protein breakdown

mTOR: Mechanistic target of rapamycin

mTORCI1: Mechanistic target of rapamycin complex 1

MAPKSs: Mitogen-activated protein kinases

MSTN: Myostatin

PKA: cAMP-dependent protein kinase



p9ORSK1: p90 ribosomal S6 kinase 1

P70S6K: 70-kDa ribosomal protein S6 kinase 1

RTKs: Tyrosine kinase receptors

S6K1: Ribosomal S6 kinase 1

TGF-f: Transforming growth factor-f3

TPR: Tetratrico peptide repeat region



1. Introduction

Skeletal muscle is the most metabolically active tissue and plays a central role in protein
metabolism [1]. In muscles, proteins are constantly being synthesized or broken down. The
balance between MPS and muscle protein breakdown (MPB) determines the amount of protein
in muscle and the rate of muscle mass (hypertrophy). The mechanism of controlling skeletal
muscle protein turnover can lead to the recognition or treatment of skeletal muscle diseases.
Similarly, it can help athletes who are looking to develop muscle mass. It has been shown that
exercise is one of the most powerful modifiers of muscle mass. In response to exercise, MPS
increases while MPB also increases or remains constant [2]. When the synthesis exceeds the
breakdown (MPS > MPB), the positive equilibrium condition leads to an anabolic state, which
is the underpinning mechanism for increasing muscle mass. Protein synthesis happens in four
steps: initiation, elongation, termination, and ribosome recycling. Ribosomes, along with
various proteins such as initiation factors (elFs), elongation factors (eEFs), and release factors
(eRFs), collaborate to facilitate the protein synthesis process [3]. Eukaryotic elongation factor-
2 (eEF2) and eukaryotic elongation factor-2 kinase (¢eEF2K) are two important factors of the
elongation pathway [4]. They also play pivotal regulatory roles in the protein synthesis pathway
[5, 6]. It has been shown that protein synthesis consumes 30 to 50% of the total available energy
of cells, so it is a crucial component of the cell economy [7]. The elongation phase spends a
vast amount of energy [8, 9], which is mainly provided via oxidative metabolism. Translation
elongation is an elaborate process that uses around four ATPs (ATP and GTP) through the
elongation step [5, 7, 10]. Hence, it is known as a substantial energy-consuming process. As a
result, it could be stemmed while cells' energy demands surpass the supply. Exercise may
initiate protein synthesis and elongation pathways, ultimately leading to the maintenance or
increase of skeletal muscle mass. However, the process is not fully comprehended due to the

lack of a comprehensive and practical perspective of the effects of exercise training on



translation elongation pathways. Furthermore, when the demanding energy is available to cells,

activation of the exercise-related elongation pathway appears to be limited.

The present review aims to provide an overview of studies investigating the effect of exercise
on the translation elongation pathway. We then discussed new insights into the regulatory
factors involved in the pathway. Furthermore, we concentrate on the effects of various exercise
training on elongation factors (eEF2K and eEF2), as well as the mechanisms by which the

pathway is inhibited or activated.

2. The eEF2K and eEF?2 signaling overview

The translation elongation step of protein synthesis is predominantly regulated by eEF2, a 93-
95.2 kDa-monomeric protein [5, 7] (nascent chain translocation from the ribosomal A-site to
the P-site) [5, 7, 11-15]. When eEF2 is phosphorylated at Thr56, it becomes inactive because
it can no longer bind to ribosomes.[5, 7, 16-23], As a result, the elongation rate is diminished
[17-19, 24]. Thr56 is the main physiological phosphorylation site of eEF2. eEF2K is the sole

protein kinase that can phosphorylate eEF2 at the site of Thr56 [16, 18, 25-27].

eEF2K is an unusual calcium-calmodulin-dependent protein kinase with a mass of about 95—
103 kDa [12, 28], which belongs to a small group of the atypical alpha kinase family [21, 29].
The eEF2K is the upstream factor of eEF2 and is a significant factor that controls elongation.
Like other protein kinases (PKs), it phosphorylates target proteins at Ser, Thr, or Tyr residues
[30]. It regulates the activation or inactivation of eEF2 via controlling phosphorylation [18, 19,
21,23, 24, 29]. eEF2K includes an N-terminal catalytic domain (calmodulin-binding domain),
a C-terminal region (eEF2-binding domain), a TPR-like alpha-helical region and a linker

including multiple regulatory phosphorylation sites [31]. In addition to Ca**/CaM, eEF2K is



regulated by phosphorylation [7]. Depending on the site (see table 1 and figure 1), it could be

inhibited or activated. eEF2K is also auto-phosphorylated at specific sites like Thr348, Ser445,

and Ser500 [7, 32]. It is well recognized that eEF2K is regulated by various stimuli [15],

divided into two categories, elongation pathway activators or inhibitors.

Table 1: The Summary of phosphorylation sites of eEF2K in humans.

Site

Seré61

Ser66

Ser70

Ser78

Ser348

Thr348

Thr353

Ser353

Ser358

Signaling pathway

Ca*/CaM
Ca*/CaM
mTORCI1
GSK3
mTORCI
Ca*/CaM
AMPK
Ca*/CaM
Ca*/CaM
Ca*/CaM
Ca*/CaM

MEK/ERK

Source and/or reference
[32]
[32]
[31]
[33]
[19, 34, 35] [33]
[32]
[35]
[32]
[32, 36, 37]
32, 36]
[32]

[31]



Ser359

Ser366

Ser377

Ser392

Ser396

Ser398

Ser445

Serd70

Serd474

Ser491

Ser492

Ser499

Ser500

MEK/ERK
mTORCI
SAPK4
MEK/ERK
mTORCI1
Ca*" /CaM
MEK/ERK
mTORCI1
MAPK
mTORCI
MAPK
AMPK
Ca**/CaM
mTORCI1
Ca**/CaM
AMPK
Ca**/CaM
AMPK
PKA
PKA

Ca*"/CaM

[31, 38]
[38] [39]
[40]

[35] [34]
[34] [35]
[32]

[41]

[31]

[33]

[41] [31][9]
[33]
[91[33]
[32] [36]
[31][33]
[32] [36]
[25] [31, 33]
[32]

[25]

[42]

[12] [42] [33]

[36]
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features of the molecule in humans.
3. Exercise regulates elongation pathway through upstream signaling factors

Exercise can dramatically alter the overall rate of protein synthesis by affecting the cellular
pathways; one such example is the translation elongation pathway. Studies have shown that
many factors control the translation elongation pathway, such as Ca** [43-45], AMPK [9, 46-
48], mTORCI [49] and PKA [42, 50, 51] can be altered in response to exercise [49, 52-55].
In the following, these upstream signaling factors will be specifically introduced. We divided

these factors into two categories, elongation pathway activators and inhibitors.

3.1. The Elongation pathway activators
3.1.1. mTORC1 / P70S6K

There is solid evidence that mechanistic target of rapamycin (mTOR) signaling acts as a

prominent cell size regulator [56, 57]. It is also associated with cell transformation [58, 59] and
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the hypertrophy process [60]. mTOR is a large (289 kDa) serine/threonine kinase [61] that
consists of two separate messaging complexes named mammalian target of rapamycin complex
I (mTORC1) and 2 (mTORC2). Although both mTORCs participate in growth control, the
mTORCI1 is far more important in terms of exercise training, muscle protein synthesis, and
hypertrophy [62, 63]. Rapamycin can only suppress mTORC]1 [64]. Previous studies have
revealed that mTOR inhibition leads to a ~60% decrease in protein synthesis [65, 66]. In
addition, rapamycin-inactivation of the mTOR signaling pathway reduces muscle protein
synthesis and hypertrophy, even up to 95% [60]. mTORCI is a dominant regulator protein
kinase that has two main downstream targets, the 70-kDa ribosomal protein S6 kinase 1;
P70S6K [67] and the eukaryotic initiation factor 4E-binding protein 1; 4E-BP1 [68]. mMTORC1
activates P70S6K, which is a positive regulator of protein translation [69]. It poses a significant
role in regulating the translation elongation process [16]. P70S6K is the upstream factor of
eEF2K. Under anabolic conditions, eEF2K is phosphorylated (Ser366) and inactivated by
p70S6k at low Ca*" concentrations [34]. This phosphorylation attenuates the sensitivity of
eEF2K to being activated by Ca?*/CaM [31]. In consequence, eEF2K would be unable to
repress eEF2, therefore the elongation pathway being activated. Furthermore, mTORCI1 has
the ability to directly phosphorylate eEF2K, result in (Ser78) eEF2K inactivation [35]. Since
this site is located near the CaM-binding site (see fig. 2), it could negatively affect CaM binding
to eEF2K [31]. Taken together, mTORCI is one of the most important regulators of eEF2 and

eEF2K [70].

3.1.2. MAPKSs:

Mitogen-activated protein kinases (MAPKSs), a family of serine-threonine kinases, act as a
major regulator of gene transcription, development, metabolism, and apoptosis in skeletal
muscle [71, 72]. They mediate extracellular signals for cellular responses. The stimulation of

tyrosine kinase receptors (RTKs) and G protein-coupled receptors (GPCRs) can activate
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MAPKSs [72]. The MAPK family consists of three crucial sub-categories: 1) extracellular
signal-regulated kinase 1/2 (ERK1/2); 2) p38 MAPK; 3) c-Jun N-terminal kinase; JNK (also
known as stress-activated protein kinase or SAPK), which are stimulated by cytokines, growth
factors, and cellular stress [73, 74]. Each of these kinases exists in several isoforms, including
ERK1 to ERKS8 and JNK1 to JNK3 [75-77]. Concrete evidence has reported that MAPKSs or
their downstream effectors could instantly down-regulate the eEF2K. [40, 41]. It has been
firmly claimed by previous studies that ERK/TSC2 has an influential role in activating
mTORCI signaling [78]. Consistent with these results, Winter et al. showed that both ERK and
AKT can equally stimulate mTORC1 and mTORC?2 signaling through TSC2 phosphorylation
and inhibition [79]. Consequently, it could possibly be implied that inhibiting eEF2K, is a
mTORC1—-dependent pathway. In addition, Wang et al. (2001) showed that p90 ribosomal S6
kinase 1 (p90RSKY) is activated by ERK, resulting in eEF2K phosphorylation and inhibition at
the Ser366 site in embryonic stem cells (ES) [34]. In another study, Wang et al. (2014) showed
that in cancer cell lines, ERK directly phosphorylates eEF2K at Ser359, which is independent
of mTORCI1 [31]. Knebel et al. (2001) investigated the effect of SAPK/p38 (one of the MAPKs
family members) on the elongation pathway. They showed that SAPK/p38 can suppress eEF2K
[40]. It has been demonstrated that p38 MAPK signaling leads to phosphorylation and switches

off eEF2K [80].

Taken together, studies show that eEF2K is phosphorylated and inhibited by MAPKs at

different sites. As a result, eEF2 and the elongation pathway are activated.

3.2. The Elongation pathway Inhibitors

3.2.1. Ca?" — calmodulin
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Calcium ions (Ca?") are vital components of cellular signaling. In the cellular environment,
Ca?" binds to calmodulin (CaM) and forms the Ca**/CaM complex [81]. This complex can
eventually form the catalytic domain of calcium-calmodulin-dependent protein kinases;
CaMKs [81], that are critical in regulating calcium signaling in eukaryotic cells [82]. eEF2K
is a Ca?*/calmodulin-dependent kinase, also known as calmodulin-dependent protein kinase I1I
(CAMKII), which means that the eEF2K activity is dependent on calcium ions and calmodulin
[32]. Therefore, changing the concentration of CaM influences the eEF2K in/activation.
Studies have shown that CaM is essential for the effective activity of eEF2K [83]. CaM binds
to the C-terminal regulatory region of eEF2K [84, 85]. Redpath et al. showed that eEF2K
autophosphorylation increased its activity by 2 to 3 fold [50]. CaM makes eEF2K
autophosphorylation at multiple sites [32, 36], see table 1. The eEF2K phosphorylation by CaM
at these sites activates eEF2K resulting in eEF2 phosphorylation and inhibition of the

elongation pathway.

Despite there being abundant phosphorylation sites, the Ser78 site appears to be more
important, since along with CaM, the mMTORC1 and AMPK pathways also phosphorylate this
site [34, 35]. The Ser78 site is closely located to the CaM-binding zone in eEF2 kinase, hence,

phosphorylation could disrupt eEF2 kinase binding to CaM [35].

3.2.2. AMPK

AMP-activated protein kinase (AMPK), expressed in all eukaryotic cells, is firmly involved in
cellular energy homeostasis and metabolism [86-88]. Metabolic and cellular stressors such as
skeletal muscle contraction [89, 90], hypoxia [91], nutrient deprivation [92], oxidative stress
[93, 94] cause a rise in the AMP:ATP ratio and activate AMPK [25]. AMPK activation results
in, the regulation of numerous signaling pathways, which are associated with maintaining

homeostasis and establishing metabolic adaptability. It decreases energy consumption and
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increases energy supply via phosphorylating a wide range of target proteins [9]. One of these
pivotal signaling pathways is the translation elongation pathway. AMPK phosphorylates and
activates eEF2K through mTORCI1-dependent and mTORC]1-independent pathways. In the
case of the mTORCI1-dependent pathway, it was shown that AMPK represses mTORCI1
signaling and protein synthesis [95-97]. AMPK phosphorylates TSC2 and Raptor which in
turns leads to a drop in the activity of p70S6K which phosphorylates and inactivates eEF2K
[25, 98, 99]. When it comes to mTORCI1-independent pathways, AMPK activates eEF2K
through two main mechanisms. Firstly, it increases cytosolic [Ca®*] and subsequently activates
eEF2K via calmodulin. Secondly, it causes to direct phosphorylation-activation of eEF2K by

AMPK at Serd491/Ser492 [25] and Ser-398 residues [9].

3.2.3. PKA

Cyclic adenosine monophosphate (cAMP)-dependent protein kinase (PKA) is one of the well-
understood protein kinases. Every stimulus that increases intracellular cAMP (For example,
increasing the activity of adenylate cyclase (AC) enzyme) activates PKA [100]. Studies have
introduced PKA as a negative regulator of cell proliferation and protein synthesis [101, 102],
which can phosphorylate eEF2K [12, 28], partially independent of Ca**/calmodulin [12, 42].
Redpath et al. showed that in the absence of calcium, PKA brings about eEF2K
phosphorylation and activation [12]. In this regard, Johanns et al. showed that PKA can
phosphorylate and activate eEF2K under low calcium concentration conditions, even though
phosphorylation of Ser500 by PKA increases Ca**-independent eEF2K activity in genetically
modified mouse embryo fibroblasts (MEFs) [25]. Studies have also shown that PKA activating
factors like b-adrenergic agonists and forskolin boost the cellular levels of eEF2

phosphorylation [51, 103, 104].
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3.2.4. Myostatin:

Myostatin (MSTN), also called GDF-8 (Growth Differentiation Factor 8), is released by
myocytes, which are known to be a negative regulator of protein synthesis and muscle cell
proliferation [105]. This protein, which is primarily expressed in muscle [106, 107], is a
member of the transforming growth factor-B (TGF-) family [108]. Inhibition or inactivation
of myostatin causes MPB and muscle hypertrophy; its activation leads to MPB impairment and
eventual muscle atrophy [109-111]. Studies have shown that the inhibitory effects of myostatin
on MPB are mediated through the AKT-mTOR signaling pathway [109, 112, 113]. In this
regard, Deng et al. showed that myostatin activation inhibited the mTOR and eEF2K-eEF2

signaling pathways and subsequently repressed protein synthesis.
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Figure 2: Schematic diagram of possible regulation pathways of translation elongation. The figure
contains two activator and inhibitor factors that can activate and inactive the elongation pathway
respectively. The red-color polygons represent inhibitory factors, whereas the blue-color polygons
indicate stimulatory factors. Inhibitory factors phosphorylate and activate eEF2K. Then eEF2K
phosphorylates and inhibits eEF2 and the elongation pathway will be deactivated. Stimulatory factors
phosphorylate and inactive eEF2K. Subsequently, eEF2 is activated and the elongation pathway is also
activated. Red T-bars: inhibitory signals, black arrows: stimulatory signals.

4. The response of the elongation pathway to different exercise modes

Here, we divided the studies into two categories: resistance training and endurance training.

We also examine the changing rate of protein synthesis during and after exercise.

Table 2. The Summary of studies investigating eEF2 and eEF2K responses to the resistance

exercise in skeletal muscles.



Study

Rose et al

[90]

Liuetal

[114]

Macesich

[115]

Dreyer et al

[116]

Type of
exercise
Electrical

contraction

high-
frequency
electrical
stimulation
3 sets of leg
extensions at
a 10-
repetition
maximum
resistance
until failure
Resistance:
(10 x10
repetitions of
leg extension
exercises on a
Cybex leg
extension
machine set
to 70% of

1RM)

Results

1) Ca*"/CaM-€eEF2K signaling is a stronger factor for eEF2K activity
Compared with AMPK

2) eEF2K inhibition, partially (30—40%) prevents inhibition of protein
synthesis during resistance training.

1) one minute after the onset of contraction, eEF2 phosphorylation
increased rapidly up to 2 fold and remains high during contraction.

2) eEF2 phosphorylation probably is the main mechanism for MPS
Suppression

1) eEF2 phosphorylation was positively correlated with AMPK activity
2) eEF2 phosphorylation increased sharply with the onset of activity

and decreased dramatically after activity.

1) eEF2 phosphorylation increased during exercise and reduced at 1 and
2 h post-exercise.
2) Increasing mTOR and S6K1 post-exercise overcomes the inhibition

of eEF2 by AMPK.
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Miranda et

al. [117]

Edman et

al [118]

Ahtiainen

etal [119]

Dreyer et al

[120]

West et al.

[121]

Lysenko et

al. [122]

Electrical

1sometric

contraction

Resistance:
(heavy leg
press

exercise)

Resistance:
with leg press
device &
Endurance:
50-min
walking with
the extra load
on a treadmill
high-intensity
leg resistance

exercise

Resistance:
Electrical

contraction

Resistance:
leg presses
with

moderate

1) Within 1 minute of the onset of contraction, eEF2 phosphorylation
increased rapidly by about tenfold

2) There is no correlation between increased eEF2 phosphorylation and
AMPK activation.

1) At rest, phosphorylation of eEF2 at Thr’® was 128% higher in type I1
than type I fibers

2) S6K1 and eEF2 proteins were ~50% higher in type II than in type I
fibers

2) Resistance exercise led to a 53% reduction in eEF2 phosphorylation
in both fiber types.

eEF2 phosphorylation decreased following resistance exercise but no

changes following endurance exercise

eEF2 phosphorylation decreased at 1 and 2 h post-exercise

eEF2 phosphorylation decreased in the post-exercise period by

mTORCI1-independent pathways

1) Phosphorylation of eEF2 significantly decreased after high-load
resistance exercises
2) Following high-load resistance training, phosphorylation of ERK1/2

Leads to a decrease in eEF2 phosphorylation
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Burd et al.

[123]

Fujita et al.

[124]

Tannerstedt

etal. [125]

Pugh et al.

[126]

Apro et al

[127]

load (65%
IRM) & high
load (85%
1RM)
Resistance: eEF?2 activity significantly increased following low-load resistance
leg extension | training compared to high-load resistance training.
exercise at
different
exercise loads
Resistance: Following resistance exercise combined with blood flow restriction
bilateral leg eEF2 phosphorylation significantly decreased
extension
exercise
Resistance: | Phosphorylation of eEF2 was attenuated 20-45% in type II fibers
maximal during recovery
lengthening
contractions
with one leg
Resistance: | HIIT immediately after resistance training did not alter the eEF2
leg
extensions,
70% 1RM &
Endurance:
HIIT at 90%
HRmax

high-intensity = eEF2 phosphorylation was reduced ~ by 70% during recovery in both

and high- groups: (high-volume resistance) and (high-volume resistance
volume followed by 30 min of cycling)
resistance

exercise & 30
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min of

cycling

Endurance: 1) eEF2 phosphorylation increased by about 95% immediately after
high-intensity = endurance training
Apro et al. interval 2) during the post-exercise recovery period, phosphorylation of eEF2
[128] cycling & was reduced by a similar amount of 55% in both groups (interval
Resistance: = cycling followed by resistance exercise & resistance exercise only)
leg-press

exercise

*(in all studies eEF2K phosphorylates eEF2 at Thr56).

5. Resistance exercise and control of eEF2K and eEF2

Skeletal muscles have tremendous potential for plasticity, which enables them to respond and
adapt to changes in mechanical stress. Resistance training as a common type of exercise can
lead to mechanical stress and result in altered cellular and molecular responses in skeletal
muscles. In the following, we will discuss the elongation response to resistance exercise.
Mechanical stress from acute resistance exercise evidently evokes MPS through specific
pathways. The mTORC]1 pathway and its certain downstream intermediates, such as eEF2K
and eEF2, [120, 129-134] [60, 135], are one of them. Since these crucial components
(mTORCI1, eEF2, and eEF2K) are critical regulators of MPS, the rate of protein synthesis in

response to resistance is to some extent dependent on exercise in response to elongation.

5.1. During Resistance Exercise

A large number of studies confirm that MPS is suppressed during resistance exercise [116,
130, 136]. In addition, studies show that the elongation pathway turns into an inactive state

with the onset of resistance exercise and remains unchanged until the end of the exercise [90,
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114-116]. Liu et al. investigated the rat skeletal muscle and reported that eEF2 phosphorylation
increased up to 2-fold immediately with the onset of contraction. The rise remained high during
the contraction. This could explain why and how MPS is suppressed during resistance
exercise. [114]. These findings were also supported by Dreyer et al., who reported a rise in
eEF2 phosphorylation due to a 75% increase in AMPK. [116]. However, there are some
controversial data. For instance, Miranda et al. showed that once rat skeletal muscles were
subjected to the electrically stimulated contraction, a 10-fold increase in the eEF2
phosphorylation occurred in the first minutes of contraction, while only a 3-fold growth in
AMPK phosphorylation appeared 30 minutes after the onset of contraction. They reported that,
it means there was no correlation between increased eEF2 phosphorylation and AMPK
activation. However, there is also a possibility that the 3-fold phosphorylation of AMPK was
enough for the 10-fold phosphorylation of eEF2. [117]. Furthermore, Rose et al. reported that
an increase in Ca**/CaM is far more effective than AMPK on the eEF2K activity and the
elongation pathway blockade. They showed that eEF2 was phosphorylated and inhibited
through the Ca?*/ CaM—eEF2K pathway, while AMPK signaling was not involved. In addition,
they stated that partial (30-40%) inhibition of eEF2K removed the curb on the protein synthesis
during resistance training. They further demonstrated that during contractions, the rise in the
eEF2 phosphorylation was lower in the slow-twitch soleus than the fast-twitch EDL of the
mouse muscles [90]. These results are consistent with the findings that showed eEF2 levels

were higher in type II than in type I fibers [118].(see table 2.)

5.2. Post-resistance exercise

It is widely accepted that MPS increases in the post-exercise period [137-139] and continues
[116] up to 48 hours after exercise [140]. Several studies have shown decreased eEF2
phosphorylation during post-exercise recovery [116, 118-121, 127, 128, 141]. For example,

Dreyer et al. showed that the rate of increase in MPS and eEF2 phosphorylation in the post-
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exercise period (1 and 2 hours post-exercise), in young healthy individuals was independent of
gender. [120]. Other researchers have shown that the increased phosphorylation of mTOR and
S6K1 in the post-exercise period can overcome the inhibitory effects of AMPK on eEF2 [116].
In addition, Drummond et al. demonstrated that rapamycin administration before resistance
exercise completely blocked eEF2 (Thr56) phosphorylation during post-exercise recovery,
which indicated the influential role of mTORCI1 in MSP [142]. Interestingly, several studies
have shown that eEF2 is both rapamycin-sensitive and insensitive [34, 143]. West et al. showed
that regardless of the mTORC1-dependent pathway, mTORC]1-independent pathways could
reduce the eEF2 phosphorylation in the post-exercise period, which was associated with
myostatin down-regulation following resistance training. This presumably contributed to a

prolonged rise in protein synthesis [121].

In addition, studies have reported diverse activity levels of the eEF2 signaling pathway in
response to, unlike training loads. Lysenko et al. investigated the effects of moderate and high-
load resistance training on the response of skeletal muscle signaling in individuals subjected to
strength training. The activity of mTORCI1 and its downstream factors, such as p70S6k and
4E-BP1, was increased in high-load resistance training than in moderate-load resistance
training, whereas post-exercise eEF2 phosphorylation decreased after high-load exercise
compared to moderate-load exercise. The increased activity of ERK1/2 might lead to a drop in
eEF2 phosphorylation after high-load exercise [122]. In contrast, Burd et al. did not observe an
increase in ERK1/2 and eEF2 activity following high-load resistance training in healthy
recreationally active men and stated that low-load resistance exercise is a more effective factor
to increase eEF2 activity compared to high-load resistance training [123]. In addition, Hulmi
et al. (2010) showed that moderate-load resistance training brought about higher ERK1/2
activity than high-load resistance training. The discrepancy in ERK1/2 phosphorylation

responses might be due to participants' training status [122].
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On the other hand, studies carried out on resistance exercise training combined with blood flow
restriction reported an increase in ribosomal S6 kinase 1 (S6K1) phosphorylation as well as a
simultaneous decrease in eEF2 phosphorylation, along with a 46% rise in MSP following this
type of exercise [124]. A similar reduction in phosphorylation (55%) was reported in type I

[118] and type II fibers [118, 125] following resistance exercise.

5.3. Post-concurrent exercise (endurance training followed by resistance training)

Studies have also shown that aerobic exercise following resistance training results in changes
in elongation pathway responses [126-128]. Pugh et al. showed that HIIT did not alter the eEF2
responses in untrained skeletal muscle immediately after resistance training [126]. Consistent
with these results, Apro et al. showed a 70% reduction in eEF2 phosphorylation in the post-
exercise period in healthy, moderately trained male subjects. Importantly, endurance training
(30 min of cycling) followed by resistance training did not change the eEF2 phosphorylation
rates compared to resistance training without prior endurance training [127]. They also
examined the response of the mTORCI1 and eEF2 signaling pathways following concurrent
training (endurance training followed by resistance training) compared to resistance training
and found an approximately 95% increase in eEF2 phosphorylation immediately following
endurance training. The EF2 phosphorylation was also augmented by approximately ~55%

during the post-exercise recovery period in both groups [128].

Collectively, it seems that due to the high activity of muscle fibers (especially type II fibers)
during resistance training and the significant decrease in cellular energy reserve, increases in
AMPK and Ca2+/CaM are two important factors that restrain the elongation pathway.
However, the increase in Ca2+ and subsequent increase in Ca2+/CaM appear to be a more

important factor. Similarly, the data also suggest that mMTORC1 and ERK1/2 are two key factors
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affecting eEF2 phosphorylation after post-resistance training. However, mTORC]1 appears to
be a more important factor, but several unknowns remain and more studies should be designed

to elucidate the role of ERK1/2 in reducing eEF2 phosphorylation after resistance training.

6. Endurance exercise and control of eEF2K and eEF2

Endurance training is another well-known training method that affects MPS. Several studies
have shown that endurance training solely increases mitochondrial protein synthesis and has
no effect on myofibrillar protein synthesis, which leads to muscle hypertrophy [144-147].
Nevertheless, a rise in myofibrillar protein synthesis has been shown [148]. It seems that the
intensity and duration of endurance exercise act as the key components that affect the MPS
rate. These two factors are responsible for producing different responses in both elongation and
initiation steps. The effects of these two critical factors were discussed in the following

sections.

Table 3. The Summary of research investigating eEF2 and eEF2K responses to endurance

exercise in skeletal muscle. *

Study Type of exercise Results

1) skeletal muscle eEF2k was not altered by exercise

Rose et Endurance: 2) 5- to 7-fold increase in eEF2 phosphorylation during
al [89] 90 min of continuous continuous exercise
aerobic
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Mascher Endurance:
et al ergometer cycling
[149] exercise for 1 h

Atherton = Endurance & Resistance:

et al electrically stimulated
[141] with high or low
frequency
Endurance:
Rose et | bicycling exercise for 30
al [150] min & bicycling

exercise for 120-s

3) There is no correlation between increased eEF2

phosphorylation and increased AMPK activity.

1) eEF2 phosphorylation decreased by 35-75% in post-exercise
recovery period

2) Increasing eEF2 activity after endurance training is probably
done through the mTOR or ERK1/2 pathway.

1) eEF2 activity significantly increased following resistance
exercise

2) eEF2 phosphorylation increased following endurance exercise

1) eEF2 phosphorylation increased during endurance exercise
2) eEF2 phosphorylation increases regardless of intensity and
time of exercise.

3) There is no correlation between increased eEF2
phosphorylation and increased AMPK activity.

4) after high-intensity exercise eEF2 phosphorylation increased
only in type I fibers

5) eEF2 phosphorylation decreased in the post-exercise period

*(in all studies eEF2K phosphorylates eEF2 at Thr56).

6.1. During endurance exercise

Studies show that eEF2 phosphorylation increases during endurance exercise. Rose and

colleagues [89] showed that eEF2 phosphorylation increased by 5 to 7-fold during endurance
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exercise (90 minutes of submaximal cycling), but eEF2k activity did not change. It was
suggested that the increase in eEF2 phosphorylation was due to the inhibition of eEF2k through
the Ca?*—calmodulin—eEF2 kinase pathway [89]. Another study that was done on the same
group [150] examined the rate of eEF2 phosphorylation at different intensities of endurance
exercise, duration of exercise, and muscle fiber type and reported that during endurance
exercise, eEF2 phosphorylation increased regardless of intensity and duration of exercise. They
stated that, as in the previous study [89], there was no meaningful correlation between
increased eEF2 phosphorylation and increased AMPK activity. They chose a high-intensity
exercise activity (a 120-s bicycle test at 110% of peak work rate). To evaluate the amount of
eEF2 phosphorylation in different muscle fibers, high-intensity exercise activates both muscle
fiber types [151, 152]. After the protocol was done, they demonstrated that eEF2
phosphorylation just increased in type I fibers, whereas eEF2 phosphorylation was slightly
reduced in type II fibers. In addition, they showed that, in the resting state, the eEF2

phosphorylation rate in type II fibers was nearly 55% more than in type I fibers [150].

6.2. Post-endurance exercise

There are conflicting results about the elongation pathway changes after endurance training.
Ahtiainen et al. (2015) reported interesting data about eEF2 activity when they investigated the
type (endurance or resistance) and volume (high or low) of exercise on protein synthesis
signaling pathways. They demonstrated that eEF2 phosphorylation decreased in male
volunteers following high-volume resistance exercise (10x10 RE), while no changes were
shown following low-volume resistance exercise (5x10 RE) and endurance exercise [119].
Contrary to these results, Mascher et al. (2007) observed that eEF2 phosphorylation decreased
by 35-75% in the post-endurance exercise recovery period in human muscle. They showed that
30 minutes after the activity, eEF2 phosphorylation began to decrease, then reached a peak

within one hour. It was suggested that increasing eEF2 activity after endurance training
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probably occurred through the mTOR or ERK1/2 pathway [149]. In another study, Rose and
colleagues [150] showed that, following incremental and constant load endurance exercise,
eEF2 phosphorylation starts to reduce 30 min post-exercise [150]. Furthermore, Atherton et al.
observed an increase in eEF2 phosphorylation in isolated rat muscles after endurance exercise
(up to 3 h after). However, they showed that after resistance training (directly and 3 h after),

eEF2 phosphorylation was significantly reduced [141].

Collectively, the data show contradictory results concerning endurance training. However, it
seems that like resistance training, eEF2 phosphorylation increases during endurance training
following more activity of the Ca2+/CaM-eEF2K pathway. Further, current evidence suggests
that the quantity of reduction in eEF2 phosphorylation following endurance exercise was not
the same as in the post-resistance training period. Nevertheless, the inconsistent data highlights
the need for further investigation to shed light on the precise mechanisms involved in this

pathway.

7. Conclusion

In brief, our study has suggested that the translation elongation pathway and MPS become
inactive during resistance and endurance exercise, most probably through the Ca2+/ CaM—
eEF2K pathway. They then become active in the post-resistance exercise period, possibly via
the mTOR or ERK1/2 pathway. In this regard, it is not easy to make clear conclusions since
nutritional status and nutrientxexercise interactions are other metabolic processes that can
thoroughly influence MPS and the translation elongation pathway regardless of training status.
To sum up, we inferred that these factors should be considered for a comprehensive

understanding of this pathway and its underlying mechanisms.

Competing of interests

27



The authors declare that the research was conducted in the absence of any commercial or

financial relationships that could be construed as a potential conflict of interest.

Author contributions

Study design: K.S, K.R. writing the first draft K.S, writing & database searching: K.S, M.A,
editing and English proofreading K.S, K.R, G.H, M.S.P, All authors proofread and confirm the

last version of the manuscript.

As this work is a collaborative effort, all authors contributed to the majority of the work. All
authors have proofread and approved the final version of the manuscript and agree to be
accountable for all aspects of the work in ensuring questions related to the accuracy or integrity
of any part of the work. All persons designated as authors qualify for authorship, and all those

qualified for authorship are listed.

Funding information

None/ or not applicable

No funding is associated with this review article.

*(It 1s highly advisable that do not use the words "article or paper" before acceptance. Usually

"manuscript" would be the better choice if needed.

*(Editor)

REFERENCES

28



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Tipton, K.D., D.L. Hamilton, and |.J. Gallagher, Assessing the role of muscle protein
breakdown in response to nutrition and exercise in humans. Sports Medicine, 2018. 48(1): p.
53-64.

Kumar, V., et al., Human muscle protein synthesis and breakdown during and after exercise. )
Appl Physiol (1985), 2009. 106(6): p. 2026-39.

Neelagandan, N., et al., What determines eukaryotic translation elongation: recent molecular
and quantitative analyses of protein synthesis. Open biology, 2020. 10(12): p. 200292.
Sanchez, M., et al., Cross talk between elF2a and eEF2 phosphorylation pathways optimizes
translational arrest in response to oxidative stress. |1Science, 2019. 20: p. 466-480.

Browne, G.J. and C.G. Proud, Regulation of peptide-chain elongation in mammealian cells.
European journal of biochemistry, 2002. 269(22): p. 5360-5368.

Kapp, L.D. and J.R. Lorsch, The molecular mechanics of eukaryotic translation. Annual review
of biochemistry, 2004. 73(1): p. 657-704.

Kenney, J.W., et al., Eukaryotic elongation factor 2 kinase, an unusual enzyme with multiple
roles. Advances in biological regulation, 2014. 55: p. 15-27.

Rennie, M.J., Why muscle stops building when it's working. The Journal of physiology, 2005.
569(Pt 1): p. 3.

Browne, G.J., S.G. Finn, and C.G. Proud, Stimulation of the AMP-activated protein kinase
leads to activation of eukaryotic elongation factor 2 kinase and to its phosphorylation at a
novel site, serine 398. Journal of Biological Chemistry, 2004. 279(13): p. 12220-12231.
Moore, C.E., et al., Elongation factor 2 kinase is requlated by proline hydroxylation and
protects cells during hypoxia. Molecular and cellular biology, 2015. 35(10): p. 1788-1804.
Proud, C.G., Protein phosphorylation in translational control. Current topics in cellular
regulation, 1992. 32: p. 243-369.

Redpath, N.T. and C.G. Proud, Cyclic AMP-dependent protein kinase phosphorylates rabbit
reticulocyte elongation factor-2 kinase and induces calcium-independent activity.
Biochemical Journal, 1993. 293(1): p. 31-34.

Andersen, C.B., et al., Structure of eEF3 and the mechanism of transfer RNA release from the
E-site. Nature, 2006. 443(7112): p. 663-668.

Dever, T.E. and R. Green, The elongation, termination, and recycling phases of translation in
eukaryotes. Cold Spring Harbor perspectives in biology, 2012. 4(7): p. a013706.

Kaul, G., G. Pattan, and T. Rafeequi, Eukaryotic elongation factor-2 (eEF2): its requlation and
peptide chain elongation. Cell biochemistry and function, 2011. 29(3): p. 227-234.

Redpath, N.T., E.J. Foulstone, and C.G. Proud, Regulation of translation elongation factor-2
by insulin via a rapamycin-sensitive signalling pathway. The EMBO journal, 1996. 15(9): p.
2291-2297.

Ryazanov, A.G., E.A. Shestakova, and P.G. Natapov, Phosphorylation of elongation factor 2 by
EF-2 kinase affects rate of translation. Nature, 1988. 334(6178): p. 170-173.

REDPATH, N.T, et al., Regulation of elongation factor-2 by multisite phosphorylation.
European journal of biochemistry, 1993. 213(2): p. 689-699.

Nairn, A. and H. Palfrey, Identification of the major Mr 100,000 substrate for calmodulin-
dependent protein kinase Ill in mammalian cells as elongation factor-2. Journal of Biological
Chemistry, 1987. 262(36): p. 17299-17303.

Chen, J. and J. Bodley, Biosynthesis of diphthamide in Saccharomyces cerevisiae. Partial
purification and characterization of a specific S-adenosylmethionine: elongation factor 2
methyltransferase. Journal of Biological Chemistry, 1988. 263(24): p. 11692-11696.

29



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Nairn, A.C., B. Bhagat, and H.C. Palfrey, Identification of calmodulin-dependent protein
kinase Ill and its major Mr 100,000 substrate in mammalian tissues. Proceedings of the
National Academy of Sciences, 1985. 82(23): p. 7939-7943.

Kruiswijk, F., et al., Coupled activation and degradation of eEF2K regulates protein synthesis
in response to genotoxic stress. Sci Signal, 2012. 5(227): p. ra40.

Carlberg, U., A. Nilsson, and O. Nygard, Functional properties of phosphorylated elongation
factor 2. Eur J Biochem, 1990. 191(3): p. 639-45.

Ryazanov, A.G., B.B. Rudkin, and A.S. Spirin, Regulation of protein synthesis at the elongation
stage New insights into the control of gene expression in eukaryotes. FEBS letters, 1991.
285(2): p. 170-175.

Johanns, M., et al., Direct and indirect activation of eukaryotic elongation factor 2 kinase by
AMP-activated protein kinase. Cellular signalling, 2017. 36: p. 212-221.

Ovchinnikov, L.P., et al., Three phosphorylation sites in elongation factor 2. FEBS letters,
1990. 275(1-2): p. 209-212.

Price, N.T., et al., Identification of the phosphorylation sites in elongation factor-2 from
rabbit reticulocytes. FEBS letters, 1991. 282(2): p. 253-258.

Mitsui, K., et al., Purification and characterization of calmodulin-dependent protein kinase Il
from rabbit reticulocytes and rat pancreas. Journal of Biological Chemistry, 1993. 268(18): p.
13422-13433.

Ryazanov, A.G,, et al., Identification of a new class of protein kinases represented by
eukaryotic elongation factor-2 kinase. Proceedings of the National Academy of Sciences,
1997. 94(10): p. 4884-4889.

Manning, G., et al., The protein kinase complement of the human genome. Science, 2002.
298(5600): p. 1912-34.

Wang, X., et al., Eukaryotic elongation factor 2 kinase activity is controlled by multiple inputs
from oncogenic signaling. Molecular and cellular biology, 2014. 34(22): p. 4088-4103.

Pyr Dit Ruys, S., et al., Identification of autophosphorylation sites in eukaryotic elongation
factor-2 kinase. Biochemical Journal, 2012. 442(3): p. 681-692.

Ballard, D.J., et al., Insights Into the Pathologic Roles and Regulation of Eukaryotic Elongation
Factor-2 Kinase. Frontiers in Molecular Biosciences, 2021: p. 839.

Wang, X., et al., Regulation of elongation factor 2 kinase by p90RSK1 and p70 S6 kinase. The
EMBO journal, 2001. 20(16): p. 4370-4379.

Browne, G.J. and C.G. Proud, A novel mTOR-requlated phosphorylation site in elongation
factor 2 kinase modulates the activity of the kinase and its binding to calmodulin. Molecular
and cellular biology, 2004. 24(7): p. 2986-2997.

Tavares, C.D., et al., Calcium/calmodulin stimulates the autophosphorylation of elongation
factor 2 kinase on Thr-348 and Ser-500 to regulate its activity and calcium dependence.
Biochemistry, 2012. 51(11): p. 2232-2245.

Crawley, S.W., et al., Identification of calmodulin and MlcC as light chains for Dictyostelium
myosin-I isozymes. Biochemistry, 2011. 50(30): p. 6579-6588.

Dissing, M., H. Giordano, and R. Delotto, Autoproteolysis and feedback in a protease cascade
directing Drosophila dorsal-ventral cell fate. The EMBO journal, 2001. 20(10): p. 2387-2393.
Smith, E.M. and C.G. Proud, cdc2—cyclin B regulates eEF2 kinase activity in a cell cycle-and
amino acid-dependent manner. The EMBO journal, 2008. 27(7): p. 1005-1016.

Knebel, A., N. Morrice, and P. Cohen, A novel method to identify protein kinase substrates:
eEF2 kinase is phosphorylated and inhibited by SAPK4/p386. The EMBO journal, 2001.
20(16): p. 4360-4369.

Knebel, A., et al., Stress-induced regulation of eukaryotic elongation factor 2 kinase by SB
203580-sensitive and- insensitive pathways. Biochemical Journal, 2002. 367(2): p. 525-532.

30



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

DIGGLE, T.A,, et al., Phosphorylation of elongation factor-2 kinase on serine 499 by cAMP-
dependent protein kinase induces Ca2+/calmodulin-independent activity. Biochemical
Journal, 2001. 353(3): p. 621-626.

Laitusis, A.L., et al., An examination of the role of increased cytosolic free Ca2+
concentrations in the inhibition of mRNA translation. Archives of biochemistry and
biophysics, 1998. 354(2): p. 270-280.

Nairn, A.C,, et al., Elongation factor-2 phosphorylation and the regulation of protein
synthesis by calcium. Signaling Pathways for Translation, 2001: p. 91-129.

Ryazanov, A.G., Ca2+/calmodulin-dependent phosphorylation of elongation factor 2. FEBS
letters, 1987. 214(2): p. 331-334.

Horman, S., et al., Myocardial ischemia and increased heart work modulate the
phosphorylation state of eukaryotic elongation factor-2. Journal of Biological Chemistry,
2003. 278(43): p. 41970-41976.

Horman, S., et al., Activation of AMP-activated protein kinase leads to the phosphorylation of
elongation factor 2 and an inhibition of protein synthesis. Current biology, 2002. 12(16): p.
1419-1423.

Williamson, D.L., et al., Time course changes in signaling pathways and protein synthesis in
C2C12 myotubes following AMPK activation by AICAR. American Journal of Physiology-
Endocrinology And Metabolism, 2006. 291(1): p. ES0-E89.

Williamson, D.L,, et al., Exercise-induced alterations in extracellular signal-requlated kinase
1/2 and mammalian target of rapamycin (mTOR) signalling to regulatory mechanisms of
mRNA translation in mouse muscle. The Journal of physiology, 2006. 573(2): p. 497-510.
REDPATH, N.T. and C.G. PROUD, Purification and phosphorylation of elongation factor-2
kinase from rabbit reticulocytes. European journal of biochemistry, 1993. 212(2): p. 511-520.
MclLeod, L.E., L. Wang, and C.G. Proud, beta-Adrenergic agonists increase phosphorylation of
elongation factor 2 in cardiomyocytes without eliciting calcium-independent eEF2 kinase
activity. FEBS Lett, 2001. 489(2-3): p. 225-8.

Dudley, G.A. and R.L. Terjung, Influence of acidosis on AMP deaminase activity in contracting
fast-twitch muscle. American Journal of Physiology-Cell Physiology, 1985. 248(1): p. C43-C50.
Melzer, W., A. Herrmann-Frank, and H.C. Liittgau, The role of Ca2+ ions in excitation-
contraction coupling of skeletal muscle fibres. Biochimica et Biophysica Acta (BBA)-Reviews
on Biomembranes, 1995. 1241(1): p. 59-116.

Treebak, J.T., et al., AS160 phosphorylation is associated with activation of 2 2 1-but not 2 2
3-AMPK trimeric complex in skeletal muscle during exercise in humans. Am J Physiol
Endocrinol Metab, 2007. 292: p. E715-E722.

Wojtaszewski, J.F., et al., Isoform-specific and exercise intensity-dependent activation of 5’
AMP-activated protein kinase in human skeletal muscle. The Journal of physiology, 2000.
528(1): p. 221-226.

Fingar, D.C., et al., Mammalian cell size is controlled by mTOR and its downstream targets
S6K1 and 4EBP1/elF4E. Genes & development, 2002. 16(12): p. 1472-1487.

Shima, H., et al., Disruption of the p70s6k/p85s6k gene reveals a small mouse phenotype and
a new functional S6 kinase. The EMBO journal, 1998. 17(22): p. 6649-6659.

Aoki, M., E. Blazek, and P.K. Vogt, A role of the kinase mTOR in cellular transformation
induced by the oncoproteins P3k and Akt. Proceedings of the National Academy of Sciences,
2001.98(1): p. 136-141.

Neshat, M.S., et al., Enhanced sensitivity of PTEN-deficient tumors to inhibition of
FRAP/mTOR. Proceedings of the National Academy of Sciences, 2001. 98(18): p. 10314-
103109.

Bodine, S.C., et al., Akt/mTOR pathway is a crucial requlator of skeletal muscle hypertrophy
and can prevent muscle atrophy in vivo. Nature cell biology, 2001. 3(11): p. 1014-1019.

31



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Sabers, C.J., et al., Isolation of a Protein Target of the FKBP12-Rapamycin Complex in
Mammalian Cells ( #). Journal of Biological Chemistry, 1995. 270(2): p. 815-822.

Thoreen, C.C., The molecular basis of mTORC1-regulated translation. Biochemical Society
Transactions, 2017. 45(1): p. 213-221.

Egan, B. and J.R. Zierath, Exercise metabolism and the molecular regulation of skeletal
muscle adaptation. Cell metabolism, 2013. 17(2): p. 162-184.

Rosner, M. and M. Hengstschlager, Cytoplasmic and nuclear distribution of the protein
complexes mTORC1 and mTORC2: rapamycin triggers dephosphorylation and delocalization
of the mTORC2 components rictor and sin1. Human molecular genetics, 2008. 17(19): p.
2934-2948.

Sarbassov, D.D., S.M. Ali, and D.M. Sabatini, Growing roles for the mTOR pathway. Current
opinion in cell biology, 2005. 17(6): p. 596-603.

Thoreen, C.C,, et al., An ATP-competitive mammalian target of rapamycin inhibitor reveals
rapamycin-resistant functions of mTORC1. Journal of Biological Chemistry, 2009. 284(12): p.
8023-8032.

Goodman, C.A., D.L. Mayhew, and T.A. Hornberger, Recent progress toward understanding
the molecular mechanisms that reqgulate skeletal muscle mass. Cellular signalling, 2011.
23(12): p. 1896-1906.

Glass, D.J., PI3 kinase regulation of skeletal muscle hypertrophy and atrophy.
Phosphoinositide 3-kinase in Health and Disease, 2010: p. 267-278.

Deshmukh, A.S., et al., Role of adenosine 5-monophosphate-activated protein kinase
subunits in skeletal muscle mammalian target of rapamycin signaling. Molecular
Endocrinology, 2008. 22(5): p. 1105-1112.

Ogasawara, R. and T. Suginohara, Rapamycin-insensitive mechanistic target of rapamycin
regulates basal and resistance exercise-induced muscle protein synthesis. Faseb j, 2018: p.
fj201701422R.

Kramer, H.F. and L.J. Goodyear, Exercise, MAPK, and NF-kB signaling in skeletal muscle.
Journal of applied physiology, 2007. 103(1): p. 388-395.

Zhang, W. and H.T. Liu, MAPK signal pathways in the regulation of cell proliferation in
mammalian cells. Cell research, 2002. 12(1): p. 9-18.

Force, T. and J.V. Bonventre, Growth factors and mitogen-activated protein kinases.
Hypertension, 1998. 31(1): p. 152-161.

Kyriakis, J.M. and J. Avruch, Mammalian mitogen-activated protein kinase signal
transduction pathways activated by stress and inflammation. Physiological reviews, 2001.
81(2): p. 807-869.

Dhillon, A.S., et al., MAP kinase signalling pathways in cancer. Oncogene, 2007. 26(22): p.
3279-3290.

Schaeffer, H.J. and M.J. Weber, Mitogen-activated protein kinases: specific messages from
ubiquitous messengers. Molecular and cellular biology, 1999. 19(4): p. 2435-2444,

Kim, E.K. and E.-J. Choi, Pathological roles of MAPK signaling pathways in human diseases.
Biochimica et Biophysica Acta (BBA)-Molecular Basis of Disease, 2010. 1802(4): p. 396-405.
Miyazaki, M., et al., Early activation of mTORC1 signalling in response to mechanical
overload is independent of phosphoinositide 3-kinase/Akt signalling. The Journal of
physiology, 2011. 589(7): p. 1831-1846.

Winter, J.N.,, L.S. Jefferson, and S.R. Kimball, ERK and Akt signaling pathways function
through parallel mechanisms to promote mTORCI1 signaling. American Journal of Physiology-
Cell Physiology, 2011. 300(5): p. C1172-C1180.

Cuadrado, A. and A.R. Nebreda, Mechanisms and functions of p38 MAPK signalling.
Biochemical Journal, 2010. 429(3): p. 403-417.

Clapham, D.E., Calcium signaling. Cell, 2007. 131(6): p. 1047-1058.

32



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Junho, C.V.C, et al., An overview of the role of calcium/calmodulin-dependent protein kinase
in cardiorenal syndrome. Frontiers in Physiology, 2020. 11: p. 735.

Tavares, C.D,, et al., Signal integration at elongation factor 2 kinase: The roles of calcium,
calmodulin, and SER-500 phosphorylation. Journal of Biological Chemistry, 2017. 292(5): p.
2032-2045.

Pavur, K.S., A.N. Petrov, and A.G. Ryazanov, Mapping the functional domains of elongation
factor-2 kinase. Biochemistry, 2000. 39(40): p. 12216-12224.

Diggle, T.A,, et al., Analysis of the domain structure of elongation factor-2 kinase by
mutagenesis. FEBS letters, 1999. 457(2): p. 189-192.

Hardie, D.G., D. Carling, and M. Carlson, The AMP-activated/SNF1 protein kinase subfamily:
metabolic sensors of the eukaryotic cell? Annual review of biochemistry, 1998. 67(1): p. 821-
855.

Hardie, D.G., et al., Management of cellular energy by the AMP-activated protein kinase
system. FEBS letters, 2003. 546(1): p. 113-120.

Hardie, D.G., Regulation of AMP-activated protein kinase by natural and synthetic activators.
Acta Pharmaceutica Sinica B, 2016. 6(1): p. 1-19.

Rose, A.l., et al., Exercise rapidly increases eukaryotic elongation factor 2 phosphorylation in
skeletal muscle of men. The Journal of physiology, 2005. 569(1): p. 223-228.

Rose, A.J., et al., A Ca2+—calmodulin—eEF2K—eEF2 signalling cascade, but not AMPK,
contributes to the suppression of skeletal muscle protein synthesis during contractions. The
Journal of physiology, 2009. 587(7): p. 1547-1563.

Connolly, E., et al., Hypoxia inhibits protein synthesis through a 4E-BP1 and elongation factor
2 kinase pathway controlled by mTOR and uncoupled in breast cancer cells. Molecular and
cellular biology, 2006. 26(10): p. 3955-3965.

Leprivier, G., et al., The eEF2 kinase confers resistance to nutrient deprivation by blocking
translation elongation. Cell, 2013. 153(5): p. 1064-1079.

Patel, J., et al., Cellular stresses profoundly inhibit protein synthesis and modulate the states
of phosphorylation of multiple translation factors. European journal of biochemistry, 2002.
269(12): p. 3076-3085.

Usui, T., et al., Eukaryotic elongation factor 2 kinase regulates the development of
hypertension through oxidative stress-dependent vascular inflammation. American Journal of
Physiology-Heart and Circulatory Physiology, 2013. 305(5): p. H756-H768.

Kimura, N., et al., A possible linkage between AMP-activated protein kinase (AMPK) and
mammalian target of rapamycin (mTOR) signalling pathway. Genes to cells, 2003. 8(1): p.
65-79.

Bolster, D.R., et al., AMP-activated protein kinase suppresses protein synthesis in rat skeletal
muscle through down-regulated mammalian target of rapamycin (mTOR) signaling. Journal
of Biological Chemistry, 2002. 277(27): p. 23977-23980.

Thomson, D.M. and S.E. Gordon, Diminished overload-induced hypertrophy in aged fast-
twitch skeletal muscle is associated with AMPK hyperphosphorylation. Journal of Applied
Physiology, 2005.

Inoki, K., T. Zhu, and K.-L. Guan, TSC2 mediates cellular energy response to control cell
growth and survival. Cell, 2003. 115(5): p. 577-590.

Cheng, S.W.,, et al., Thr2446 is a novel mammalian target of rapamycin (mTOR)
phosphorylation site regulated by nutrient status. Journal of Biological Chemistry, 2004.
279(16): p. 15719-15722.

Sgberg, K., et al., Evolution of the cAMP-dependent protein kinase (PKA) catalytic subunit
isoforms. PloS one, 2017. 12(7): p. e0181091.

Proud, C.G. and R.M. Denton, Molecular mechanisms for the control of translation by insulin.
Biochem J, 1997. 328 ( Pt 2)(Pt 2): p. 329-41.

33



102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

McKenzie, F.R. and J. Pouysségur, cAMP-mediated growth inhibition in fibroblasts is not
mediated via mitogen-activated protein (MAP) kinase (ERK) inhibition. cAMP-dependent
protein kinase induces a temporal shift in growth factor-stimulated MAP kinases. ) Biol
Chem, 1996. 271(23): p. 13476-83.

Diggle, T.A,, et al., Regulation of protein-synthesis elongation-factor-2 kinase by cAMP in
adipocytes. Biochem J, 1998. 336 ( Pt 3)(Pt 3): p. 525-9.

Hovland, R., et al., cAMP inhibits translation by inducing Ca2+/calmodulin-independent
elongation factor 2 kinase activity in IPC-81 cells. FEBS Lett, 1999. 444(1): p. 97-101.

Kim, J.-s., et al., Load-mediated downregulation of myostatin mRNA is not sufficient to
promote myofiber hypertrophy in humans: a cluster analysis. Journal of applied physiology,
2007. 103(5): p. 1488-1495.

Lee, S.-J., Regulation of muscle mass by myostatin. Annu. Rev. Cell Dev. Biol., 2004. 20: p. 61-
86.

Schuelke, M., et al., Myostatin mutation associated with gross muscle hypertrophy in a child.
New England Journal of Medicine, 2004. 350(26): p. 2682-2688.

Szulc, P., et al., Endocrine and clinical correlates of myostatin serum concentration in men—
the STRAMBO study. The journal of clinical endocrinology & metabolism, 2012. 97(10): p.
3700-3708.

Rodriguez, J., et al., Myostatin and the skeletal muscle atrophy and hypertrophy signaling
pathways. Cellular and Molecular Life Sciences, 2014. 71(22): p. 4361-4371.

Taylor, W.E., et al., Myostatin inhibits cell proliferation and protein synthesis in C2C12 muscle
cells. American Journal of Physiology-Endocrinology And Metabolism, 2001. 280(2): p. E221-
E228.

Latres, E., et al., Myostatin blockade with a fully human monoclonal antibody induces muscle
hypertrophy and reverses muscle atrophy in young and aged mice. Skeletal Muscle, 2015.
5(1): p. 1-13.

Amirouche, A, et al., Down-regulation of Akt/mammalian target of rapamycin signaling
pathway in response to myostatin overexpression in skeletal muscle. Endocrinology, 2009.
150(1): p. 286-294.

Rodriguez, J., et al., Myostatin inactivation increases myotube size through regulation of
translational initiation machinery. Journal of cellular biochemistry, 2011. 112(12): p. 3531-
3542,

Liu, Y., et al., Mammalian target of rapamycin-independent S6K1 and 4E-BP1
phosphorylation during contraction in rat skeletal muscle. Cellular signalling, 2013. 25(9): p.
1877-1886.

Macesich, J.L., Skeletal muscle eukaryotic elongation factor 2 (eEF2) response to acute
resistance exercise in young and old men and women: Relationship to muscle glycogen
content and 5'-AMP-activated protein kinase (AMPK) activity. 2010: East Carolina University.
Dreyer, H.C., et al., Resistance exercise increases AMPK activity and reduces 4E-BP1
phosphorylation and protein synthesis in human skeletal muscle. The Journal of physiology,
2006. 576(2): p. 613-624.

Miranda, L., et al., Effects of contraction and insulin on protein synthesis, AMP-activated
protein kinase and phosphorylation state of translation factors in rat skeletal muscle.
Pfligers Archiv-European Journal of Physiology, 2008. 455(6): p. 1129-1140.

Edman, S., et al., mTORCI1 signaling in individual human muscle fibers following resistance
exercise in combination with intake of essential amino acids. Frontiers in nutrition, 2019. 6:
p. 96.

Ahtiainen, J.P., et al., Exercise type and volume alter signaling pathways regulating skeletal
muscle glucose uptake and protein synthesis. European journal of applied physiology, 2015.
115(9): p. 1835-1845.

34



120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Dreyer, H.C., et al., Resistance exercise increases leg muscle protein synthesis and mTOR
signalling independent of sex. Acta physiologica, 2010. 199(1): p. 71-81.

West, D.W., et al., Acute resistance exercise activates rapamycin-sensitive and-insensitive
mechanisms that control translational activity and capacity in skeletal muscle. The Journal of
physiology, 2016. 594(2): p. 453-468.

Lysenko, E.A., et al., Signaling responses to high and moderate load strength exercise in
trained muscle. Physiological reports, 2019. 7(9): p. e14100.

Burd, N.A,, et al., Low-load high volume resistance exercise stimulates muscle protein
synthesis more than high-load low volume resistance exercise in young men. PloS one, 2010.
5(8): p. €12033.

Fujita, S., et al., Blood flow restriction during low-intensity resistance exercise increases S6K1
phosphorylation and muscle protein synthesis. Journal of applied physiology, 2007.
Tannerstedt, J., W. Aprd, and E. Blomstrand, Maximal lengthening contractions induce
different signaling responses in the type | and type Il fibers of human skeletal muscle. Journal
of applied physiology, 2009. 106(4): p. 1412-1418.

Pugh, J.K., et al., Acute molecular responses to concurrent resistance and high-intensity
interval exercise in untrained skeletal muscle. Physiological reports, 2015. 3(4): p. e12364.
Apro, W., et al., Resistance exercise induced mTORCI1 signaling is not impaired by subsequent
endurance exercise in human skeletal muscle. American Journal of Physiology-Endocrinology
and Metabolism, 2013. 305(1): p. E22-E32.

Apro, W., et al., Resistance exercise-induced S6K1 kinase activity is not inhibited in human
skeletal muscle despite prior activation of AMPK by high-intensity interval cycling. American
Journal of Physiology-Endocrinology and Metabolism, 2015. 308(6): p. E470-E481.

Burd, N.A,, et al., Resistance exercise volume affects myofibrillar protein synthesis and
anabolic signalling molecule phosphorylation in young men. The Journal of physiology, 2010.
588(16): p. 3119-3130.

Fujita, S., et al., Essential amino acid and carbohydrate ingestion before resistance exercise
does not enhance postexercise muscle protein synthesis. Journal of Applied Physiology, 2009.
106(5): p. 1730-1739.

Hulmi, J.J., et al., The effects of whey protein on myostatin and cell cycle-related gene
expression responses to a single heavy resistance exercise bout in trained older men.
European journal of applied physiology, 2008. 102(2): p. 205-213.

Mayhew, D.L., et al., Translational signaling responses preceding resistance training-
mediated myofiber hypertrophy in young and old humans. Journal of applied physiology,
2009. 107(5): p. 1655-1662.

Reitelseder, S., et al., Whey and casein labeled with L-[1-13C] leucine and muscle protein
synthesis: effect of resistance exercise and protein ingestion. American Journal of Physiology-
Endocrinology and Metabolism, 2011. 300(1): p. E231-E242.

Terzis, G., et al., The degree of p70 S6k and S6 phosphorylation in human skeletal muscle in
response to resistance exercise depends on the training volume. European journal of applied
physiology, 2010. 110(4): p. 835-843.

Rommel, C,, et al., Mediation of IGF-1-induced skeletal myotube hypertrophy by PI (3)
K/Akt/mTOR and P! (3) K/Akt/GSK3 pathways. Nature cell biology, 2001. 3(11): p. 1009-1013.
Bylund-Fellenius, A.-C., et al., Protein synthesis versus energy state in contracting muscles of
perfused rat hindlimb. American Journal of Physiology-Endocrinology And Metabolism, 1984.
246(4): p. E297-E305.

Chesley, A,, et al., Changes in human muscle protein synthesis after resistance exercise.
Journal of applied physiology, 1992. 73(4): p. 1383-1388.

MacDougall, J.D., et al., The time course for elevated muscle protein synthesis following
heavy resistance exercise. Canadian Journal of applied physiology, 1995. 20(4): p. 480-486.

35



139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Yarasheski, K.E., J.J. Zachwieja, and D.M. Bier, Acute effects of resistance exercise on muscle
protein synthesis rate in young and elderly men and women. American Journal of Physiology-
Endocrinology And Metabolism, 1993. 265(2): p. E210-E214.

Phillips, S.M., et al., Mixed muscle protein synthesis and breakdown after resistance exercise
in humans. American journal of physiology-endocrinology and metabolism, 1997. 273(1): p.
E99-E107.

Atherton, P.J., et al., Selective activation of AMPK-PGC-1a or PKB-TSC2-mTOR signaling can
explain specific adaptive responses to endurance or resistance training-like electrical muscle
stimulation. The FASEB journal, 2005. 19(7): p. 1-23.

Drummond, M.J., et al., Rapamycin administration in humans blocks the contraction-induced
increase in skeletal muscle protein synthesis. The Journal of physiology, 2009. 587(7): p.
1535-1546.

Wang, L. and C.G. Proud, Regulation of the phosphorylation of elongation factor 2 by MEK-
dependent signalling in adult rat cardiomyocytes. FEBS letters, 2002. 531(2): p. 285-289.
Donges, C.E., et al., Concurrent resistance and aerobic exercise stimulates both myofibrillar
and mitochondrial protein synthesis in sedentary middle-aged men. Journal of Applied
Physiology, 2012. 112(12): p. 1992-2001.

Gollnick, P.D. and B. Saltin, Significance of skeletal muscle oxidative enzyme enhancement
with endurance training. Clinical physiology, 1982. 2(1): p. 1-12.

Hoppeler, H., Exercise-induced ultrastructural changes in skeletal muscle. International
journal of sports medicine, 1986. 7(04): p. 187-204.

Wilkinson, S.B., et al., Differential effects of resistance and endurance exercise in the fed
state on signalling molecule phosphorylation and protein synthesis in human muscle. The
journal of physiology, 2008. 586(15): p. 3701-3717.

Di Donato, D.M., et al., Influence of aerobic exercise intensity on myofibrillar and
mitochondrial protein synthesis in young men during early and late postexercise recovery.
American Journal of Physiology-Endocrinology and Metabolism, 2014. 306(9): p. E1025-
E1032.

Mascher, H., et al., Changes in signalling pathways regulating protein synthesis in human
muscle in the recovery period after endurance exercise. Acta physiologica, 2007. 191(1): p.
67-75.

Rose, A.l., et al., Skeletal muscle eEF2 and 4EBP1 phosphorylation during endurance exercise
is dependent on intensity and muscle fiber type. American Journal of Physiology-Regulatory,
Integrative and Comparative Physiology, 2009. 296(2): p. R326-R333.

Gollnick, P., K. Piehl, and B. Saltin, Selective glycogen depletion pattern in human muscle
fibres after exercise of varying intensity and at varying pedalling rates. The Journal of
physiology, 1974. 241(1): p. 45-57.

Sale, D.G., Influence of exercise and training on motor unit activation. Exercise and sport
sciences reviews, 1987. 15: p. 95-151.

36



