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Abstract

It is generally accepted that skeletal muscle adeywt to repeated bouts of contractile activity are
specific to the mode, intensity, and duration oé texercise stimulus, but the molecular
mechanisms regulating this specificity of adaptatiemain poorly defined. The interaction of
nutrient and substrate availability is also criticadetermining skeletal muscle adaptation and
has the capacity to modulate the specificity oihirey response. Accordingly, the primary aims
of the studies undertaken for this thesis were:tdl)determine the molecular adaptations
regulating the specificity of training adaptatiaildwing resistance and endurance exercise, and
2) to demonstrate how substrate (glycogen) andiemitr(protein/carbohydrate) availability

impact adaptation responses following ‘concurrémaitining.

The first study (Chapter Two) determined the timarse of Akt-mediated and AMPK signalling
during the acute post-exercise recovery periocbwahg resistance and endurance exercise in
human skeletal muscle. Sixteen male subjects vegr@omly assigned to either a cycling (n = 8,
60 min, 70% \Opeay OF resistance (n = 8, 8 x 5 leg extensions, 80&repetition maximum, 3-
min recovery) exercise group. Muscle biopsies wabtained from thevastus lateralisat rest,
immediately after exercise, and at 15, 30, and B0ahrecovery. Muscle glycogen concentration
decreased with both exercise modes but glycogdisatibn was greater following cycling

AFlElf308/Ser473 and

compared to resistance exercise (P < 0.05). Pastise increases in
mTOR®?**®phosphorylation peaked at 30 — 60 min and werepaoable between cycling and
resistance exercise (P < 0.05). Similar patterns pr0S6K"™ and 4E-BPI"74
phosphorylation were also observed. In contrasfPK™"2 glycogen synthas&®*! and
AS160 phosphorylation were only elevated afteriogc(P < 0.05). The results show a similar
time course for Akt-mTOR-S6K phosphorylation duritige initial 60-min between resistance
and endurance exercise. However, selective incsgasphosphorylation responses for proteins
promoting glucose uptake (AS160) and glycogen ssehonly occurred with endurance
exercise. These findings indicate that enduranak rasistance exercise initiate comparable
translational signalling responses during the apaist-exercise recovery period, but pathways

regulating glucose metabolism are selectively atdie following endurance exercise.



The second study described in Chapter Three detednihe effect of muscle glycogen
concentration and post-exercise nutrient ingestioanabolic signalling and rates of myofibrillar
protein synthesis after resistance exercise. Sixy@eing, healthy men matched for age, body
mass, peak oxygen uptake®eay and strength (1RM) were randomly assigned toeeithn
nutrient or placebo group. After 48 h diet and ebser control, subjects undertook a glycogen
depletion protocol consisting of one-leg cyclingfatigue (LOW), whereas the other leg rested
(NORM). The next morning following an overnight faa primed, constant infusion of kijg-
3c¢] phenylalanine was commenced and subjects contbtsets of 5 unilateral leg press
repetitions at 80% 1RM. Immediately after resiseaagercise and 2 h later, subjects consumed a
500 ml bolus of a protein/carbohydrate (20 g whef0+g maltodextrin) or placebo beverage.
Muscle biopsies from theastus lateralisof both legs were taken at rest and 1 and 4 Ir afte
resistance exercise. Muscle glycogen concentrat@s higher in NORM than LOW at all time
points in both nutrient and placebo groups (P <5).(Post-exercise Akt-p70S6K-rpS6
phosphorylation increased in both groups with néfedences between legs (P < 0.05).
mTOR®"*® phosphorylation in placebo increased 1 h afterase in NORM (P < 0.05),
whereas mTOR increased ~ 4-fold in LOW (P < 0.01J a 11 fold in NORM with nutrients (P

< 0.01; different between legs P < 0.05). Post-@sgerrates of myofibrillar protein synthesis
were not different between NORM and LOW in the mmtr group (0.070 + 0.022 vs. 0.068 +
0.018 %/ or with placebo ingestion (0.045 + 0.021 vs. 0.840.017 %/H). These results
show that commencing high-intensity resistance @serwith low muscle glycogen availability
does not compromise the anabolic signal and suksegates of myofibrillar protein synthesis
during the early (4 h) post-exercise recovery perimgestion of a protein/CHO beverage
enhanced the anabolic response to resistance sxéndi failed to induce differences between the

normal and low glycogen legs.

The final study (Chapter Four) elucidated the effet protein supplementation on anabolic
signalling and rates of myofibrillar and mitochomdirprotein synthesis after a single bout of
consecutive resistance and endurance exerciseng dsiandomised cross-over design, 8 healthy
males were assigned to experimental trials congitf resistance exercise (8 x 5 leg extensions,
80% 1-RM) followed by cycling (30 min at ~70%0Y.a) With either post-exercise protein (25 g
whey protein; PRO) or placebo (PLA) ingestion. Maduiopsies were obtained at rest, 1 and 4 h

F%er2448

post-exercise. ARE™3and mTO phosphorylation increased 1 h after exercise pittein

2



ingestion (175 - 400%, P < 0.01) and was differieom placebo (150 - 300%, P < 0.001).
MuRF1 and Atrogin-1 mRNA were elevated post-exerdiat were higher with PLA compared
to PRO at 1 h (50 - 315%, P<0.05), while PGCARNA increased 4 h post-exercise (620 -
730%, P < 0.001) with no difference between treatmePost-exercise rates of myofibrillar
protein synthesis increased above rest in botls t(¥b - 145%, P < 0.05) but were higher with
PRO (67%, P < 0.05) while mitochondrial protein tbysis did not change from baseline with
either exercise (placebo) or protein ingestion.seheesults indicate a concurrent training session
promotes anabolic adaptation responses and insréaseetabolic/oxidative mMRNA expression
in skeletal muscle. Moreover, protein ingestioraftombined resistance and endurance exercise
enhances myofibrillar protein synthesis and attesimarkers of muscle catabolism. Therefore,
protein ingestion with concurrent training promotése anabolic response and may
promote/protect muscle mass and reduce the pdtemiaference effect of endurance exercise

on hypertrophy.

In summary, the results from the studies undertdkerthis thesis provide novel information
regarding the effects of exercise mode, glycogexlahility, and nutrient supplementation on the
molecular mechanisms involved in the specificitytraining adaptation. Specifically, resistance
and endurance exercise are equally capable of treglieanslational signalling responses during
the acute recovery period. In addition, low glycogerailability does not appear to attenuate
anabolic adaptations to resistance exercise bueiprongestion is integral to the stimulation of
myofibrillar protein synthesis with concurrent treig. The increase in myofibrillar protein
synthesis with protein ingestion following conseeeitresistance and endurance exercise may
ameliorate potential interference of endurance @geron muscle hypertrophy with chronic

concurrent training.



Chapter One

Literature Review



1.1 Introduction

Skeletal muscle comprises ~40 - 50% of body masské&raage and Rennie 2006) and contains
~ 60% of all proteins in the human body (Matthew89)9 Mature skeletal muscle is a highly
malleable tissue with the capacity to alter its raitgpe in response to repeated bouts of
contractile activity (i.e. exercise) and alteredrimnt availability (Coffey and Hawley 2007a,
Nader 2006, Holloszy 1967, Baar 2006, Goldberg 1%68vley et al. 2011). The mechanisms
eliciting these changes are likely initiated by atetlic and/or mechanical factors that disrupt
cellular homeostasis, with contraction kick-stagtem adaptation response that continues during
the post-exercise recovery period. The processxeffcese-induced adaptation in muscle is the
result of a cascade of molecular events that seéd¢gtenhance the expression of genes and
increases the type and amount of proteins spdoitice contractile stimulus (Figure 1.1).
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Figure 1.1 Simplified overview of the process of adaptationicihgenerates alterations in skeletal

muscle phenotype in response to exercise and nustienuli.



The seminal work of Holloszy (Holloszy 1967) anck tintroduction of the needle biopsy
technique (Bergstrom 1975, Bergstrom 1962) durimg 1960’s and 70’s provided the first
insight into the biochemical adaptations to exeramsskeletal muscle. Holloszy (Holloszy 1967)
first demonstrated that regular bouts of prolongedurance exercise significantly increased
mitochondrial enzyme activity and content in rodgkeletal muscle, and the augmented capacity
to generate adenosine tri-phosphate (ATP) via ¢xielanetabolism. These findings were later
complemented by work in human skeletal muscle shgwenhanced oxidative potential
(Henriksson and Reitman 1977) and increased sitgpefl ‘slow’ twitch fibres (Gollnick et al.
1973) following endurance training, and togethesvpte a molecular basis for the endurance
training-induced increase in aerobic capacity andueance performance. These pioneering
studies coincided with the first evidence of cocti@n-induced increases in skeletal muscle mass
(i.e. hypertrophy). Using radioactive-labelled amacids in order to measure their incorporation
into tissue, Goldberg showed that the chronic meichéloading of skeletal muscles resulted in
an increase in muscle mass (Goldberg 1968), amd tlemonstrated that sustained skeletal
muscle unloading results in a decrease in massafrephy) (Goldberg et al. 1975). Together,
these findings provided the initial evidence forstle plasticity. However, only in the past two
decades has the molecular machinery and assocstgrlling proteins mediating these
adaptations begun to be elucidated. To this eximnges in gene expression that promote
increases in specific proteins are being charagdrias the molecular underpinning for

alterations in muscle phenotype to contractile glim

The intrinsic ability of skeletal muscle cells tadulate turnover of key structural and functional
proteins (e.g. mitochondrial, myofibrillar) is coolled by a complex network of highly regulated
molecular processes. Important rate limiting stepthe adaptation response include, but are not
limited to, regulation of transcription and trarigla, and subsequent synthesis of proteins
(Coffey and Hawley 2007b). The nature and spetyfiof this response is determined by the
characteristics of the contractile stimulus, suck mode, frequency, intensity and
duration/volume. Chronic structural and metabolkia@ations in skeletal muscle have been
shown to result from the cumulative effects of mdpd exercise bouts (Perry et al. 2010,
Wilkinson et al. 2008, Widegren, Ryder and Zieraf01). The time-course of the molecular
adaptation responses in skeletal muscle to exetc@éeing ranges from immediately post-

exercise to weeks (Figure 1.2). Numerous studigsstigating mRNA responses in human
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skeletal muscle to a single bout of exercise hésva anabolic, catabolic and metabolic genes
are acutely and transiently activated (Coffey et2@D6, Harber et al. 2009, Vissing, Andersen
and Schjerling 2004). Gene expression induced emrlythe post-exercise period mainly
correspond to the group of ‘immediate early genegblved in transcriptional cell regulation
(e.g.: c-fos, fosB, c-jun, junB) (Hoppeler and Ki{2002, Puntschart et al. 1998, Booth and
Neufer 2005). This response is then complementedrbincrease in the abundance of many
other exercise-induced genes ~3 - 12 h post-exetmedere returning to resting levels within 24
h (Pilegaard et al. 2000, Bickel et al. 2005, Yahgl. 2005, Psilander, Damsgaard and Pilegaard
2003).

Exercise . Immediate Early Genes
70 — l BB wetaboiic Priority Genes
60 — Mitochondrial and Myogenic Genes

50 — I:l Function Protein Accumulation

20 —
10 —

Adaptation Response %
=
()
|

4
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Figure 1.2 Representation of the approximate time-course @rase-induced gene expression in

skeletal muscle that can lead to training adaptatiaapted from (Neufer and Booth 2005).

The increase in expression of genes following aneaexercise bout is an important factor in the
chronic adaptation to an exercise stimulus, whetbgistance- or endurance-based exercise, that
is primarily dependent upon the magnitude and §pggiof the many mRNA’s up- or down-

regulated with each transient response (Coffey ldadley 2007b, Zambon et al. 2003). The
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acute response is also reflected at the levelakpr synthesis with exercise-induced increases in
signalling cascades that mediate mRNA translatiatiation and elongation, and subsequent
synthesis of nascent proteins (Kimball and Jeffer@010). Accordingly, repeated bouts of
similar contractile activity induce early gene respes and protein synthesis in skeletal muscle
that ultimately result in an altered phenotype. Bpecificity of training dictates that diverse
contractile stimuli results in divergent adaptatresponses and determines the training-induced
phenotype (Coffey and Hawley 2007b). Endurancenitigi increases the size and number of
mitochondria, mitochondrial enzyme activity (Holkgs1967, Gollnick et al. 1973, Henriksson
and Reitman 1977) and capacity to oxidise lipidawt¢y 2002, Henriksson 1977). Moreover,
endurance training (6 - 8 weeks) in previously anted participants has been shown to increase
mitochondrial volume and capillary density by ~ 3Q%Woppeler et al. 1985). In contrast,
resistance training promotes an increase in museie and strength through neural adaptations
(Sale 1988), increases in myofibrillar volume (i@ntractile protein) (MacDougall et al. 1979,
Phillips et al. 1999), and increased cross sedtianea of type Il fibores (Adams et al. 1993,
Zierath and Hawley 2004, D'Antona et al. 2006, Etyal. 2003). Importantly, the specific
molecular profile generated following an acute el bout and chronic changes in protein at

the cellular level with divergent exercise modes Y&t to be clearly established.

A critical factor in the adaptation response prangthe exercise-induced muscle phenotype to
each respective training mode is nutrient/subsaasdability (Hawley et al. 2011). The extent to
which substrate levels are altered before and duwekercise and in the subsequent post-exercise
recovery period is an important factor in modifyirsgibsequent training adaptations. For
example, the capacity for carbohydrate ingestiomejgenish muscle glycogen stores during
recovery to enhance subsequent performance hasbeag established (Hawley, Tipton and
Millard-Stafford 2006, Bergstrom et al. 1967, IMyak 1988a). Likewise, the ability of protein or
amino acid ingestion to stimulate muscle proteimtisgsis, reduce protein breakdown, and
promote net muscle protein accretion is also wetlognised (Rennie et al. 1982, Phillips,
Hartman and Wilkinson 2005). These nutrient-relatesponses can be mediated by the same
molecular targets activated by exercise/muscleraotibn. In particular, the phosphatidylinositol
3-kinase- (PI3K-) mammalian (more recently termedethanistic’) Target Of Rapamycin

(mTOR) signalling pathway and cell energy sensorPAdttivated protein kinase (AMPK) are



convergence points for nutrient (i.e.: insulin, amacids) and exercise stimuli (Hardie, Ross and
Hawley 2012, Hawley et al. 2006).

To date, the majority of research examining thecifigéy of training adaptation has focused on
the distinct phenotypes generated in responsertmithendurance or resistance exercise, and the
exercise-nutrient interactions that influence thésening-induced adaptations. However, an
important training modality that has received f&sd attention is the simultaneous incorporation
of resistance and endurance exercise in a traireggnen, referred to as concurrent training.
Early work dating back to the 1980’s has proposetdngerference’ paradigm in which resistance
(i.e.: strength) and aerobic (i.e.: endurance)@serbouts performed in close proximity appear to
inhibit strength development when compared witerggth training alone (Hickson 1980). The
paucity of studies investigating the molecular cese to concurrent training have failed to
provide clarity regarding the specificity of trangi adaptation (Coffey et al. 2009a, Coffey et al.
2009b, Donges et al. 2012, Lundberg et al. 2012pg\&t al. 2011). Furthermore, few studies
have investigated the effects of nutrient availglidupplementation within a concurrent training
paradigm and its potential to modulate a spedyfigfttraining adaptation response with divergent

contractile activity.

This chapter will provide a review of the putatim@mary and secondary messengers involved in
regulating the adaptation response to single maedsisance and endurance exercise) and
concurrent training. The focus will include the Ksignalling cascade and proteins regulating
translation initiation due to their purported ralethe specificity of adaptation to divergent forms

of exercise. Additionally, the capacity for nutii (protein and carbohydrate) and muscle
glycogen availability to promote/inhibit the exexeiinduced adaptation response in skeletal

muscle will also be reviewed.

1.2 Skeletal Muscle Mechanotransduction

The process of converting a mechanical force (engscle contraction) into an internal cellular

response is termed mechanotransduction (Wu etCdll)2while mechanisms responsible for

coupling mechanical stimuli with intracellular brlemical events can be referred to as

mechanoreception (Hornberger and Esser 2004). Mecbkeeption involves the up-regulation of
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primary and secondary messengers that initiatesead& of events resulting in the activation
and/or repression of specific pathways that ultetyaalter the morphological, biochemical, and
physiological characteristics of the muscle (Hongee and Esser 2004). How these signalling
events are deciphered and integrated is not coelplehderstood. Moreover, the complexity of
the mechanisms that enable skeletal muscle cefissfwond to contraction is complicated by the
numerous primary messengers that act as interneeslifor mechanoreception. Such primary
messengers can include i) calcium flux, i) ATPntvrer, iii) cellular stress, iv) stretch, v) redox
potential and vi) reactive oxygen species (Coffeg &ddawley 2007b, Sanders Williams and
Neufer 1996, Flick 2004, Sakamoto and Goodyear )200Bese putative messengers are
unlikely to act in isolation, but rather as a coexplmultifaceted signal. This section will focus
on several important exercise-induced primary nregses.

Calcium

Neural activation of skeletal muscle releases &dsbline from the neuromuscular junction
causing the depolarization of the plasma membramke smbsequent generation of an action
potential and calcium (G) release from the sarcoplasmic reticulum. Skeletakcle C&
release is an ‘all-or-none’ principle where theafiom of a C&" burst will determine the extent
of C&" signalling (Lamb 2002). As such, the greater tined rates of action potentials that
reach the muscle, the greater theé”’‘Qmlease (Baar 2009, Chin 2010). This*Ceelease is
essential for facilitating the interaction betweeyosin and actin during muscle contraction. The
frequency, intensity and duration of the contrattsdimulus determine the ‘spike’ and duration
of the C&" transients (Westerblad and Allen 1991). There\islence linking the transient
alterations in cellular G4 concentration to the activation of calcium-depend®otein kinases
and phosphatases integral to the adaptive resptmsexercise (Chin 2004, Ojuka 2004,
Berchtold, Brinkmeier and Miintener 2000). In thégjard, changes in intracellular Céevels
appear to be central to modulating the differemtiaetile properties and subsets of genes
expressed between slow type | oxidative and fgs ti/glycolytic muscle fibres (Chin 2010).

Oscillations in intracellular G4 concentration are initially transduced by the @ialmodulin

(CaM) which is responsible for regulating the atig of several calmodulin binding protein
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kinases and phosphatases. The CaM family of gdreenine protein kinases (CaMK) is
composed of various isoforms that differ in theundtions. In response to increases in
intracellular C&" levels and subsequent Cainding, the CaMKIl and CaMKIV isoforms are
activated (Pelosi and Donella-Deana 2000). Theséorimis in turn translocate from the
cytoplasm to the nucleus and can activate spetdiscription factors that appear to mediate
muscle plasticity and hypertrophy (Hook and Meaf812 McKinsey et al. 2000, Olson and
Williams 2000). Further, both the CaMKIl and CaMKIsbforms are implicated in the putative
regulation of mitochondrial biogenesis (Wu et &02). These putative responses are likely to
involve the interaction of secondary messenger$ agc nuclear factor of activated T-cells
(NFAT), histone deacetylase (HDAC) and myocyte eckafactor 2 (MEF2) (Liu et al. 2005).

Increases in intracellular €aare also proposed to activate the serine/threopiratein
phosphatase calcineurin. Activated calcineurinbieen shown to induce hypertrophy of skeletal
muscle cells in culture, while inhibition of caleurin activity blocks the hypertrophic response
to insulin-like growth factor (IGF)-1 (Musaro et 4999, Semsarian et al. 1999). Calcineurin also
plays a major role in mediating neural activity-degent muscle fibre specification and
remodelling (Al-Shanti and Stewart 2009, Klee, @ouand Krinks 1979). In addition,
calcineurin has been identified in the regulation glucose transport. This role was first
demonstrated when GLUT4 gene expression was etbuat#ansgenic mice overexpressing an
active form of calcineurin (Ryder et al. 2003). Beicevidence has also implicated CaMKIl in
the regulation of GLUT4 (Ojuka, Goyaram and Smiiii2).

The multiplicity of physiological processes andp@sses to contraction mediated by’ Tiux
makes determining a role in the specificity ofrirag adaptation difficult. However, if prolonged
moderate exercise can increase Gaptake from the sarcoplasmic reticulum by incregghe
number of active C&ATPase pumps (Schertzer et al. 2004) and highnsitte exercise
generates a decrease iOaptake and release (Matsunaga et al. 2002), eifters in C& flux

may initiate diverse signalling responses to pranspiecificity of training adaptation.
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Redox Potential

The oxidation of glucose, fatty acids and aminasdo produce acetyl CoA, via the Krebs (or
Tricarboxylic Acid) Cycle, generates ATP and theiquitous high-energy electron carriers
nicotinamide adenine dinucleotide (NAD) and fla@denine dinucleotide (Adams et al. 2002,
Bickel et al. 2005). NAD and FAD can exist in reddd(NADH and FADH) and/or oxidised
(NAD™ and FAD) forms depending on whether they are donatingcoepting electrons from
other molecules, respectively (Silverthorn 2004)isTtendency for NADH and FADHo gain
and lose electrons constitutes a redox potentialring exercise or muscle contractions where
there is an impending need to generate energycyttusolic NAD/NADH ratio is subject to
dynamic fluctuations imposed by the rate of NABduction to NADH and the reciprocal rate of
NADH oxidization to NAD (Robergs, Ghiasvand and Parker 2004). For mamg ye&tuations

in the NADH/NAD' ratio were thought to simply reflect the balanéeemlox state but are now
considered potential intracellular signals affegtgkeletal muscle gene expression (Hawley and
Zierath 2004, Powers, Talbert and Adhihetty 20A1) example is the NADdependent changes
in the protein and enzymatic activity of the degleeste sirtuin (SIRT) (Rodgers et al. 2005b,
Lagouge et al. 2006) which has been implicated dsewa regulator of exercise-mediated
mitochondrial adaptations in skeletal muscle (Daliicef et al. 2007, Gurd 2011, Haigis and
Sinclair 2010) and may also down-regulate trarsfatind muscle protein synthesis through
negatively regulating mTOR signalling via the tuhes sclerosis protein (TSC)1/2 complex
(Ghosh, McBurney and Robbins 2010).

Maintenance of the redox potential produces v@atiactive oxygen species (ROS) and
increased activity of metabolic pathways by musdetraction represents a stimulus capable of
generating elevated levels of ROS. The first stiadseport an increase in the production of ROS
in human skeletal muscle following exercise appdanethe late 1970’s (Dillard et al. 1978).
While multiple anti-oxidant systems exist in skalenuscle (Stofan et al. 2000, Arbogast and
Reid 2004), it has been suggested oxidative sirasslimit exercise capacity and may also
modulate exercise-induced adaptation (Carrerd.2080). Previous investigations in human
skeletal musclén vivo have shown prolonged endurance exercise to henalgs more likely to
promote oxidative stress and ROS activity than haasistance training, possibly due to its
fatiguing nature (Medved et al. 2004, Matuszczakle005). For example, there is evidence

linking ROS production to the maintenance and Btgbof contraction-induced peroxisome
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proliferator-activated receptor gamma co-activdRGC)-l expression in skeletal muscle cells
(Irrcher, Ljubicic and Hood 2009). The presenceorfgen radicals has also been shown to
increase susceptibility of myofibrillar proteins pooteolysis (Smuder et al. 2010). Therefore,
oxidative stress and ROS activity may potentiathpact increases in myofibrillar synthesis in
response to resistance exercise. Whether redox atat reactive oxygen species promotes or
inhibits exercise-induced adaptation is unclear @ode work is required to ascertain the nature
of redox-controlled signalling pathways that magulate the molecular machinery governing

adaptation to exercise in skeletal muscle.

Mechanical Stretch

Contractile activity places the sarcolemmal, cyedstal and extracellular matrix of skeletal
muscle cells under mechanical tension (SandersiaMil and Neufer 1996, Goldberg et al.
1975). This contraction-induced tension is thoughbe a primary regulator of several diverse
cellular processes including, but not limited tell growth, differentiation, gene expression and

protein synthesis (Alenghat and Ingber 2002).

Skeletal muscle mechanoreceptors that initiate asigransduction include disruption of the
phospholipid bilayer and activation of surface agilve receptors (Hornberger and Esser 2004).
Additionally, the tension generated by mechanit¢edtsh within the lipid bilayer may release
components such as IGF that can activate cell Bigmagathways (Hamill and Martinac 2001).
The mechanotransduction process also involves yegaphin—glycoprotein complex and focal
adhesion proteins that physically couple the egthalar matrix and cytoskeleton (Rando 2001,
Hornberger and Esser 2004). Focal adhesion propgesess transmembrane integrin receptor
proteins and may act as a mechanoreceptor to tramsechanical information between the
outside and inside of the cell. Integrins and aystin—glycoprotein complexes have been shown
to interact with various signalling proteins (Rang0601) and focal adhesion kinase (FAK)
signalling has been shown to increase within mmd@ddowing deformation of integrin proteins
by mechanical forces (Ingber 2006, Huijing 199Mug, integrins and dystrophin—glycoprotein
complexes may serve as integration sites where amézdd information is converted into

biochemical signals to ultimately regulate musalagin synthesis.
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Another potential mechanism by which contractiordiaged mechanical stretch may initiate cell
signalling is through phosphatidic acid (PA) (Hoenger 2011). Several studies have
demonstrated mechanical stimuli capable of indudiggertrophy can initiate increases in PA
concentration (Hornberger et al. 2006a, O'Neil.e2@09). While several enzymes are implicated
in the regulation of PA concentration, phospholg@Bs(PLD) has received the most attention as
it catalyses the hydrolysis of the phosphodiesterdbof phosphatidylcholine to generate PA and
choline (Sun et al. 2008). Hornberger and co-warkestablished that inhibiting PLD activity
blocked both the mechanical activation of anabsifimalling and increased PA concentrations in
skeletal muscle (Hornberger et al. 2006a). Furtleemactivation of anabolic signalling proteins
following eccentric contractions was blocked by ilofors preventing PLD-catalysed PA
formation (Hornberger et al. 2007, O'Neil et al02)) These results provide evidence that the
mechanically induced increases in PA concentratoormgribute to activation of cell signalling
pathways. However, further work is required to &late other potential regulators of PA activity
and whether increases in PA are specific to certaodes of exercise. Taken together, it appears
mechanotransduction in skeletal muscle has amsantricapacity to delineate between distinct
models of mechanical stress. When extrapolatechtexarcise setting where the nature of the
contractile stimulus varies (e.g. eccentric vs.asoric contraction, or both), this specificity
implies the signalling events initiated by mechahstress and tension are likely to contribute to
specific exercise-induced adaptations.

Phosphorylation Potential

Energy-requiring processes, most notably muscléraciion, are initiated by hydrolysis of ATP
(Polekhina et al. 2003). If the demand for ATP edseavailability, increases in the free ADP:
ATP and AMP: ATP ratios result. Increases in the AKTP ratio are approximately 5-fold
higher compared to increases in ADP:ATP, making AMPBcal point for monitoring cellular

energy status (Hardie and Hawley 2001).

Exercise is characterised by large increases ircil@uwnergy turnover that is dependent on the
type, intensity and duration of the stimulus (Rechtand Ruderman 2009). Most exercise

protocols used to investigate cellular energy statuhuman skeletal muscle have involved
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endurance-based exercise and have shown increasee ifree cellular AMP:ATP ratio in
response to endurance cycling is intensity-depan@&men et al. 2003, Birk and Wojtaszewski
2006). Interestingly, changes in free AMP and sgbsat AMP: ATP ratio following exercise
appear to be attenuated after short-term trainidgegley, Heigenhauser and Spriet 1996,
McConell et al. 2005, Talanian et al. 2010). Thesponse may suggest an adaptation in
mitochondrial function by providing tighter contrbetween ATP supply and demand and thus
reducing the dependence on intramuscular phospdtirmeeand glycogen stores to regenerate
ATP anaerobically (Chesley et al. 1996). In contrasry few studies have examined changes in
cell energy status following resistance exercideis Tnay be due to the original concept that
energy requirements for resistance exercise camdéte solely through phosphocreatine and
intramuscular glycogen (Keul et al. 1978). Howe\studies in rat skeletal muscle have shown
increases in free AMP following electrical stimutet mimicking resistance exercise (Hutber,
Hardie and Winder 1997, Sahlin, Gorski and Edsti®@®0). Moreover, significant reductions in
ATP and creatine phosphate have been observedvinfioa bout of strenuous whole body
resistance training in strength trained athletes¢h, Colliander and Kaiser 1986, MacDougall et
al. 1999). These results suggest that both enderand resistance exercise can mediate changes

in cell energy status provided there are adeqeatdd of contractile intensity and duration.

Numerous studies have demonstrated that elevatibulaceAMP concentration appears to
principally exert its effect via the secondary nesgger AMPK (Sakamoto and Goodyear 2002,
Hawley and Zierath 2004, Hardie and Sakamoto 200K is proposed to function as a ‘fuel
gauge’ by sensing the energy status of the cell leaxl been implicated in the regulation of
diverse processes such as glucose uptake, fattyoaaation, hypertrophy and gene expression
(Aschenbach, Sakamoto and Goodyear 2004, Hardi¢. @012). How AMPK is regulated in
response to divergent contractile stimuli andate in the adaptation response to exercise will be

discussed subsequently.

1.3 Signalling Mechanisms Regulating Muscle ProteiBynthesis

The biochemical signals generated during mechamsdrection activates a complex network of

intracellular protein kinases and phosphatasesséhg®gnalling pathways are regulated at
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multiple levels, and depending on the nature of dbetractile stimulus, are likely to involve
signalling pathway cross-talk to transduce a coratéd signal (Figure 1.3). Detailed
examination of every canonical signalling pathwhgracterised in skeletal muscle is beyond the
scope of this thesis, and several recent reviewsthen different signalling pathways and
mechanisms mediated by muscle contraction existd@zeix and Stewart 2012, Bootman 2012,
Coffey and Hawley 2007b, Harrison 2012, Kramer &wbdyear 2007, Nusse 2012, Sandri
2008, Tsivitse 2010). This section will focus sfieally on the C&" Calmodulin-dependent
kinase (CaM) / Calcineurin, 5’Adenosine MonophogphActivated Protein Kinase (AMPK),
and the Insulin/ Insulin-like Growth Factor (IGHpsalling pathways and their putative role

regulating the adaptation response to resistantemturance exercise.
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Figure 1.3 Schematic representation illustrating some ofpifiecipal signalling pathways that may regulatepation responses to muscle contraction. Dotted
lines depict pathways yet to be completed defilBads denote inhibition and arrows denote activatiiPK, 5'’Adenosine Monophosphate Activated Protein
Kinase; CaM, Calmodulin; CK1, Casein Kinase 1; CREBMP response element binding protein; Dvl, Digiled; ERK, Extracellular-signal-Regulated
kinase; FoxO, Forkhead box subgroup O; GSK-3, GJgooSynthase Kinase 3;GRB2, Growth factor recaptond protein 2; hVps34, human vacuolar protein
sorting 34; IKK, Inhibitor NF«B kinase; IL-6, Interleukin 6; IRS1, Insulin recepsubstrate 1; JAK1, Janus kinase 1; JNK, c-Jurriinal kinase; LKB1,
Liver kinase B1;mTORCL1, Mechanistic target of ragam complex 1; MEK, MAPK-ERK kinase; NFAT, Nucleéactor of activated T-cells; NRF, Nuclear
Receptor Factor; NkB, Nuclear Factor-KappaB; PGGrlperoxisome-proliferation-activated receptor-ganuoactivator-1; PI3K, Phosphoinositide 3-kinase;
PKA, Protein Kinase A; RAPTOR, Regulatory assodgteotein of mTOR; Rheb, Ras homolog enriched airhrRSK, Ribosomal S6 kinase; SHP2, Sarcoma
oncogene homology 2-domain-contain protein tyroghesphatase-2; SOS, Son of sevenless; STARSte8traativator of Rho signalling; STAT3, Signal

transducer and activator of transcription 3; TSAhdrous sclerosis complex; TNF, Tumour Necrosigdfa¥ Y1, yin yang 1.



Ca’* Calmodulin-dependent kinase (CaMK) / Calcineuiignglling

Changes in intracellular &alevels can activate transcriptional pathways rasioe for muscle-
specific gene expression (Berchtold et al. 200@teRand Staron 1997). The CaMKIl isoform is
the most abundant isoform in human skeletal mu@digck et al. 2000, Rose and Hargreaves
2003, Rose, Kiens and Richter 2006). CaMKII is\atgd through autophosphorylation of its
Thr*®® amino acid side chain (Hook and Means 2001, Hudmod Schulman 2002 ) and
localises to the cytoplasm where it regulates taescription of several proteins involved in the
diverse functions of muscle hypertrophy and miteahi@l biogenesis (Chin 2004). In response
to increases in intracellular €alevels, activated CaMKII translocates to the nuslevhere it
phosphorylates and deactivates histone deacet@lad€HDAC4) causing it to dissociate from
myocyte enhancer factor 2 (MEF2). This dissociatitiows MEF2 to activate transcription of
specific MEF2-dependent target genes such as MymDmayogenin (Molkentin et al. 1995) both
of which are putative regulators of muscle hypgino(McKinsey et al. 2000) (Figure 1.4).

Phosphorylation of CaMKIl has been shown to inceeaS0 - 70% in human skeletal muscle
during 40 min of cycling (Rose and Hargreaves 20@MKII activity was also shown to
increase within the first minute of exercise anchaeed elevated during a 90 min cycling bout
(~ 67% Vopeay (Rose et al. 2006). This increase in CaMKIl aatiion appears to be intensity-
dependent, with greater levels of phosphorylatiod activity observed when cycling intensity
increases from ~ 35% to ~ 85%)eax(Benziane et al. 2008, Egan et al. 2010, Rosk 2086).
Increases in CaMKII activity have also been denranstl in response to acute repeated sprint
exercise and short-term (2 - 3 weeks) enduranaariga(Rose et al. 2007, Benziane et al. 2008).

Few studies have investigated CaMKII responsesvatg resistance exercise in humans despite
its potential contribution to the hypertrophy respe. Wang and colleagues recently reported no
change in CaMKII phosphorylation when endurance esgistance exercise were combined
(Wang et al. 2011). Whether other resistance eseqmiotocols that manipulate different training
variables (i.e.: intensity, repetitions, sets, eah activate CaMKIl post-exercise remains to be
established. The role of CaMKIV in skeletal muskigertrophy and/or oxidative metabolism
remains controversial. Transgenic animals thatcteldy over-expressed the CaMKIV isoform
in skeletal muscle possessed increased mitochdéndoiame, expression of mitochondrial

enzymes regulating fatty acid metabolism and ebectransport, and enhanced recovery from
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fatigue (Wu et al. 2002). While such phenotype #alagns suggest a role for CaMKIV in
generating an oxidative/ metabolic phenotype ipoase to exercise, several human and animal
studies have failed to detect the CaMKIV proteinskeletal muscle using immunoblotting
techniques (Akimoto et al. 2004, Rose et al. 2006);ently precluding any direct role in skeletal

muscle adaptation to exercise.
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Figure 1.4 Schematic of putative skeletal muscle calcium*(JZealmodulin, mitogen-activated protein
kinase (MAPK) and calcineurin signalling pathwalyattmay modulate calcium-induced changes in gene
expression following contraction. Bars denote iitioh and arrows denote activation. CaM, Calmodulin
CaMK, calmodulin kinase; GSKB3 Glycogen Synthase Kinage-PKC, Protein Kinase C; MEK,
MAPK-ERK kinase; HDAC, histone deacetylase; MEF2yoayte enhancer factor 2; peroxisome-

proliferation-activated receptor-gamma co-activdtoPGC-Li; NFAT, nuclear factor of activated T-cell.

The protein phosphatase calcineurin is also prabtsect as a Gasensor (Bassel-Duby and
Olson 2006, Chin et al. 1998). The calcineurin/NFgiginalling pathway has been shown to
regulate muscle hypertrophy through activation ®F{1 signalling but others have shown no

effects on muscle hypertrophy with administratidrcalcium/ calcineurin inhibitors (Bodine et
19



al. 2001b). Interestingly, work in skeletal museferansgenic mice down-regulating calcineurin
activity identified myostatin, a negative regulatof skeletal muscle mass, as a possible
downstream target of the calcineurin-NFAT pathweychel et al. 2007, Michel, Dunn and Chin
2004, Muthuri, Chin and Michel 2007).

Calcineurin has also been associated with activatibthe striated muscle activator of Rho
signalling (STARS) protein (Kuwahara et al. 2008JARS is proposed to stimulate hypertrophy
by increasing serum response factor (SRF)-medigée@ transcription (Kuwahara et al. 2005,
Wei et al. 1998). Calcineurin’s most well charaisted role in skeletal muscle is its putative
regulation of type Il to type | muscle fibre consi@n (Chakkalakal et al. 2003, Chin et al. 1998,
Wu et al. 2001). Studies of transgenic mice expmgssonstitutively active calcineurin show an
increase in gene expression of oxidative geneg@atinumber of type | muscle fibres (Chin et
al. 1998, Naya et al. 2000, Wu et al. 2000, Middtehl. 2004). However, similar findings are yet

to be confirmed in human skeletal muscle.

Increases in intracellular €a concentration and subsequent activation of sigmall

intermediaries such as CaM kinase, calcineurin@otein kinase C are likely to play a role in
the adaptation response to exercise. However, nuicthe research investigating calcium
signalling has been limited to cell culture andnsgenic animal models. It remains to be
established whether divergent contractile activatyd substrate/ nutrient availability exerts

specificity in calcium-related signalling responses

The 5’Adenosine Monophosphate Activated Proteirmg@n(AMPK) Mediated Signalling

AMP binding to AMPK increases phosphorylation at*Thof thea-subunit by a conformational
change allowing phosphorylation (and activation) thg upstream liver kinase B1 (LKB1)
(Hawley et al. 2003, Hardie et al. 2003). Calciumrtodulin-dependent protein kingddas also
been identified as an upstream activator of AMPatde of inducing phosphorylation at THr

in response to rises in cytosolic Taoncentration (Hawley et al. 2005, Jensen et @072
Woods et al. 2005). Given the increases in AMP eymsolic C&" associated with muscle
contraction (Al-Shanti and Stewart 2009, Chen et2803), it is not surprising that an acute

exercise bout increases phosphorylation of AMPK iésme@nzymatic activity (Chen et al. 2003,
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Rasmussen and Winder 1997, Wojtaszewski et al. ,200Q8taszewski et al. 2000, Yeo et al.
2010).

Muscle contraction activates AMPK which “switchas’ @atabolic pathways that generate ATP
while “switching off’ anabolic pathways and otherTR-consuming processes to restore
homeostasis (Corton, Gillespie and Hardie 1994,rKahal. 2005) (Figure 1.5). AMPK may

enhance ATP production through activating glucoptake via the glucose transporter type
(GLUT) 1 and GLUT4 glucose transporters (Pehmgadteal. 2009) and by stimulating glycolysis

(Hardie 2011b). Moreover, AMPK can also stimulaaéyf acid uptake by the translocation of
fatty acid transporters (Bonen et al. 2007) antyfatid oxidation through the phosphorylation

and inactivation acetyl- coenzyme A carboxylaseniér et al. 1997).
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Figure 1.5 Putative AMPK targets in muscle cell metabolistMPK may mediate several processes
involved in the adaptation response to exerciseh $uocesses include mitochondrial biogenesisgprot
metabolism, glucose metabolism, and lipid metaboli&CC 1/2, Acetyl-CoA carboxylase 1/2; GLUT
1/4, Glucose transporter type 1/4; mTOR, mammaliamget of rapamycim; PGCal Peroxisome
proliferator-activated receptor gamma coactivatgrRAPTOR, Regulatory associated protein of mTOR,;
SIRT 1, Sirtuin 1; TSC2, Tuberous sclerosis complEBC1D1, TBC1 domain family member 1.
Adapted from (Hardie et al. 2012).
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AMPK has also been proposed to directly influencescie metabolism by regulating the
expression of a specific set of nuclear gene tarfle¢ff 2003). AMPK activation has been
associated with regulation of transcription factorsluding nuclear receptor factor-1 (NRF-1),
MEF2 (Bergeron et al. 2001, Zheng et al. 2001) #red mitochondrial transcription co-factor
PGC-T. (Zong et al. 2002). AMPK may also increase acivabf the NAD-dependent silent
information regulator two number 1 (SIRT1) prot#iat deacetylates PGC-1a (Canto et al. 2010)
and phosphorylates and inactivates HDAC5, leadintstremoval from the nucleus and allowing
MEF2 to bind and activate PGG:{Hardie 2011a). These findings suggest a promiraatfor
AMPK in regulating an oxidative phenotype and emdhge training-induced adaptation.
However, a clear cause and effect between AMPKictand PGC-#& expression and direct
evidencein vivo human skeletal muscle for AMPK-mediated increagesmitochondrial

biogenesis is lacking.

AMPK is also putatively involved in repressing timechanistic target-of-rapamycin complex-1
(mTORC1), an important regulator of translationtigtion and subsequent muscle protein
synthesis (Gwinn et al. 2008, Inoki, Zhu and Gu@03 Zoncu, Efeyan and Sabatini 2011).
AMPK has been shown to attenuate mTOR signallingphgsphorylation of its upstream
regulator TSC2 (Inoki et al. 2003). AMPK can alsioedtly phosphorylate and subsequently
inhibit MTORCL1 at the TA#*® residue (Zoncu et al. 2011). However, protein Isgsis increases
during the post-exercise recovery period (MooraleR005, Phillips et al. 1999), a response that
can occur despite concomitant increases in AMPHvisctfollowing exercise (Dreyer et al.
2006). The possibility exists that the concomitaotease in AMPK activity and elevated rates of
muscle protein synthesis in the hours after exermay reflect AMPK’s contribution to other
metabolic processes such as glucose uptake (Riehtat. 1982 , Richter et al. 1989) or re-
glycogen synthesis (Richter et al. 1982 ), withduwéctly inhibiting protein synthesis. Notably,
an AMPK- mediated inhibition of translation initiah or protein synthesis during recovery from
exercisein vivo human skeletal muscle remains to be established. dlso unknown if this
potential inhibition is specific to the mode of exise and/or other factors such as substrate

availability.

AMPK has been implicated in many of the phenotyianges and chronic adaptations in muscle
that occur with endurance training (Frgsig et 804). Most studies have shown an association
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between AMPK and an oxidative/metabolic phenotyp#h whronic endurance-based exercise
where there is a greater reliance on oxidative baditem of glucose and fatty acids. In contrast,
AMPK is unlikely to be a critical mediator in reiace-based exercise adaptation due to modest
perturbation of ATP concentrations, or accumulatadnADP or AMP. Therefore, it seems
plausible that AMPK activation and greater totabtpn content may mediate part of the

specificity of training adaptation observed withratic endurance but not resistance exercise.

Insulin/ Insulin-like Growth Factor (IGF) Signallgn

Insulin/ IGF signalling is an important contractiand nutrient stimulated pathway that increases
translation and protein synthesis in skeletal mugBlodine et al. 2001b, Coffey and Hawley
2007b, Glass 2005, Rommel et al. 2001, Clemmon®)2dhe increase in autocrine/ paracrine
expression of IGF-1 in response to skeletal musotdéraction activates the type | IGF receptor
(IGF-IR) (Clemmons 2009). The subsequent activatain downstream signalling targets
including mTORC1 and p70S6K1 through the insulifi& phosphatidylinositol 3-kinase
(PI13K)-Akt signalling pathway provided an initiahis for exercise-induced increases in skeletal
muscle hypertrophy (Figure 1.6). Indeed, early wioykBaar and Esser (1999) established that
gains in muscle mass following 6 weeks high-freqyeelectrical stimulation were associated
with mechanical loading-induced phosphorylation pdf0S6K (Baar and Esser 1999). This
finding was closely followed by work from Bodinedanolleagues who demonstrated the activity
of p70S6K and subsequent increases in muscle mass wTORC1-dependent (Bodine et al.
2001b). However, despite evidence implicating IGédmted increases in muscle protein
synthesis with contraction through its canonicalvgh factor pathway, recent studies showing
IGF-1 independent activation of downstream signgltiargets indicates IGF-1 is not essential for
increases in anabolic signalling for skeletal meisgtowth (Hornberger et al. 2004 , Philp,
Hamilton and Baar 2011, Spangenburg et al. 200@ri8g et al. 2008).

Goodman and colleagues used electroporation iretskemuscle from mice to demonstrate
MTOR activation independent of upstream PI3K-Algnsiling, and that this activation was
sufficient to induce skeletal muscle hypertrophyo¢@man et al. 2010). These findings are

supported by West and co-workers who manipulatedvtiume of muscle mass used during an
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acute resistance exercise bout to generate a ‘wgisus ‘low’ hormonal milieu. Despite a 10-

fold disparity in circulating plasma IGF-1 concextton no differences in acute Akt-p70S6K
phosphorylation or muscle protein synthesis wewsenled during the early (4 h) recovery period
(West et al. 2009). Accordingly, the physiologiedfiects, if any, of IGF during recovery from

exercise appear inconsequential compared withiteetdeffect of contraction and/or nutrition in

modulating IGF signalling pathway activity for tidation initiation and protein synthesis in

skeletal muscle.

Akt, also referred to as protein kinase B (PKB)aisritical junction in the insulin/IGF pathway
and regulates glucose transport and maintenanceelbfsize in skeletal muscle. When co-
localized to the cell membrane, Akt is phosphoedatnd activated by phosphorylation at*thr
by pyruvate dehydrogenase kinase 1 (PDK1) (McMaatwad. 2004) and at S&F by mechanistic
target of rapamycin complex 2 (MTORC2) (Sarbasdoal.e2005) for full activation. Three
isoforms of Akt exist and are expressed in a tisspecific manner but Aktl and Akt2 are
predominantly expressed in skeletal muscle (Jomeal.€1991, Nader 2005). Akt activation
down-regulates pathways controlling muscle probeegakdown via the ubiquitin-proteasome and
autophagy/lysosomal systems. The phosphorylatiothefmuclear transcription factor FoxO by
Akt has been shown to sequester FoxO from the nsdtethe cytosol preventing transcription of
a number of atrogenes including the atrophy rel&@dibiquitin ligase atrogin-1 (also known as
MAFbx) and muscle-specific ring finger-1 (MuRF-1$andri et al. 2004, Stitt et al. 2004).
Moreover, Akt-mediated control of FoxO attenuatbs transcription of several autophagy

related genes that promote lysosomal degradati@amiiducari et al. 2007, Zhao et al. 2007).

Akt activation can also mediate uptake of glucage muscle cells through its phosphorylation
and inhibition of the downstream target Akt subtstraf 160 kDa (AS160). The phosphoylation

of AS160 allows GLUT4 to translocate to the cellmi@ane and promote glucose transport into
the muscle cell (Howlett et al. 2008). Akt can aldoect glycogen synthesis through

phosphorylation (and inhibition) of glycogen syrgbakinase 3 (GSK-3) to activate glycogen
synthase (Graham et al. 2010).
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Figure 1.6 Schematic representation of the IGF signallinchwat involved in the muscle adaptation
response to exercise. Bars denote inhibition anaaar denote activation. AS160, Akt substrate of 160
kDa; Deptor, DEP-domain-containing mTOR-interactipigptein; eEF2, Elongation factor 2; eEF2K,
Elongation factor 2 kinase; elF4A/B/E, Eukaryotiartslation initiation factor 4A/B/E; FoxO, Forkhead
box subgroup O; GS, Glycogen Synthase; GSK-3, @gndSynthase Kinase 3; hVps34, human vacuolar
protein sorting 34; IRS1, Insulin receptor substrat LAT1, L-type amino acid transporter; PDK1,
Phosphoinositide-dependent kinase-1;PRAS40, prolite AKT substrate 40 kDa; Proctor 1, protein
observed with Rictor-1; mLST8, Mammalian lethal twiBecl3 protein 8; mSIN1, mammalian stress-
activated protein kinase interacting protein 1; nRIE1/2, Mechanistic target of rapamycin complex 1/2;
PA, Phosphatidic Acid; PLD, Phospholipase D; PI3¥osphoinositide 3-kinase; Raptor, Regulatory
associated protein of mTOR; Rag, Ragulator; REDEB®ulated in development and DNA damage
response 2; Rheb, Ras homolog enriched in braictpRirapamycin-insensitive companion of mTOR;
rps6, ribosomal protein S6; SLC7A5, Solute carfiaenily 7 member 5; SNAT2, Sodium-coupled Neutral

Amino Acid Transporter 2; TSC, Tuberous sclerosimiplex; YY1, yin yang 1.
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Another downstream target of Akt includes the hygtbnserved serine/threonine protein kinase
MTOR. mMTOR has emerged as a major regulator of grelwth and proliferation through
integrating signals from growth factors, contragtioutrients, and changes in energy status to
regulate the initiation of protein translationaHand Sonenberg 2004). mTOR exists as two
multi-protein complexes with each exhibiting diet cellular functions (Figure 1.6). Regulation
of mTORC1 by Akt occurs either directly by phospfation at Set**® or through the
phosphorylation of TSC2 and PRAS40.

MTORCL1 is activated by amino acids but the primgrgfream amino acid sensor/s is currently
unknown. Recent evidence indicates the Rag fanfigntall GTPases are the primary signalling
intermediaries between amino acids and mTORC1 @iad. 2008, Sancak et al. 2008). The Rag
GTPases are found in an inactive conformation amth@ acids are able to switch the Rag
GTPases to their active conformation and are pegpos activate mTORC1 through interaction
with the Raptor subunit (Kim et al. 2008, Sancalkle2008, Sancak et al. 2007, Saucedo et al.
2003). An additional regulatory mechanism of mTORS@halling is the lipid second messenger
phosphatidic acid (PA) (Foster 2007). O’Neil andvaarkers have demonstrated mechanical
stress-induced elevations in PA are able to aeivaTOR through a PI3K—Akt-independent
mechanism (O'Neil et al. 2009) but these findingsyaet to be confirmeah vivo human skeletal
muscle. Finally, mTORC1 activity may also be motkdiaby an indirect interaction with the
regulated in development and DNA damage respon@EDD?2) protein. Miyazaki and Esser
(2009) recently demonstrated that overexpressioREDD2 reduced activation of mTOR in

muscle cells despite mechanical stretch and anmditbséimulation (Miyazaki and Esser 2009).

MTORCL1's regulation of muscle protein synthesis pemarily mediated through the
phosphorylation of its downstream targets includimg ribosomal protein S6 kinase (S6K1) and
the eukaryotic initiation factor 4E binding protein(4E-BP1) (Navé et al. 1999 ). mTORC1'’s
phosphorylation of p70S6K at T? can promote activation of the ribosomal protein(§%&6)

P3¢ and the eukaryotic elongation factor 2 kinase @€Frat Sef®®

via phosphorylation at S&
(Roux et al. 2007, Wang et al. 2001). ActivationrpS6 promotes translation initiation by
increasing the affinity of ribosomes for bindingtésiminal oligopyridimine (5'TOP) mRNAs

(Ruvinsky et al. 2005) which encode ribosomal prteand elongation factors (eEF1A and

eEF2) (Terada et al. 1994). The phosphorylatioaEf2 kinase removes its inhibition on eEF2,
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resulting in enhanced translation elongation (Brewand Proud 2002). mTORC1 can also
enhance cap-dependent translation through its ploogiation of 4E-BP1 at TRf*® derepressing
its inhibition of elF4E- elF4G complex formationlfdF) for translation initiation (Holz et al.
2005, Parsa and Holland 2004, Wang and Proud 2006).

MTOR may regulate other cellular processes that roadiate adaptation to exercise. For
example, mMTORCL1 activity has been shown to direxlyelate with mitochondrial metabolism,
and the expression of select mitochondrial genesantrolled by mTORC1 (Cunningham et al.
2007, Schieke et al. 2006). The investigations mitmchondrial biogenesis led to the discovery
that the activity of transcription factor yin yanfy (YY1) was regulated by mTORC1
(Cunningham et al. 2007, Shi et al. 1991). Considethe ‘master regulator’ of mitochondrial
biogenesis, PGCel is known to function as a transcriptional co-aaior for YY1 in an mTOR-
dependent manner it has been proposed that a dedreenTOR activity inhibits YY1-PGCel

function leading to decreased expression of mitodhial genes (Cunningham et al. 2007).

Numerous studies have reported increases in egdraisiced IGF signalling in human skeletal
muscle while others have reported decreases ohaoge in the phosphorylation status of this
cascade with exercise. Table 1.1 provides an oseraf literature reporting insulin/IGF pathway
signalling responses after an acute bout of resistar endurance exercise in human skeletal
muscle in the fasted state. The variability in oeges is likely the result of differences in the
type, intensity and duration of the contractilerstius, subject training status, and timing of
muscle biopsies. Consequently, the precise rolh@fiGF signalling pathway in promoting or
inhibiting molecular processes important for exeganduced adaptation with divergent exercise
(i.,e. endurance and resistance training) and tbeitribution to the specificity of training

adaptation in skeletal muscle remains unclear.

Nonetheless, exercise-induced activation of cefjnalling pathways (i.e: IGF pathway)
modulating the phosphorylation of proteins proxinb@altranslation contributes to the overall
control of protein synthesis in skeletal musclee Ttext section of this review describes the
molecular mechanisms regulating muscle proteinrncgaand turnover (i.e.. muscle protein

synthesis and breakdown).
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Table 1.1 Summary of insulin/IGF pathway signalling respes thevastus lateralisafter acute exercise conducted in humans in

the fasted state

Reference Protocol Akt mTOR TSC2 p70S6K rpS6 4E-BP1
Se|473 Ser’2448 Thr1462 Thr389 Ser’235/6 Thr37/46

Resistance Exercise

Apro 2010 LP:4x10 @ 80% IRM +4x 1 _ o | .
15 @ 65% 1RM

Borgenvik 2012 LP: 4 X 10 @ 80% 1RM + 4 x —_ 1 — 0 — —_
15 @ 65% 1RM

Breen 2011a LP: 8 X 10 @ 75% 1RM + T — J— PR — _
LE: 8 X 10 @ 75% 1RM

Créer 2005 LE:3x10 @ 70% 1RM 0 PN — - — —

Deldicque 2008 LE: 10 x 10 @ 80% 1RM ! — — PN - !

Dreyer 2006 LE: 10 x 10 @ 70% 1RM 0 1 ! 0 — !

Eliasson 2006 LP: 4 x6 @100% 1RM Con PN > — — PN —_
LP: 4 x 6 @100% 1RM Ecc > PN S T T —

Arrows denote phosphorylation status (p < 0.95hcreased) Decreaseds» No change;— not measured. RM, Repetition Maximum; LP, Leg Breg,

Leg Extension; KE, Knee Extension; Ecc, Eccention, Concentric; S, Squat.

28



Reference Protocol Akt mTOR TSC2 p70S6K rpS6 4E-BP1

Sef®  Sef®  Thi*®  ThA®  Sef  The
Fry 2011 LE: 8 x 10 @ 70% 1RM 0 1 — 1 1 1
Glover 2008 LP: 4 x 10 @ 10RM + KE: 4 x 10 @ 1 PN — 0 0 —
10RM
Holm 2010 KE: 10 x 36 @ 16% 1RM 0 — — - — —
KE: 10 x 8 @ 70% 1RM 0 — — PN — 1
Hulmi 2009a LP:5x 10 @ 70% 1RM “— “— — - 1 !
Karlsson 2004 LP: 4 x 10 @ 80% 1RM — - - PEN <> _
Koopman 2006b LP:8x 10 @ 75% 1RM +8x 10 @ 75% — — — 0 0 !
1RM LE
Kumar 2009 LE:3X9 @ 60% 1RM,or3x8 @ 75% — — — 1 — 1
1RM, or 6 x 8 @ 90% 1 RM
Mascher 2008 LP: 4 X 10 @ 80% 1RM LP PN 0 — 1 1 —
Mayhew 2009 LP, KE, S: 3 x 8-12 each 1 - — - > )

Arrows denote phosphorylation status (p < 0.@5hcreased] Decreaseds> No change;— not measured. RM, Repetition Maximum; LP, Leg Brég,
Leg Extension; KE, Knee Extension; Ecc, Eccention, Concentric; S, Squat,
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Reference Protocol Akt mTOR TSC2 p70S6K rpS6 4E-BP1

Sef™ SepHs Thri462 Thr® Sep®is Thr3746

Reitelseder 2010 LE: 10 X 8 @ 80% 1RM PN . _ - _ 0

Terzis 200 LP: 1 x 6RM or 3 x 6RM PN 1 —_ 0 0 —

Endurance Exercise

Benziane 208 CYC: 60 min @ 70% V@ cax PN 0 — ! 1 —

vy 2008 CYC: 45 min @ 75% V@ea+ 5 X 1 PN PN — 1 1 —
min sprints @ 90% V&eax

Mascher 2007 CYC: 60 min @ 75% ¥« 0 0 - > _ —

Mascher 2011 CYC: 60 min @ ~70% 1L QX PN 0 —_ 0 - —

Rose 2009b CYC: 30 min @ 30% ¥« - - - _ _ !

Arrows denote phosphorylation status (p < 0.95hcreased) Decreaseds» No change;— not measured. RM, Repetition Maximum; LP, Leg Breg,

Leg Extension; KE, Knee Extension; Ecc, Eccention, Concentric; S, Squat;
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1.4 Skeletal Muscle Protein Turnover

Muscle protein turnover refers to the continuoud aimultaneous processes of muscle protein
synthesis (MPS) and muscle protein breakdown (M@Bllips et al. 2005). The net balance
between these two processes determines whetheetalkaiuscle tissue is increasing
(hypertrophy) or decreasing (atrophy) total proteamtent (Burd et al. 2009, Cuthbertson et al.
2004). Muscle hypertrophy can only occur when theran accumulation of muscle proteins
during repeated periods of anabolism (i.e. rest&taxercise, protein ingestion) that exceeds the

loss of muscle proteins during intervening periofisatabolism (Burd et al. 2009, Cuthbertson et

al. 2004) (Figure 1.7).

Resistance
Exercise

1 A
Time
/ B

D

ir ir ir

Protein Protein Protein
Ingestion Ingestion Ingestion

Muscle Protein Balance

Figure 1.7 (A) Normal fed state gains (synthesis) and (Bjéss(breakdown) in skeletal muscle protein
balance following resistance exercise. Hatchedsaa¢déhe peak and nadir points of oscillationsdati
the beneficial effects of contractile activity aptbtein ingestion that result in fed-state gain} #G6d

reduced fasted-state losses (D) to enhance nefiptmlance. Figure adapted from (Phillips 2004).

When compared with other tissues such as the éimdrgut, skeletal muscle protein turnover is
relatively slow, contributing only 25 — 30% of ttmal body protein turnover at a rate of 1 - 2%
per day (Wagenmakers 1998b). As muscle proteing@mgnually damaged and require repair
during activities of daily living, turnover is nessary to maintain protein quality and function. In

the resting, fasted state (or postabsorptive statescle protein net balance is negative, with a
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positive balance achieved after consumption ofginotHowever, protein balance is also altered
by stimuli such as injury, disease, fasting and. dimportantly, modulating protein synthesis and
degradation is the mechanistic underpinning fotetkEmuscle plasticity that permits exercise-
induced adaptation and can result in an enhanceadlenphenotype (Phillips 2004).

Amino acids are the functional subunits of proteamsl are mediators of changes in protein
turnover. Less than 2% of total amino acids in ltkenan body exist in their free forms, with
approximately half of this population present ae timtracellular level in skeletal muscle
(Wagenmakers 1998a). Amino acids enter this frem@iacid pool via import into muscle from
the circulation orde novosynthesis of essential amino acids as the proofuntuscle protein
breakdown (Figure 1.8). Amino acids in the intraoular free pool can also be oxidized,
exported into blood or metabolised (TCA cycle). e and dietary status can alter the overall
number and flux of amino acids into and out of fitee pool and therefore mediate subsequent

changes in muscle protein synthesis and degradation

The following section will discuss the processegutating muscle protein turnover and how

these changes in turnover can be quantified.

[ Muscle Protein
Synthesis Breakdown
(MPS) (MPB)
Muscle Free
Amino Acid Pool

[ Oxidation

\ [ de novo synthesis ]

Transamination
Deamination

Muscle

Blood

D‘etafy _— Blood Amino Acids =—— Body
Protein Protein

Figure 1.8 General overview of muscle protein turnover areliajor sources and metabolic processes
that influence the free amino acid pool in skeletalscle. Schematic adapted from (Phillips 2004 afaib
2001).
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Muscle Protein Synthesis

The process of MPS includes the translation of srags RNA (mMRNA) to form protein.
Translation of MRNA involves three phases: initatielongation and termination. Each of these
three phases are coordinated by eukaryotic irotiafactors (elFs), elongation factors (eEFs), and
release factors (eRFs), respectively (Kimball aaffedson 2010, Proud 2007). The initiation
phase has been shown to be a rate limiting stépeiprotein synthetic process (Jackson, Hellen
and Pestova 2010, Sonenberg and Hinnebusch 20Q8)ared, at least in part, by several
downstream targets of the mTORCL1 signalling casq@digure 1.6). Control of translation
initiation is implicated in regulation of both glabrates of protein synthesis and specific subsets
of MRNAs. There are several informative reviewsdiely the process of translation (Jackson et
al. 2010, Kimball and Jefferson 2010, Sonenberg ldimthebusch 2009). Briefly, translation
initiation involves the binding of eukaryotic iration factor 2 (elF2) to initiator methionyl-tRNA
(met-tRNAI), a process that involves a guanine eotttle exchange that is mediated by elF2B.
This regulatory point in global translation inii@t is mediated by elfe2via its inhibitory effect

on elF2B. The final step in translation initiatithe formation of an 80S initiation complex
(Kimball, Farrell and Jefferson 2002). The aminadatharged transfer RNA (tRNA) then
sequesters amino acids to the ribosome complexamenences the elongation step. This step is
characterised by the sequential bonding and subséglongation of tRNA-bound amino acids
through peptide bonds in accordance with the mRMNAec The final stage of translation is
characterised by the termination of the polypeptdain from the ribosome-protein complex as
mediated by the presence of a stop codon. ModualatidMPS has been shown to be the result of
increased MRNA translational efficiency, primardy the stage of initiation (Holz et al. 2005,
Hornberger, Sukhija and Chien 2006b, Welle, Bhatt 8hornton 1999).

Methods to Assess Skeletal Muscle Protein Synthesis

Several methods have been used to measure mustgnpsynthesis in humans (Gore, Wolfe
and Chinkes 2007, Zhang, Chinkes and Wolfe 2002nRRe1999 ). A common approach to
quantify rates of skeletal muscle protein synthésigetermining the fractional synthetic rate
(FSR) of muscle proteins through the use of stadaéope tracer methodology. The FSR of

muscle protein is the rate at which a labelled amagid is incorporated into muscle-bound
33



protein over time compared with the enrichmentha precursor pool from which the labelled
amino acid originated prior to being incorporatatbiintact protein (Rennie, Smith and Watt
1994). This can be achieved by administering a @dirnontinuous intravenous infusion of an
isotopically labelled amino acid tracer. Phenylalanis preferentially used as a tracer as it is
neither oxidized nor synthesised in the body (Risliet al. 1997). Therefore, with @ novo
synthesis, the disappearance (Rd) or reappear&seof phenylalanine is commensurate with
changes in protein synthesis and breakdown, raspBctPhillips et al. 1997, Rennie 1999 ,
Wolfe 1992). A prerequisite for the valid estimatiof muscle protein FSR is that an isotopic
steady state between the tracer and tracee isagdohensure incorporation of the tracer into
protein occurs in a linear fashion. Muscle biopsibtained during an experimental trial are used
for laboratory analysis where the protein is prigatpd, hydrolysed and the amino acids, after
derivatisation, are analysed to determine the trao®rporated into the muscle-bound protein as
a rate in per cent per unit time using gas chrografghy-mass spectrometry (GC-MS) or gas
chromatography-isotope ratio mass spectrometry {&@S) technology (Rennie et al. 1994).
The increment in tracer enrichment is divided bg pinecursor pool tracer enrichment obtained
from either plasma free amino acid, the tissueaggular free amino acid (IC) or aminoacyl-
tRNA pool (if obtainable), to determine the fractiof the muscle protein pool that has been
synthesized per hour as shown in the following &qogPhillips et al. 1997, Wolfe and Chinkes
2005):

N E—— - x 100

Et, = bound protein enrichment of chosen labelled amairid at first specified time point

Et; = bound protein enrichment of chosen labelled andoid at second (later) specified time
point

(t1 — &) = time between muscle biopsy samples

E, = average muscle intracellular enrichment of chdabelled amino acid fromg to t;
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Recent studies have demonstrated that the measureshemixed muscle protein synthesis
following exercise and/ or nutrient supplementatoay not accurately reflect alterations in the
synthetic rates of the different protein fracticarsd therefore not represent the true phenotypic
response (Louis et al. 2003, Rooyackers et al. 19®dvances in laboratory technology in the
past two decades have also led to the developnieapppvopriate methods to reliably quantify
physiological changes in the different muscle profeactions (i.e. myofibrillar, sarcoplasmic
and mitochondrial). The analysis of each distincitgin fraction is likely to provide a more

accurate reflection of the specificity of adaptatiesponses following divergent exercise stimuli.

Muscle Protein Breakdown

The process of muscle breakdown eliminates dysiumel proteins from the cell and generates
free amino acids for protein synthesis or metaboliditch and Goldberg 1996). Muscle
contraction with exercise inevitably results in @aa of some intracellular proteins. Intuitively,
the proteolysis associated with exercise is unjikelbe entirely detrimental and is a requirement
for muscle remodelling and adaptation. Compareohtigcle protein synthesis, quantification of
muscle protein breakdowmn vivo is technically difficult due to greater methoddlma
complexities (Zhang et al. 2002). The ‘tracee #eanodel provides the most direct measure of
mixed muscle protein breakdown and utilises a pidimenstant infusion of stable isotope to
assess the rate at which a tracee (i.e. unlabebBsdntial amino acid) is released from intact
muscle protein and dilutes the intracellular enmeint. The rationale behind this model is that
essential amino acids can only enter the musctadeliular free amino acid pool via transport
through arterial blood or bound muscle proteoly@hang et al. 2002). The regulation and
activity of proteolytic pathwaysn vivo human muscle in response to exercise remain poorly
defined. Current evidence suggests three majoregiygic systems work independently or
synergistically to promote protein breakdown irelskal muscle (Figure 1.9): the calcium-
dependent calpain (Zeman et al. 1985, Murphy 2ah@))ysosomal protease/cathepsins (Bird et
al. 1980) and the ubiquitin-proteasome systemsgira@/axman and Goldberg 1987).
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A Activation of calpains

Release of /\"—‘
myofibrils

C Proteasome

A Tor, o

Ubiquitination 26S proteasome

B Lysosome

Figure 1.9 The three major proteolytic systems implicatedniascle protein degradation/ atrophy. The
calcium-dependent calpain system (A) is associati#¢il the breakdown of muscle proteins involved in
the assembly and scaffolding of myofibrillar proki The lysosomal protease system (B) directs the
degradation of membrane proteins, including reasptmands, channels and transporters. The ulguit
proteasome system (C) is the major pathway redplenir intracellular protein degradation in skalet
muscle (~ 80%) and involves the identification aubsequent ‘tagging’ of proteins to be degraded
through the interaction of three classes of pretdiermed E1 (ubiquitin activating), E2 (ubiquitin
conjugating) and E3 (ubiquitin ligating) enzymeslafted from (Jackman and Kandarian 2004).

While these different proteolytic pathways arelkiély to mediate muscle protein breakdown
and remodelling responses, the time course of a&ativ and potential role of each in the
adaptation responses to exercise in human skefeiatle is not clear. Moreover, the inherent
methodological difficulty of measuring muscle piatéreakdownin vivo has resulted in few

studies investigating this component of muscle gmotbalance. Nonetheless, studies
investigating the mRNA and protein expression pastef these putative regulators of muscle

protein breakdown show changes following exeraideuman skeletal muscle.
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1.5 Nutrient Training Interactions

Manipulating the availability of nutrients befordyring and after exercise alters the adaptation
response in skeletal muscle (Burke, Kiens and B@42 Hawley et al. 2011, Beelen et al. 2010).
Indeed, acute dietary manipulation can exert pnodoeffects on skeletal muscle gene expression
(Arkinstall et al. 2004, Cameron-Smith et al. 2Q08gll signalling (Creer et al. 2005,
Wojtaszewski et al. 2003), muscle protein synthd@3rsmmond et al. 2009, Phillips et al. 2005)
and other processes involved in training adaptgttansen et al. 2005, Morton et al. 2009, Yeo
et al. 2008). Nutrient ingestion during post-exsgcirecovery is important to replenish
endogenous substrate stores and to facilitate rrepai remodelling of skeletal muscle. Protein
and carbohydrate are widely studied macronutrienits regard to their capacity to generate
changes in exercise-induced adaptation and atlgetiormance. Each macronutrient has distinct
functions, but can also work synergistically to gg&te an anabolic state within skeletal muscle
when co-ingested after an exercise bout. This @ecwill briefly outline the impact of

carbohydrate and protein ingestion on adaptatispaieses to exercise in skeletal muscle.

Carbohydrate

Insulin and exercise stimulate glucose uptake ieletal muscle by promoting GLUT4
translocation to the cell membrane. Glucose noteshately required for energy is converted to
the polysaccharide glycogen and stored in skelatadcle and the liver. Innovative imaging
techniques have identified glycogen granules pteiseskeletal muscle in at least three distinct
subcellular locations with one large compartment80%) between the myofibrils and two
smaller compartments-(10%) located within the myofibrils and the sarcotean(Nielsen et al.
2011, Prats, GOomez-Cabello and Hansen 2011). Mietsel co-workers recently reported
exhaustive arm and leg endurance exercise depleteamyofibrillar glycogen stores
significantly more than the intermyofibrillar andbsarcolemmal depots (Nielsen et al. 2011).
Whether the same subcellular utilisation pattercuoe following high intensity resistance

exercise remains to be established.

Glucose and intramuscular glycogen become incrghsiimportant energy substrates with
increasing exercise intensity (Holloszy and Kot#9@). Muscle glycogen content can be reduced
by ~25% in the acute recovery period (i.e. 4 h)olwlhg a single bout of resistance exercise

(Robergs et al. 1991, Churchley et al. 2007) coegbavith reductions of ~ 50% or greater after
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high intensity endurance exercise (Wojtaszewskalet2003, Bergstrom and Hultman 1967,
Vgllestad and Blom 1985, Vgllestad, Vaage and Hesma 1984). Following exercise, muscle
glycogen is typically restored to pre-exercise lsewathin 24 h (Piehl 1974b, Piehl 1974a). Rates
of glycogen resynthesis are dependent on sufficéenounts of carbohydrate being ingested
(Burke et al. 1995, Costill et al. 1981) and toeaskr extent the magnitude of post-exercise
muscle glycogen depletion (Price et al. 1994)his tegard, both the amount and timing of post-
exercise carbohydrate ingestion are the most irapbfactors determining the rate of muscle
glycogen synthesis (Beelen et al. 2010, Burke, keuand Broad 2006, Costill et al. 1981,
Jentjens and Jeukendrup 2003). Post-exercise mgisclegen synthesis rates in the fasted state
are ~ 11 mmol-kg dh* (lvy et al. 1988b) and can increase up to 20 mdBol-kg dv*- b
when carbohydrate is consumed immediately afterceses (lvy et al. 1988a, Ivy et al. 1988b,
Jentjens et al. 2001, Maehlum, Hgstmark and L. 19@@ Loon et al. 2000a). Recent work
investigated the effects of protein/ amino acidragestion with carbohydrate show no increases
in post-exercise muscle glycogen synthesis wheficiift carbohydrate (i.e.: 1.2g-k4?) is
ingested at regular intervals (every 15-30 min)g|Be et al. 2010).

Over the last decade it has become apparent glgcogrecentration is an important molecular
signal modulating the adaptation response to es@r¢iargreaves 2004). Many skeletal muscle
proteins/enzymes contain glycogen binding domainat tdirectly regulate their activity,
localisation, structure and function which is atkrby changes in glycogen concentration
(Machovi and Jang&gk 2006). Substrate metabolism is altered in acglga depleted state
resulting in increases in the systemic releasenuha acids from muscle protein breakdown
(Blomstrand and Saltin 1999) along with elevationfat metabolism and plasma free fatty acids
(FFA) (Steensberg et al. 2002). The increase ulating free fatty acids provides substrate for
B-oxidation in the mitochondria and also act asgaalling intermediary to activate transcription
factors and nuclear receptors that regulate pretevolved in the transport and breakdown of
lipids (Kiens 2006). Given exercise induces dynami@anges in skeletal muscle glycogen
concentration, altered glycogen availability hagrbeshown to generate transient changes in
MRNA levels of myogenic, catabolic and metabolioege after an acute bout of exercise in
humans (Churchley et al. 2007, Coffey et al. 200@affey et al. 2009b, Harber et al. 2010,
Cluberton et al. 2005, Pilegaard et al. 2002, Réed et al. 2000). Accordingly, it has been

38



proposed that commencing training with low musclgcggen may improve subsequent

adaptation to endurance training (Hawley et al.1201

Several studies have investigated the adaptivensgs to exercise commenced with low or sub-
optimal glycogen levels. Wojtaszeski and co-workérst observed elevated resting and
exercise-induced AMPK activity with low (~ 160 mma-dw’) compared with high (~ 910
mmolkg-dw?) muscle glycogen following endurance exercise (aszewski et al. 2003).
Similarly, others have shown increases in mMRNA pratein levels of p38 MAPK (Chan et al.
2004), heat shock protein 72 (HSP72) (Febbraid. &08€2) and GLUT4 (Steinberg et al. 2006)
when endurance exercise was commenced with low amdpto normal muscle glycogen
concentration. Hansen and colleagues were thetéirgtxamine the ‘train-low, compete high’
paradigm following a 10 week training study andwéed resting muscle glycogen content, citrate
synthase activity, and exercise time to exhausiene enhanced when training sessions were
commenced with low compared to normal muscle glgoogpntent (Hansen et al. 2005). Several
other studies have investigated this paradigm (Mot al. 2009, Yeo et al. 2010, Yeo et al.
2008, Hulston et al. 2010) and despite showing ecdh activation of several markers of
endurance adaptation when training with low glyeogencentration, no conclusive benefit to

endurance performance has been established.

There is a paucity of data examining adaptatiopareses to resistance exercise commenced with
low muscle glycogen concentration. Creer and cgllea showed an attenuation in Akt
phosphorylation during the acute recovery perio@nviubjects commenced a bout of moderate-
intensity resistance exercise with low (~ 175 dryghe (dw)*- h%) versus high (~ 600 dwh™)
muscle glycogen (Creer et al. 2005). Moreover, Chliety and co-workers observed an
attenuated mMRNA abundance of genes associatedhwyibrtrophy, carbohydrate metabolism
and muscle atrophy at rest prior to undertakingstasce exercise with low (~ 193 dvi')
compared to normal (~ 435 dwh') glycogen concentration (Churchley et al. 200He Effects

of commencing resistance exercise with low musbleogien concentration remains unclear and
whether post-exercise nutrient ingestion followiresistance exercise commenced with low

glycogen concentration augments or inhibits anytatan response has yet to be investigated.
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Protein

Protein ingestion enhances muscle protein syntlaesigpromotes muscle hypertrophy (Beelen et
al. 2010, Burd et al. 2009, Phillips et al. 200bhe anabolic capacity of dietary protein to

stimulate muscle protein synthesis is initiatedtiy transfer and incorporation of amino acids
from these dietary protein sources into skeletadetmiproteins. Muscle anabolism stimulated by
protein feeding balances against the periods ofcattbolism that occurs between feedings to
generally ensure muscle mass remains constantungybealthy adults. Rennie and colleagues
first demonstrated the anabolic capacity of proteihuman skeletal muscle (Rennie et al. 1982),
and this response was later shown to be attribaitabingestion of essential amino acids (EAA)

(Smith et al. 1992). Elevated concentrations of BAAlasma transported in to the muscle cell
directly stimulate the muscle's translational maehy (Drummond et al. 2009, Proud 2007, Apré
and Blomstrand 2010) and provides amino acid psecarfor the synthesis of muscle proteins
(Bohé et al. 2003, Fujita et al. 2006, Reitelsextal. 2011). The stimulation of myofibrillar and

sarcoplasmic protein synthesis by amino acid iofusir beverage ingestion at rest is transient
and characterised by a peak in muscle protein sgighapproximately 90 min after ingestion

before returning to basal levels 3 h after feediidperton et al. 2010, Bohé et al. 2001, Moore et
al. 2009b). The inevitable fall in muscle proteymthesis can occur despite continued amino acid
availability, a mechanism referred to as the ‘madcll’ paradigm where increases in protein

synthesis are regulated by an intracellular sebtp@ther than sustained elevation in plasma/
extracellular amino acid bioavailability (Athertat al. 2010, Bohé et al. 2001). Regardless,
amino acids delivered in excess to requirementthefmuscle synthetic machinery generally

undergo irreversible oxidation (Moore et al. 2009a)

The type of protein (e.g. whey, casein, soy), aiggstion and absorption rates are important
factors in the nutritional regulation of muscle f@ia synthesis in humans. Tang and colleagues
have shown feeding-induced stimulation of musctgegin synthesis is greater after whey protein
consumption compared to casein at rest and afsesta@ce exercise (Tang et al. 2009). The
authors proposed this enhanced response was &sedreo differences in the leucine content of
each protein source. Several studies have demtetstieucine to be a potent anabolic stimulus

for skeletal muscle protein synthesis (Fujita e2807, Koopman et al. 2005, Rieu et al. 2006).
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Moreover, other branched chain amino acids suakdsucine and valine are unable to induce
comparable increases in muscle protein synthesrgared with leucine (Escobar et al. 2006,
Garlick 2005). These findings provide support forlaucine trigger paradigm where maximal
rates of muscle protein synthesis are stimulatezk an minimum leucine concentration (i.e.
threshold) is achieved (Phillips 2011). Based ameru evidence an oral dose of ~ 2 g of leucine
contained in 20 g of high quality protein ingestetlowing a resistance exercise bout appears
sufficient to invoke maximal rates of muscle protsynthesis (Moore et al. 2009a). Therefore,
ingestion of leucine in amounts greater than tseturating dose’ (20 — 25 g whey protein
containing 2.5 - 3.0 g leucine) is unlikely to iease the magnitude or duration of muscle protein

synthesis during the early post-exercise recoveripg (Tipton et al. 2009).

Insulin stimulates increased blood flow throughding of its surface receptor on the vascular
endothelium which increases the synthesis of niwicde and causes the smooth muscle at
capillary junctions to relax, thereby decreasing thsistance of the capillary to blood flow
(Muniyappa and Quon 2007b). This increased blood iinay enhance delivery of amino acids
to the muscle (Biolo et al. 1999, Fujita et al. @0Muniyappa and Quon 2007a). Early evidence
implicated insulin as an anabolic hormone thatatiyeincreases muscle protein synthesis when
administered alone (Gelfand and Barrett 1987). @& hothers have since demonstrated that only
basal concentrations of insulin are required torpiethe maximal stimulation of muscle protein
synthesis when optimal levels of exogenous aminidsaare available (Glynn et al. 2010,
Greenhaff et al. 2008). Several studies have detrated hyperinsulinemia to inhibit muscle
proteolysis (Biolo et al. 1999, Gelfand and Barrgfi87, Pozefsky et al. 1969), thereby
stimulating muscle protein accretion resulting fromm increase in net protein balance.
Accordingly, the co-ingestion of amino acids witarlsohydrate may promote muscle protein
synthesis by eliciting an insulinotropic response @hibiting protein breakdown (Beelen et al.
2010, van Loon et al. 2000b). However, Staples@ndiorkers have elegantly shown that when
sufficient protein is ingested to maximally stimiglgorotein synthesis, the effect of insulin on
muscle protein synthesis and breakdown is neittiditige nor synergistic (Staples et al. 2011).
Therefore, under specific conditions insulin maydaemissive rather than stimulatory for the
anabolic effect of amino acids but this physiolaegi@sponse remains contentious.
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1.6 Specificity of Exercise-induced Adaptation in Keletal Muscle

Exercise has traditionally been categorised intadtgance/aerobic’ and ‘resistance/strength’
modalities with each ultimately generating a specibhenotype necessary for enhanced
performance.However, for many athletic performances, especidédlgm sports, there is a
requirement for high levels of aerobic capacity atiength/power and a necessity for a
combination of endurance and resistance trainimgofagimal performance. This section will
review the present knowledge of several putativegptide responses to resistance, endurance and

concurrent training in human skeletal muscle thay ehetermine the specificity of adaptation.

Hypertrophy/ Muscle Protein Synthesis

Chronic resistance training has long been recednas the principal exercise stimulus for
muscle hypertrophy and increased strength (Phikipsl. 1997, Rennie et al. 1982, Welle,
Thornton and Statt 1995, Yarasheski, Zachwieja Biedt 1993) as a result of the exercise-
induced neural adaptation and greater muscle fiposs-sectional area (CSA) (=9 - 20%)
(Aagaard et al. 2002, Kraemer and Ratamess 200d¢iNa al. 1989, Farup et al. 2012 ).
Chesley and co-workers were among the first to destnate elevated rates of muscle protein
synthesis after a bout of resistance exercise amdd young men (Chesley et al. 1992).
Numerous studies have since reported that resistaxercise alone (~55 - 120%) (Phillips et al.
1997, Phillips et al. 1999, Welle et al. 1995, Seski et al. 1993, Balagopal et al. 2001, Hasten
et al. 2000, Holm et al. 2010, Kumar et al. 200&ykhew et al. 2009) and in combination with
protein feeding (~ 200%) (Rasmussen et al. 20Qftpmiet al. 1999, West et al. 2011, Wilkinson
et al. 2007) enhances muscle fractional syntheie.rMoreover, rates of muscle protein
synthesis peak early (1 — 5 h) above basal levelscan exceed basal rates (~40 - 150%) for 24 -
48 h following resistance exercise (Biolo et al988, Chesley et al. 1992, Phillips et al. 1997,
Phillips et al. 1999).

Changes in muscle protein synthesis rather thartlepsotein breakdown appears to be the most
important factor modulating protein turnover andrpoting skeletal muscle hypertrophy with

resistance exercise (Phillips et al. 1997). The esbdttenuation (~20 - 30%) of muscle protein
breakdown with resistance exercise is generalleesi only when exogenous essential amino
acids are ingested during recovery (Biolo et aB7,Rasmussen et al. 2000, Tipton et al. 1999,

Wilkinson et al. 2007). Several studies have reggbdssential amino acid ingestion provides an
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additive stimulus for muscle protein synthesis raftesistance exercise and is necessary for
generating maximal rates of muscle protein synghé@Biolo et al. 1997, Bagrsheim et al. 2002,
Cuthbertson et al. 2006, Koopman et al. 2005, Makeal. 2003., Moore et al. 2005, Rasmussen
et al. 2000).

Acute activation of signalling proteins regulatitignslation initiation and elongation for protein
synthesis including Akt (~ 2 fold), mTOR (~ 2 foldRK (~ 3 fold), p70S6K (~ 4 fold), rpS6 (~
4 fold), 4E-BP1 (~ 5 fold) and eEF2 (~ 2 fold) anduced following resistance exercise (Coffey
et al. 2005, Dreyer et al. 2006, Eliasson et ab62K&arlsson et al. 2004, Koopman et al. 2006b,
Williamson et al. 2003, Terzis et al. 2010) Sevestaldies have also demonstrated an additive
effect on the magnitude (~3 - 20 fold) of phosphatigh with ingestion of protein following
resistance exercise (Dreyer et al. 2008b, Karletal. 2004, Koopman et al. 2007b). However,
chronic changes in anabolic signalling (phosphaigttaor total protein content) associated with
elevated rates of muscle protein synthesis follgwiasistance training are not well defined.
Vissing and colleagues recently showed mT&#¥® (~ 200%) and p70S6R™® (~ 400%)
phosphorylation were increased above resting leafisr 10 weeks of resistance, but not
endurance training (Vissing et al. 2011). Similarlyeger and colleagues have also shown
elevated phosphorylation of insulin/IGF pathwaynsiging proteins at rest following 8 weeks
resistance training (Léger et al. 2006). Wilkinsand co-workers determined signalling
phosphorylation status and rates of myofibrillad anitochondrial synthesis at rest and after an
acute bout of resistance exercise in subjects éedod after 10 weeks of resistance training
(Wilkinson et al. 2008). The resting phosphorylatgtatus of key insulin/IGF signalling proteins
for translation initiation were increased after th@ week training program (Wilkinson et al.
2008). Elevated phosphorylation status at rest bya factor that contributes to the higher
resting protein synthesis rates with chronic resis¢ training (Phillips et al. 1999, Wilkinson et
al. 2008, Phillips et al. 2002). Thus, it appeananges in muscle cell signalling and protein
synthesis with repeated bouts of resistance exemiemote a specificity of training response
within the initial weeks-months of training, andethprotein synthesis generally occurs in the
myofibrillar protein fraction (Kim, Staron and Plips 2005, Wilkinson et al. 2008).

Studies that have examined the effects of endurareecise on human skeletal muscle protein
synthesis are limited compared with the abundarfcdata available on resistance exercise.

43



Intuitively, this may be due to the minor effectasfdurance training on muscle hypertrophy and
muscle mass compared with large effects on thechmitadria and aerobic metabolism (Figure
1.10). Moreover, a recent meta-analysis investigaidaptation responses to exercise shows
endurance training has little effect on lower bdgyertrophy, strength and power compared to
resistance training (Wilson et al. 2012). Whilestadindings indicate a limited anabolic effect,
endurance exercise has the capacity to alter thigitpcof the muscles protein synthetic

machinery.

\a
CaMK
AMPK

p38 MAPK

TSC2

PA\ \II
mI)R J'

PGC-1a

Translation Initiation

o =
E—-Ej=--§ Ao Ao /

Muscle Hypertrophy Mitochondrial Biogenesis

Figure 1.10 Intracellular signalling pathways mediating skalenuscle adaptations to resistance and

endurance exercise. Adapted from (Hawley 2009).

Mascher and colleagues were among the first to merhe phosphorylation responses of
proteins in the insulin/IGF pathway during the a@&cuecovery period following endurance

exercise and their results show increases in phogfation of Ak®™’® (~2 - 3 fold),
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mTOR®?*8(~ 3 fold), and p70S6K™2¥™“2Y(~5 _ g fold) after 1 h cycling at ~ 75% Q.
(Mascher et al. 2007). Other studies have also srsmilar exercise-induced changes in signal
transduction (Coffey et al. 2009b, Wilkinson et 2008, Ivy et al. 2008) despite the use of
differing post-exercise time-points for analysisedardless, it seems intuitive that contractile
activity would promote translation initiation sidlag during the early recovery period

irrespective of exercise mode.

Several studies have investigated whole body prdv@lance and/or muscle protein synthesis
following endurance exercise (Carraro et al. 1I®@ham et al. 2004, Harber et al. 2009, Harber
et al. 2010, Howarth et al. 2009, Howarth et all®@0Levenhagen et al. 2002, Pikosky et al.
2006, Sheffield-Moore et al. 2004, Short et al. £0Qevenhagen and co-workers have shown
increased leg and whole body protein synthesis vgnetein and carbohydrate were co-ingested
(10 g protein, 8 g CHO) immediately after 1 h sukimel cycling (Levenhagen et al. 2002).
Harber and colleagues extended on these findinggdmyonstrating elevated rates of mixed
muscle protein synthesis (~ 65%) in the acute regoyeriod following moderate intensity
cycling (1 h, ~ 70% V@,ea) (Harber et al. 2010). Thus, endurance exercipeas to stimulate
muscle protein synthesis in the acute recoveryopgetn response to chronic endurance training,
increases in resting muscle fractional synthetie reave been reported after as little as 4 weeks
(~ 15%) (Pikosky et al. 2006) and also after 4 mergndurance training (~ 22%) (Short et al.
2004). This increase in protein synthesis has Iseggested to reflect increases in the synthesis
of mitochondrial-related proteins that subsequemiyntribute to aerobic muscle fibre type

characteristics and an endurance phenotype (Bauptaal. 1987, Pikosky et al. 2006).

An important step to advance understanding of teptation response with endurance exercise
was to delineate the specific protein fraction/atabuting to changes in mixed muscle protein
synthesis. Miller and co-workers have shown inasan rates of sarcoplasmic and myofibrillar
proteins 48 and 72 h post-exercise using a onestbdgacking endurance model (Miller et al.
2005). Breen and co-workers determined acute matodhal and myofibrillar protein synthesis
in well trained cyclists when carbohydrate or céjarate plus protein beverages were ingested
following prolonged (90 miny~ 75% VQ2peay Cycling (Breen et al. 2011b). Interestingly, the
results show selective increases in myofibrillaunt hot mitochondrial, protein synthesis when

protein was co-ingested with carbohydrate but tinelyswas limited to post-exercise rates of
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protein synthesis. In support of these findingsggaf myofibrillar protein synthesis were also
recently reported to be elevated in the early (045 h) and late (24 — 28 h) recovery period
following 30 min cycling at 60% Wax in young, recreationally trained males (Di Don2@12).
Thus, it appears endurance exercise is capabkenailating myofibrillar protein synthesis in the

acute recovery period in human skeletal muscle.

The requirement for myofibrillar protein syntheffiowing endurance exercise may relate to the
large size (~ 60%) of the myofibrillar protein paotd subsequently being a preferential site of
disposal for free amino acids, particularly follogiprotein ingestion. Regardless, not all studies
have reported increases in rates of myofibrillant@in synthesis with endurance exercise. Donges
and colleagues recently reported no increase infibmitar protein synthesis after 40 mins
cycling at 55% Wax(Donges et al. 2012). However, Wilkinson and caless (Wilkinson et al.
2008). reported that after 10 weeks of enduranamitig (45 min cycling; 75% V@eak 3
times/week), an acute bout of endurance exerciseatd rates of mitochondrial, but not
myofibrillar, protein synthesis in young healthy Iesa Another study investigating protein
synthesis responses to chronic endurance trainjfgweeks) has shown increases in mixed
muscle protein content, but not mitochondrial DNA grotein synthesis compared to a non-

exercising control group (Robinson et al. 2011).

Post-exercise stimulation of myofibrillar proteilynghesis with endurance training may be
integral for tissue repair and remodelling and/@ymepresent training-induced adaptation for
enhanced cycling power output at high workloads tinay be beneficial for performance (Breen
et al. 2011b, Burd et al. 2009). Several studie®shown changes in fibre cross-sectional area
(~4 - 10%) and muscle mass (~ 1%) following endugattaining and while modest muscle
hypertrophy has been reported, the studies hagellamcluded elderly or untrained/sedentary
populations (Harber et al. 2009, Harber et al. 20dilelmaier et al. 2010, Konopka et al. 2010,
Schwartz et al. 1991). These results are in cant@asstudies of young, active subjects or
following prolonged periods of endurance trainingene hypertrophy and increases in muscle
mass have not been consistently observed (Shaft 2004, Wilkinson et al. 2008, Glowacki et
al. 2004 ). While there is data showing comparathilanges in molecular and physiological
adaptations governing muscle protein synthesisoioilg an acute bout of endurance or

consecutive resistance and endurance (concurreetise, the overwhelming evidence shows
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gains in muscle mass are more pronounced with ahresistance exercise. Accordingly, it is
likely the increase in myofibrillar protein syntiewith endurance exercise is specific to the
extent/type of muscle overload and individual tragnstatus, and would diminish with chronic
training (Wilkinson et al. 2008).

Muscle Protein Breakdown

Compared to the relatively well-characterised dffenf exercise on muscle protein synthesis,
changes in muscle protein breakdown following tasise and endurance exercise in human
skeletal muscle are not well defined. This likeblates to the methodological difficulty of
measuring muscle protein breakdownvivo human skeletal muscle and the modest changes in
protein breakdown compared to synthesis followixgreise Intuitively, muscle breakdown is an
integral factor in maintaining skeletal muscle hostasis and in the adaptation response to

exercise.

Resistance exercise increases MuRF1 mRNA abundamdetotal protein in human skeletal
muscle during the post-exercise recovery periogrskt al. 2010, Louis et al. 2007, Mascher et
al. 2008, Yang, Jemiolo and Trappe 2006, Fry e2@12). Conversely, atrogin-1 expression can
remain unchanged (Coffey et al. 2006, Glynn e2@1.0, Louis et al. 2007, Lundberg et al. 2012,
Mascher et al. 2008, Yang et al. 2006) or is redu@€ostek et al. 2007) following acute
resistance exercise. The discordance in mMRNA resgsofollowing exercise between atrogin-1
and MuRF1 is surprising considering their dual tgesh regulation via the Akt-FOXO pathway
although cross-talk from other pathways, such &\Vj#& kinase and/or NkB (Cai et al. 2004,

Li et al. 2005), may also be involved in the regjola of atrogin-1/MuRF1 gene expression.
Regardless, it appears changes in the transcrgbtiactivity of “atrogenes” are induced in
response to heavy resistance exercise and maysegpran important factor in determining the
training-induced phenotype. Interestingly, Borg&nand co-workers have recently shown a
decrease in atrogin-1 mRNA levels at rest andovalg resistance exercise when branched
chain amino acids are ingested (Borgenvik, Aproé Bfamstrand 2012), indicating a nutrient-
mediated effect on atrogene expression that mayuratedremodelling/ hypertrophy in skeletal

muscle. Several previous studies have also showsstaiyn peptide (Hulmi et al. 2009b) and
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MRNA abundance (Hulmi et al. 2009a, Jones et &428im, Cross and Bamman 2005, Louis
et al. 2007, Mascher et al. 2008, Raue et al. 2e®06&uppressed following an acute bout of
resistance exercise. This attenuation may be degerndlent considering myostatin mRNA levels
are unchanged following low intensity resistancereise (4 x 15-30 reps at 20%1RM) (Manini
et al. 2011). Importantly, a clear association leetww changes in atrogene transcriptional
activity/total protein and direct measures of pastame activity or muscle protein breakdown in
human skeletal muscle has yet to be established.

Elevated muscle protein breakdown has been repéotieaving resistance exercise using either
the tracer dilution (Biolo et al. 1995b, Biolo dt 4999) or fractional breakdown rate methods
(Phillips et al. 1997, Staples et al. 2011, Plsllgt al. 1999). Phillips and colleagues have shown
muscle protein breakdown increased ~ 35% followsgjstance exercise and returned to resting
levels 24 h post-exercise (Phillips et al. 1997ijlipk et al. 1999). Interestingly, this response
only occurred in untrained subjects indicating edsa-induced protein breakdown is attenuated
with chronic resistance training (Phillips et aP9®). Indeed, an increase in muscle protein
breakdown following resistance exercise has notbmmnsistently observed (Fry et al. 2011,
Glynn et al. 2010). This discrepancy may be duéiti@rences in the timing of post-exercise
analyses given muscle protein breakdown followegjstance exercise may peak early (~ 3 h) in

the post-exercise recovery period (Phillips el@8b7).

The effects of endurance exercise on muscle proteiakdown are not well characterised despite
some evidence showing endurance exercise alterslenu®teolytic signalling in human skeletal
muscle (Coffey et al. 2006, Harber et al. 2009,hdaret al. 2010, Louis et al. 2007). Several
studies have examined the responses of MURF1 aodiatl mRNA to endurance exercise in
human skeletal muscle. Coffey and colleagues hd@vis increases in atrogin-1 mRNA
following cycling exercise (Coffey et al. 2006) aMuURF1 mRNA abundance can also be
elevated after running (Harber et al. 2009, Louiale2007) and cycling (Harber et al. 2010), a
nutrient-sensitive effect that may be attenuateth wirotein-carbohydrate ingestion during

recovery (Harber et al. 2010).

There is a paucity of studies investigating musatetein breakdown following endurance
exercise. Carraro and co-workers examined ratesiuscle protein breakdown following 4 h

treadmill walking at 40% W,peakUsing 3-methyl-histidine and showed muscle probeeakdown
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was unchanged immediately post-exercise but ineckas85% at the 4 h post-exercise time-
point (Carraro et al. 1990). Human skeletal mugect#eolysis is also elevated after 45 min of
treadmill walking (40% \W,ea) but returns to resting levels in the first hour recovery
(Sheffield-Moore et al. 2004). Only one study hagestigated the effects of chronicendurance
training on rates of muscle protein breakdown imho skeletal muscle (Pikosky et al. 2006).
Pikosky and co-workers show rates of muscle fraelibbreakdown are increased following four
weeks endurance training resulting in a negatitepriein balance (Pikosky et al. 2006). These
findings support the premise that endurance trgimioes not generate substantial hypertrophy
and/or may indicate a net loss of muscle mass ntighexpected with endurance training.
However, further studies measuring the fractiomabkdown rates of skeletal muscle following
both acute endurance exercise bouts and chronmingaare required to clarify the extent of

breakdown and its effects on muscle mass.

Muscle Oxidative Capacity/ Mitochondrial Biogenesis

Resistance training is not an exercise modalityt thanerates significant adaptations in
oxidative/mitochondrial capacity. Indeed, convendib thinking regarding exercise-induced
increases in mitochondrial biogenesis/density ssiggeuch adaptations are exclusively achieved
with endurance training (Holloszy et al. 1977, Guk et al. 1973, Henriksson and Reitman
1977). Cross-sectional analysis of skeletal musctesistance-trained individuals shows reduced
mitochondrial content (Alway et al. 1988) and d#rasynthase activity (Tesch, Komi and
Hakkinen 1987) compared to untrained controls. bhtindrial content has also been shown to
be reduced in as little as 6 weeks of resistarmaitig (Luthi et al. 1986) while 6 months of
resistance training can also decrease muscle noimoclal volume per fibre area in humans
(MacDougall et al. 1979). Collectively, this indiea resistance training reduces mitochondrial
density and oxidative capacity of skeletal mudxleseveral studies have challenged this notion
(Balakrishnan et al. 2010, Pesta et al. 2011, Thagtman and Phillips 2006, Vanhatalo et al.
2011, Wang et al. 2011, Ross and Leveritt 200TpS8tat al. 1984).

Tang and colleagues have observed increases iatecitsynthase,-hydroxyacyl CoA

dehydrogenase (~ 20%) and hexokinase (~ 42%) fctooncomitant with muscle fibre
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hypertrophy following 12 weeks of resistance tnagn(Tang et al. 2006). The authors propose
that as muscle fibre size increases the oxidatizgrae content also increase such that oxidative
potential is improved with resistance training. thRermore, chronic resistance training (10 - 14
weeks) has been reported to increase mitochordN& copy number (Balakrishnan et al. 2010)
and muscle-specific lipid oxidation capacity (Pesta al. 2011), indicative of a greater
mitochondrial content following training. Howeverumerous studies have also failed to show
increases in mitochondrial enzymes and contenbvatg resistance training (Bell et al. 2000,
Chilibeck, Syrotuik and Bell 1999, Green et al. 98Q9Green et al. 1999b, Ploutz et al. 1994,
Tesch et al. 1987, Wang et al. 1993, Tesch, Tharaad Colliander 1990).

Endurance training enhances capillary density eletkl muscle and resistance training may also
represent an exercise stimulus capable of promadimgjogenesis. This adaptive process is
characterised by an expansion of the muscle’s xistheg capillary network that improves gas
and nutrient exchange to/from the bloodstream amémce exercise capacity (Saltin and Rowell
1980 ). An acute resistance exercise bout upregjalaascular endothelial growth factor (VEGF)
MRNA (~3 - 4 fold) (Gavin et al. 2007, Jozsi et2000, Trenerry et al. 2007) and total protein
abundance (Gavin et al. 2007), which is an impértaediator of angiogenesis. Resistance
training has also been shown to increase musclidasgplensity (Green et al. 1999b, McCall et
al. 1996, Campos et al. 2002), indicating resisgtagxercise-induced muscle hypertrophy may

also be accompanied by concomitant increases iargplensity.

Whether any changes in the oxidative machinery wigistance training translate into
improvements in aerobic capacity remains contisige(Bishop and Jenkins 1996, Bishop et al.
1999, Hickson, Rosenkoetter and Brown 1980, Hicksbtnal. 1988). Enhanced aerobic
performance with resistance training has been &idsdc with changes in muscle fibre
recruitment rather than metabolic adaptations thaihtain/increase force production and delay
fatigue (Hickson et al. 1980). Indeed, numerouslisgihave shown no improvements in aerobic
performance with resistance training (Bishop andkiles 1996, Bishop et al. 1999). These
findings suggest potential performance benefiteridurance exercise with resistance training

may be dependent on, and specific to, the compsrudrthe resistance training program.

Burd and co-workers have recently investigated heugiotein synthesis responses to resistance

exercise when manipulating the time the musclenideu tension with contraction (Burd et al.
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2012). Interestingly, the increased time underiteang/as also associated with increases in PGC-
1o mMRNA expression (~ 3 fold) and mitochondrial photeynthesis (~ 2.5 fold). Additional
studies have also shown increases in rates of hatwirial protein synthesis following an acute
bout of resistance exercise (Donges et al. 201kiwgon et al. 2008). However, the possibility
exists that the increase in mitochondrial protsintisesis is the result of a generic, non-specific
adaptation response following disruption to homasist with a novel or unaccustomed
contractile stimulus. Such a thesis is supporteddéta from studies incorporating prolonged
resistance training interventions (i.e. 6 months)sobjects with extensive resistance training
history showing no increase in mitochondrial cohtamoxidative metabolism (MacDougall et al.
1979, Fry 2004). Indeed, Wilkinson and colleaguasehshown initial increases in rates of
mitochondrial protein synthesis following an achiteit of resistance exercise are attenuated after
10 weeks resistance training (Wilkinson et al. ®00hus, chronic resistance training induces
muscle hypertrophy but, despite the potential fout@ resistance exercise to upregulate post-
exercise rates of mitochondrial protein synthesis,capacity for resistance training to promote
mitochondrial biogenesis and muscle oxidative cdépamn skeletal muscle has not been

established.

Endurance-based exercise results in increasediaaatacity that enables prolonged periods of
low-moderate contractile activity and this welladished exercise-induced adaptation response
has been shown recently following 10 weeks of eadlce (~ 10%) but not resistance training
(Farup et al. 2012 ). The mechanistic underpinoihgndurance exercise adaptations includes the
transformation of muscle towards a phenotype wighér mitochondrial (Fliick and Hoppeler
2003) and capillary density (Coggan et al. 1992désen and Henriksson 1977), and systemic
adaptations including enhanced cardiac output @@&klhdnd L. 1968) and arterio-venous oxygen
difference (Wilmore et al. 2001). Endurance adamtaélso generates greater oxygen extraction
and utilisation by exercising muscle and enhanegde resistance, sparing muscle glycogen
with greater contribution from fat oxidative metéibm (Coggan and Williams 1995). Holloszy
was first to elucidate the increase in skeletal cleusxidative capacity after endurance training
via increases in mitochondrial content (Holloszy67p This work is supported by numerous
studies demonstrating increased activity of oxiwdatenzymes such as citrate synthase and

succinate dehydrogenase following endurance exermifiuman skeletal muscle (Carter et al.
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2001, De Bock et al. 2008, Fernstrom, Tonkonogi &ablin 2004, Howald et al. 1985, Short et
al. 2003, Henriksson and Reitman 1977, Zamora. a198i5).

The molecular bases of mitochondrial biogenesisdeatred on the transcriptional co-activator
peroxisome proliferator activated receptor gammBARy) coactivator-& (PGC-k) (Hood
2001, Puigserver et al. 1998, Scarpulla 2006) aral lesser extent PG@-IArany et al. 2007).
Numerous studies have implicated PGL-ds an important regulator of a wide variety of
metabolic processes including brown fat thermogsnesarbohydrate and fat metabolism,
skeletal muscle fibre type transformation, and ohtmdrial biogenesis (Lin, Handschin and
Spiegelman 2005, Olesen, Kiilerich and Pilegaard020 Several molecular pathways are
proposed to regulate PG@-Activation including AMPK, p38 mitogen-activatetbfein kinase
(Akimoto et al. 2005) or deacetylation by silerformation regulator T1 (SIRT1) (Rodgers et al.
2005a) but a clear cause and effect has yet tstableshed (Figure 1.11). Recent evidence also
suggests micro RNA-dependent regulation of P@Gnlresponse to exercise as indicated by the
down regulation of putative PGGrltranslation inhibitors miR-23 and miR-696 followjin
endurance exercise (Safdar et al. 2009, Aoi &(dl0).

PGC-Xu transcriptional targets comprise several DNA kigdiranscription factors including the
nuclear respiratory factors (NRF-1 and NRF-2) (Hd2@D9) and peroxisome proliferator-
activated receptors (PPARs) (Gilde and Van Bilsé32, and is also important for exercise-
induced upregulation of skeletal muscle vasculatodmelial growth factor (VEGF) expression
(Arany et al. 2008 , Leick et al. 2009). Safdar adworkers recently extended the current
understanding of PGCelfunction in showing PGCel localises to mitochondria of skeletal
muscle following endurance exercise with potertoalacilitate nuclear-mitochondrial cross-talk
in its co-ordination of mitochondrial biogenesiaf{@ar et al. 2011). Thus, while it is certain that
there is a highly complex network of molecular maehy controlling oxidative/mitochondrial
adaptation, the extensive regulation of nuclear mitdchondrial genomes demonstrates PGC-
lo’'s remains the best characterised “master-regulabdr exercise-induced mitochondrial

biogenesis.
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Figure 1.11 Putative regulation of PGGalexpression in response to contraction in humaretie

muscle. Adapted from (Lanza and Nair 2010).

Higher PGC-& mRNA and protein content has been repeatedly aafdd in exercise-induced
mitochondrial biogenesis following acute (~3 - 1HjaBurgomaster et al. 2008, Cartoni et al.
2005, Egan et al. 2010, Hellsten et al. 2007,d.ktl al. 2011, Mortensen et al. 2007, Perry et al.
2010, Russell et al. 2005) and chronic enduraraieitlg in human skeletal muscle (~ 6 fold)
(Kuhl et al. 2006, Russell et al. 2003, Short et 2003). Perry and co-workers recently
investigated the time course of changes in varmuadative/mitochondrial protein throughout a
two week high intensity interval training progrdRerry et al. 2010). This study was the first to
show endurance training-induced increases in mitodhal protein content is a result of the
cumulative effects of repeated transient “burstsfiene expression following each exercise bout
(Perry et al. 2010). Importantly, alternative tremstion factors and proteins are also likely to be
essential for co-ordinating exercise-induced ingesan mitochondrial content. For example, the
cAMP response element-binding (CREB) protein cbotes to mitochondrial function by

directly acting on specific mitochondrial geneshyrinducing PGC-d expression (Cao et al.
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2004, Herzig et al. 2001). c-Myc (Scarpulla 2068), yang 1 (YY1) (Cunningham et al. 2007),
mitofusin (Zorzano 2009, Cartoni et al. 2005) arstragen-related receptor (ERR) (Giguére
2008) have also been implicated in the regulatibrmdochondrial biogenesis and function.
Further work in human skeletal muscle is requieeélticidate the role and extent these proteins

may facilitate mitochondrial biogenesis with endw@ exercise.

Studies measuring rates of mitochondrial proteintisssis following endurance exercise are
currently limited but increases in mitochondriabi@in synthesis have been observed in the acute
recovery period following endurance exercise (Dangeal. 2012, Wilkinson et al. 2008). It also
appears there is no additive effect of protein-chykrate ingestion after endurance exercise on
mitochondrial synthesis (Beelen et al. 2011). Wletarge amounts of protein are required (e.g.
>20 - 30 g) to stimulate increases in mitochondpiatein synthesis with endurance exercise is
unclear. Mitochondrial fractional synthesis ratesvén been shown to be elevated with high
compared to low insulin infusion in human skeletalscle (Stump et al. 2003) and a substantial
insulinotrophic response may be required to medieteases in mitochondrial protein synthesis.
Indeed, the capacity of endurance exercise undsrtakthe fasted state to clearly promote acute
mitochondrial protein synthesis is equivocal ang/ m&dlect differences in the time-course of the
adaptation response compared with the myofibrplatein pool (Moore et al. 2009b, Rowlands
et al. 2011). Regardless, adaptations to chrordar@mce training are manifest through increases
in mitochondrial content and oxidative capacity dmire work will undoubtedly ascertain any
capacity for nutrient strategies to enhance exeficiduced mitochondrial protein synthesis.

Muscle Substrate Metabolism

Few studies have investigated substrate utilizatiomesponse to resistance exercise and this
likely relates to the relatively modest metabolastcinherent with short duration, intermittent
contractile activity. Early interest in charactargs metabolic responses to resistance exercise
posited particular metabolites may accumulate utdjnovascular occlusion associated with high-
force muscle contractions, and subsequently mediateanges in muscle protein
synthesis/adaptation responses (Smith and Rutlketf85). Tesch and co-workers first reported

significant reductions in ATP, CP and glycogendwling heavy resistance exercise in strength

54



trained athletes (Tesch et al. 1986). Others hsgeslhhown high-volume resistance exercise can
significantly reduce glycogen (Koopman et al. 2Q0Bascoe et al. 1993, Pascoe and Gladden
1996, Robergs et al. 1991) and intramyocellulaidlippncentrations (Koopman et al. 2006a).
Moreover, these changes appear to be fibre-typafepeith the potential for greatest reductions
in glycogen and intramyocellular lipids in type lbnd type | muscle fibres, respectively
(Koopman et al. 2006a). Dreyer and colleagues Bhoe/n leg glucose uptake is elevated during
an acute bout of resistance exercise (10 x 10xeznsions, 70% 1RM) and post-exercise whole
body glucose oxidation was also reduced and fadatixin increased compared to basal levels
(Dreyer et al. 2008a). This glucose oxidation wesppsed to be mediated, at least in part, by
AMPKa2 phosphorylation of AS160 and the results alsocatdd AMPK may modulate post-
exercise “fuel” selection to increase fat oxidatadter resistance exercise (Dreyer et al. 2008a).
Regardless, it appears heavy resistance exercse l@apacity to alter substrate metabolism

during the post-exercise recovery period.

Howlett and colleagues have determined the effédioth endurance and resistance exercise
modes on AS160-GLUT4 and found reduced AS160 plagidtion immediately after
resistance exercise accompanied by a decreaseditgafim muscle AS160 to bind 14-3-3
proteins while endurance exercise increases A3268 3 binding affinity (Howlett et al. 2008,
Howlett et al. 2007). Selective AS160 mediated GUUAnslocation may therefore be related to
the specificity in 14-3-3 protein binding to AS1@&hly with endurance exercise. Eccentric
resistance exercise has also been shown to dec@dd&4 protein content (~39 - 55%) in
skeletal muscle that has been linked to exercidee@ad immune or muscle damage responses
(Asp et al. 1996, Asp, Kristiansen and Richter 198&istiansen, Asp and Richter 1996,
Kristiansen et al. 1997). However, others have sh@\UT4 protein to increase (~25 - 40%)
following resistance exercise in human skeletal cteu¢Derave et al. 2003, Holten et al. 2004,
Tabata et al. 1999), suggesting GLUT4 responses lmeagontraction and intensity dependent.
Nonetheless, resistance exercise has been shovimpi@ve whole-body insulin sensitivity
(Black, Swan and Alvar 2010, Breen et al. 2011ackgy et al. 1994, Koopman et al. 2005) and
glycemic control (Breen et al. 2011a, Fenicchialet2004) for up to 24 h after cessation of
exercise. This response appears to be volume-depenath higher resistance exercise volumes

necessary to elicit improvements in insulin sevisti
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The prolonged duration typically associated withdwance exercise generates a different
metabolic challenge for skeletal muscle comparedeistance exercise. The oxidation of
carbohydrate and fat is necessary for energy ptaduciuring endurance exercise and their
relative contribution to generating ATP is deperidem factors such as intensity, duration and
individual training status. Endogenous carbohydraie stored primarily as glycogen in skeletal
muscle and liver, and represent less than 5% af &stergy storage (Spriet and Howlett 1999).
Conversely, the majority of available energy isivkt from fat in the form of triacylglycerol

deposits in subcutaneous and deep visceral adijgsee, and also depots of intramyocellular

triacylglycerols within muscle fibres (Hoppeleratt 1985).

The rate of muscle glycogen utilisation is gengrhlghest during the first 30 min of exercise at
intensities greater than ~ 60%0Yeax (van Loon et al. 2001). Insulin sensitivity andigdse
tolerance are enhanced following moderatbigih intensity endurance exercise (Devlin et al.
1987, Mikines et al. 1988, Perseghin et al. 1988).effect that can persist between 2 - 48 h
(Mikines et al. 1988, Devlin et al. 1987, Perseghinal. 1996) . This effect appears to be
mediated by increases in the activity and conté@ldJT4 and the intermediates of the insulin
signalling pathway (Chibalin et al. 2000, Kim et #0999, Luciano et al. 2002). Indeed, increases
in skeletal muscle GLUT4 mRNA and protein have beepeatedly observed following
endurance exercise (Daugaard et al. 2000, Friedshah 1990, Houmard et al. 1995, Houmard
et al. 1993, Kraniou, Cameron-Smith and Hargre@@86, Ren et al. 1994, Terada et al. 2001,
Stuart et al. 2010, Garcia-Roves et al. 2003, Nearid Dohm 1993).

Endurance exercise-mediated adaptations in subsimatabolism result in reduced glucose
utilisation during both moderate (Coggan et al.)%nd intense (Coggan et al. 1995) exercise
which is compensated by a proportional increasdainoxidation. The change in metabolic
substrate utilisation is reflected by a lower resjpry exchange ratio at the same absolute and
relative exercise intensities (Coggan and Williab8895, Hurley et al. 1986, Stisen et al. 2006,
Jeukendrup, Saris and Wagenmakers 1998). Thisrtgainduced adaptation may be attributed to
increased mitochondrial volume and enzymatic agtito increase the capacity to oxidise fatty
acids and subsequently allow a greater reliandatoio fuel oxidative metabolism (Holloszy and
Booth 1976, Hawley 2002). This likely occurs thrbugcreases in activity of enzymes such as
citrate synthasep-hydroxyacyl-CoA dehydrogenase, cytochromeoxidase IV, aspartate

56



aminotransferase and pyruvate dehydrogenase (Gollei al. 1972, Hoppeler et al. 1973,
Talanian et al. 2010).

Endurance exercise also mediates adaptations ty déatd uptake and oxidation. Fatty acid
translocase (FAT/CD36), plasma membrane-assocdiatgdacid binding protein (FABPpm) and
carnitine palmitoyltransferase-1 are implicated fatty acid transport and regulate endurance
training induced adaptations in fatty acid oxidat{d@unstall et al. 2002, Arkinstall et al. 2004,
Bonen et al. 1999, Bonen et al. 2000, Bradley e2@12, Kiens et al. 2004, Roepstorff et al.
2004, Talanian et al. 2010, Kiens et al. 1993, Breical. 2006) (Figure 1.12).

Muscle Cell Membrane

Substrate 7
Transport

: ﬁSubstrate o =
Capillarisation ‘ﬂ Transport ﬁ Capillarisation

(angiogenesis) (angiogenesis)

Figure 1.12Signalling proteins mediating angiogenesis andsate metabolic/ transport adaptations to
chronic resistance and endurance exercise in hwskaletal muscle. Clear arrows denote degree of
adaptation. Adapted from (Mujika 2012).
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Bonen and co-workers reported parallel increaseauacle oxidative capacity and FAT/ CD36
expression following endurance exercise in ratsn@oet al. 1999). Increases in mitochondrial
membrane FAT/CD36 content were also shown followarig cycling at 60% V@eaxin human
skeletal muscle (Holloway et al. 2006). The authmgposed that increased FAT/CD36 content
enhanced the ability to transport fatty acids ith® mitochondria for fatty acid oxidation which
spares intracellular fuel stores with endurancaitrg. In support of this contention, Bradley and
colleagues recently demonstrated increased plasemabrane FAT/CD36 and FABPpm protein
content in human muscle after 2 h cycling at 60%2)Q (Bradley et al. 2012). In contrast, no
studies have reported changes in fatty acid trahgpoteins following resistance exercise in
human skeletal muscle. Increases in rates of &ty oxidation (Dreyer et al. 2008a) and muscle
oxidative capacity (Tang et al. 2006) with resis@rexercise suggest changes in fatty acid
transporter expression might be plausible. Intalyiy the lower metabolic cost associated with
resistance exercise would be unlikely to media@nges in these proteins to the same extent as
endurance exercise. Thus, the alteration in substraetabolism to spare muscle glycogen
through selective increases in fat and decreasearbohydrate oxidation, and upregulation of

fatty acid transporter proteins, appears to beeaiip adaptation response to endurance training.

Muscle Fibre Type

Human skeletal muscle is composed of differentefitypes that have unique contractile and
metabolic characteristics (Yan et al. 2011, Esgéal.e1975). ‘Fast twitch’ or type Il muscle

fibres are activated for short-duration anaerolitvaies and are therefore associated with
adaptations to resistance exercise (Wilson etCdl22 Garnett et al. 1979). Indeed, elite weight
and power lifters have been shown to possess tegtgae 1l fibre area than endurance athletes
(Widrick et al. 2002), ranging from 60 - 80% of abffibres (Fry et al. 2003, Aagaard and
Andersen 1998, Bergh et al. 1978). Type Il fibragensub-categories of type lla that may have
fast contractile characteristics for force generatiut can also have similar oxidative profiles to
type | fibres (Yan et al. 2011, Garnett et al. 97%nhd type llb fibres that are abundant in
glycolytic enzymes but have lower mitochondrial atapillary density (Prince et al. 1981).

Central to the specificity of adaptation with résiece exercise is that type Il fibres have a greate

capacity for exercise-induced hypertrophy (Schddr2800). However, studies investigating the
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capacity for resistance training to induce a sieledype | to Il fibre shift are conflicting and ya
relate to the use of variations in the high velpcontractions and ballistic movements within
different resistance exercise protocols (Wilsoralet2012 ). For instance, 19 weeks of heavy
resistance training was shown to increase typélite percentage without any change in type |
fibores (Adams et al. 1993). In contrast, Paddamedcand co-workers observed a simultaneous
increase in type llb fibres (5.8 — 12.9%) and arelese in type | fibres (53 — 39%) following 10
weeks of fast isokinetic resistance training (Paddiones et al. 2001). The possible mechanisms
that underpin this conversion are beyond the sawpthis review, but may involve certain
neurotrophic factors and hormones, or differenoeseural input (Gundersen 1998, Wilson et al.
2012 ). In any case, adaptation to resistance ieentcludes increases in type Il fibore CSA that
may be observed with or without concomitant recangiin type | percentage.

Several studies have examined the molecular respoims different fibre types following
resistance exercise. Greater p70S6K phosphorylatisrnbeen observed in type Il compared to |
fibres (~ .9 vs. ~ 1.6 fold) following resistanceeecise in human skeletal muscle indicative of
higher rates of translation initiation to suppoypértrophy (Koopman et al. 2006b, Tannerstedt,
Apro and Blomstrand 2009). Verdijk and co-workees/én also reported increases in muscle
fibre hypertrophy in type Il but not type | fibrdsllowing 12 weeks of resistance training
(Verdijk et al. 2009). However, at the protein $\edis level mixed muscle protein synthesis is
similar in type | compared with type 1l muscle #srfollowing an acute bout of resistance-based
exercise (Koopman et al. 2011). Whether the abseheefibre specific response early in the
post-exercise period is sustained with chronicning is unclear but the authors postulated
several mechanisms to explain the disparity in sigihalling and protein synthesis responses in
type Il fibres following an acute bout of resistarexercise. Firstly, the authors suggested AMPK
activity may be higher in type Il fibres duringhef resistance exercise and thus attenuate the
protein synthesis response in these fibres follgwaxercise. (Koopman et al. 2006a). The
similarity in response between fibre types may atdate to the fed state of the participants prior
to undertaking resistance exercise, or the rededin that free phenylalanine concentrations are
comparable between type | and Il muscle fibres rpta exercise and during post-exercise
recovery (Blomstrand and Essén-Gustavsson 2009).
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Raue and colleagues recently reported divergentveeba type | and Il fibres when evaluating
the response of the transcriptome to resistanceciege (Raue et al. 2012). This work indicates
that type Il muscle fibres are responsive to resst exercise and that ~ 97% of the
transcriptome activity occurring in type Il fibress greater than that observed in mixed muscle
samples (Raue et al. 2012). Given the technicétdifies of isolating and analysing a range of
molecular responses in single fibres, a challehgedonfronts exercise physiologists is finding a
clearer resolution of fibre specific molecular respes with exercisen vivo human muscle.
Nonetheless, fibre type transformation and fibrecHjr responses represent important factors for
resistance training adaptation and subsequentasesein muscle strength and power in human

skeletal muscle.

Endurance-based exercise is reliant on a significantribution from type | ‘slow-twitch’ fibres
due to their oxidative capacity (Prince et al. 1)98hd slow force generation but with low
susceptibility to fatigue (Witzmann, Kim and Fiit882, Essén et al. 1975, Garnett et al. 1979).
Type | muscle fibres have greater mitochondria, ghylein, oxidative enzymes and capillary-
fibre ratio compared with type Il fibres (Princeatt 1981, Sullivan and Pittman 1987). Insulin-
stimulated glucose transport is also greater i tiyfibres promoting enhanced glucose uptake
and metabolism (Daugaard et al. 2000, Henrikseal. €990, Song et al. 1999). Several studies
have investigated the contribution of type | film@mposition to the endurance phenotype and
shown elite long and middle distance runners passiesv twitch fibre percentages between 60 -
95% (Aagaard and Andersen 1998, Bergh et al. 1Gd8iill et al. 1976, Coyle 2005, Fry et al.
2003, Saltin et al. 1977, Schantz and Dhoot 198hngon et al. 1973). Moreover, there is
generally some correlation between type | fibre position and W.eak Or performance in

endurance events (Bergh et al. 1978, Foster #0@B).

Controversy exists with regard to the capacity dadurance training to mediate a type Il to |
fibre transformation. While some studies fail tgpgart such a contention (Gollnick et al. 1973,
McGuigan et al. 2002), others indicate increasesyjre | muscle fibre percentage following
endurance exercise such as long distance runnish@\aiing are plausible (Howald et al. 1985,
Jansson, Sjodin and Tesch 1978). However, while shady to date has confirmed a
transformation of type Il to type | fibres with amdnce exercise in human skeletal muscle it does

result in greater oxidative characteristics in tyjpfibres (Yan et al. 2011).

60



Fibre-type specific signalling mechanisms implicttte calcineurin-NFAT signalling pathway
and the transcriptional co-activator PG&4h mediating fibre type transformations in respgons
to endurance training (Yan et al. 2011). Studiesodents show lower percentages of type |
fibores when calcinuerin-NFAT signalling is inhikitgMcCullagh et al. 2004, Miyazaki et al.
2004, Serrano et al. 2001) but increases in tyffiEds is seen in transgenic mice overexpressing
calcineurin in skeletal muscle (Naya et al. 2009dd® et al. 2003). Increases in PG&grotein
following endurance exercise have also led to tbetemtion PGC-4 may be a key factor
controlling development of type I fibres and andative phenotype (Russell et al. 2003). Indeed,
skeletal muscle-specific overexpression of PGGrLmice has promoted a type Il to | fibre shift
that was also associated with an enhanced oxidpheaotype and expression of mitochondrial
markers, and improved endurance capacity (Cahab. €008, Lin et al. 2002). However, studies
demonstrating activation of the calcineurin-NFATdaRGC-b. related pathways potentially

contributing to fibre type transformatiam vivo human skeletal muscle are lacking.

Experiments in human skeletal muscle have demdadtGC-& content is higher in type lla
compared to type | fibres following 6 weeks of erahce training (Russell et al. 2003). This
finding was unexpected considering type | fibregehthe greatest mitochondrial content and thus
would be predicted to have the highest PGCldvels. However, the authors proposed this
greater PGC-d content in type lla fibres to be part of a mechkanthat increases mitochondrial
biogenesis and subsequently mediates a potentimhste an oxidative phenotype (Russell et al.
2003). Nonetheless, increases in mitochondrial iden$ various magnitude has been shown in

all fibre types following 6 weeks of endurancertiag (Howald et al. 1985).

Whether adaptation responses to chronic enduraaiceny involve a type | fibre shift in human
skeletal muscle requires further investigation. l@nges to establishing the endurance training
adaptation include the potential fibre type trdnsg may require years rather than weeks or
months, and may be dependent on training/activistoty and individual genotype. Such
knowledge would undoubtedly uncover important infation central to adaptation processes

induced by endurance exercise.
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1.7 Concurrent Training

Many sports require various combinations of strefpgiwer and endurance for successful
performance. Studies examining the specificityrafning adaptation have typically employed
three exercise groups: resistance training onlglugance training only, and combined resistance
and endurance training (concurrent training). Ushig approach Hickson was first to determine
adaptation responses to a combination of heavgteesgie and high-intensity endurance training
compared with either training regime undertakersatation (Hickson 1980). After 10 weeks of
training the concurrent training group achievedilgsimncreases in VQeak (~ 20%) compared
with the endurance only group while changes inngfife were similar to resistance only during
the initial 8 weeks but were attenuated duringl#ést two weeks of training (Hickson 1980).
The results indicate endurance training inhibitsiierferes’ with the development of strength
within a concurrent paradigm when compared witining in isolation but resistance exercise
does not appear to have a negative effect on aeoalpacity. Additional studies have generally
confirmed that concurrent training relative to sémnce training alone attenuates adaptation for
hypertrophy, strength and power (Dolezal and Ryetell998, Hakkinen et al. 2003, Hickson
1980, Kraemer et al. 1995, Bell et al. 2000, HunEBemment and Miller 1987, Dudley and
Djamil 1985). However, there are studies reportitite or no decrements in strength with
combined resistance and endurance training (Bataleh al. 2003, McCarthy et al. 1995,
McCarthy, Pozniak and Agre 2002, Sillanpaé et @08 Sillanpéa et al. 2009, Glowacki et al.
2004 , Lundberg et al. 2013) (Table 1.2). This digg may result from a number of variables
that differ between studies including the modequency, duration and intensity of training,
training history of participants and time betweenining sessions (Leveritt et al. 1999).
Nonetheless, meta-analysis of literature compathng adaptation response with concurrent
training versus training in isolation has shown wadce training has a detrimental effect on

hypertrophy and strength (Wilson et al. 2012).

Several potential mechanisms have been proposexkplain the ‘interference’ phenomenon
during concurrent training. Craig and colleaguesppsed ‘acute’ residual fatigue from
endurance bouts compromises the muscle’s abilitydéwelop tension during subsequent
resistance exercise which culminates in reduceshgth development (Craig et al. 1991). Greater

increases in strength have been observed when rentiraining was performed on alternate
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days rather than on the same day, indicating greatevery time and lower residual fatigue may
enhance strength gains (Sale et al. 1990a). Tlenohaesive summation of ‘end state’ measures
such as one repetition maximum lead researchemsvastigate muscle morphology and fibre
type. Concurrent training studies that quantifiedisote fibre type transitions report little

difference between concurrent and strength onipitrg groups (Kraemer et al. 1995, Nelson et
al. 1990, Sale et al. 1990b). More recently, meidmas governing adaptation responses to
concurrent training have begun to be elucidateenoitith a focus on comparisons of molecular

responses to the divergent contractile activibhweibhdurance and resistance exercise.

Adaptation Responses to Concurrent Training

The logical implication with concurrent trainingtisat undertaking divergent contractile activity
may result in adaptation interference because @fctioss-talk inhibition of distinct molecular
pathways or specificity of adaptive machinery, data in humans is limited. Atherton and co-
workers first proposed the role of an ‘AMPK-Akt $eh’ in the specificity of training response
when they observed selective activation of Akt-mTFEPRS6K or AMPK-PGC-d signalling
pathways following resistance- compared with endcedike electrical stimulation, respectively
(Atherton et al. 2005). A modest number of studhage investigated the molecular responses of
combined resistance and endurance exercise in hgk®atal muscle. Wang and co-workers
recently investigated anabolic and mitochondriab@dtion responses to an acute bout of
endurance exercise undertaken in isolation orviahb by a subsequent resistance exercise bout
(Wang et al. 2011). The results showed successigeirance and resistance exercise bouts
enhanced the expression of genes implicated in chmtodrial biogenesis and increased

phosphorylation levels of signalling proteins reging translation initiation (Wang et al. 2011).

While the results indicate concurrent endurance eggistance exercise may augment the
exercise-induced stimulation of putative mediatafranitochondrial biogenesis, a single exercise
order for the concurrent training session was wsiigout comparison to the alternate exercise
order. Coffey and co-workers examined the acuteeoubr responses and the effect of exercise
order following consecutive resistance and endwasercise (Coffey et al. 2009b). Using a

cross-over design subjects completed two experamhénmdls comprising a resistance exercise (8
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x 5 |leg extensions, ~ 80% 1RM) followed by an endoeaexercise bout (30 min cycling, ~ 70%
VO2yea, and on another occasion the reverse order. Tithowes reported comparable
phosphorylation responses in signalling markeisasfslation initiation during the acute recovery

phase regardless of exercise order/ contractioren(@dffey et al. 2009b).
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Table 1.2 Summary of adaptation responses in young, healtijects to chronic resistance, endurance anduoc@mt training in

human skeletal muscle.

Resistance Exercise Endurance Exercise Concurrekixercise
Muscle Hypertrophy
Myofibrillar Protein Synthesis 0 “ ?
Muscle Cross Sectional Area ™1 > ™"
Muscle Strength m 7 )
Muscle Power "M — ™
Oxidative Capacity
Mitochondrial Biogenesis “ "M ?
VO2peak < m m
Muscle Angiogenesis 0 ™M1 ?

Arrows denotes the degree to which an adaptatigporese may be generated; No change; ?, Unknown; 1, Small effect;

11 Moderate effect; 111, Large effect.
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Resistance Exercise Endurance Exercise Concurrentxercise

Substrate Metabolism

Carbohydrate Transport 1 ”mr ?

Fat Transport ? (N ?

Muscle Glycogen ? ™ ?

Muscle Fibre Type

Type | Fibre 1 " -

Type lla Fibre ™ 0 -

Type lIb Fibre ™ PN o

Arrows denotes the degree to which an adaptatigporese may be generated; No change; ?, Unknown; 1, Small effect;

11 Moderate effect; 111, Large effect.
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Conversely, mRNA responses of select anabolic, moétaand catabolic markers showed a
propensity for exercise order to influence the &alagn profile with consecutive exercise bouts
resulting in attenuation in muscle anabolic mRNApression when endurance exercise was
undertaken before resistance exercise, while trgoten of markers of inflammation and
degradation were exacerbated when endurance exaveis undertaken after resistance exercise
(Coffey et al. 2009b).

A key variable consistent in the studies of Wand em+workers and Coffey and colleagues was
a 15 min recovery time between the consecutivecesesbouts. The authors suggest they chose
this recovery period to replicate ‘real world’ tmaig practices used by some elite athletes
(Coffey et al. 2009b) although no studies havectliyenvestigated the effect of recovery time
between exercise sessions which would undoubtediyience the adaptation response to
concurrent training. Lundberg and colleagues coegamolecular responses to resistance
exercise compared to a resistance exercise bdowkd by an aerobic exercise bout performed 6
h later (Lundberg et al. 2012). Their results shibve®ncurrent training induced a greater
phosphorylation of anabolic signalling proteins aughpressed myostatin expression for longer
compared to resistance exercise alone. Thus, thedegs indicate a greater magnitude of
translation initiation signalling when aerobic amsistance exercise bouts are combined on the
same day. Whether this response can be maintaiitecchronic concurrent training remains to

be determined.

A limitation in our current understanding of theagthtion response to concurrent training is the
lack of data on muscle protein synthesis. Furtheemooncurrent training studies have been
almost exclusively conducted in the fasted stéderefore the impact of nutrient status/ingestion
on adaptation responses is also unknown. Tiptoncandorkers were the first to report changes
in muscle protein synthesis in a concurrent trgimpparadigm following combined swimming and
resistance exercise (Tipton et al. 1996). Ratenignéd muscle protein synthesis were unchanged
when swimming or resistance exercise was undertadene, however when undertaken
concurrently mixed muscle protein synthesis wasea®ed above resting levels (Tipton et al.
1996). This stimulatory effect on muscle proteimtigsis with concurrent training may be
explained by the increased volume of total workfgrened but does indicate, when combined,
divergent exercise modes are capable of inducingcate anabolic response in the fasted state.
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Donges and colleagues recently compared post-eeerates of myofibrillar and mitochondrial
synthesis after acute bouts of resistance, aesotlcconcurrent exercise with 20 g whey protein
ingested immediately post-exercise (Donges etGll2P Despite the concurrent training group
undertaking half the resistance exercise only velurates of myofibrillar protein synthesis were
similar. Similarly, rates of mitochondrial proteisynthesis were comparable between the
concurrent training and aerobic exercise groupsnewdh the concurrent training bout
incorporating 50% of work compared with cycling rido(Donges et al. 2012). These results
indicate an acute bout of concurrent training has tapacity to promote myofibrillar and

mitochondrial adaptation comparable with single megercise in untrained/sedentary subjects.

Molecular Bases of the ‘Interference’ Paradigm?

Determining the molecular mechanisms governing aatme “interference effect” with
concurrent resistance and endurance training hasrsproved futile. It is plausible that the
capacity to quantify the key proponents of the Bp#y of training adaptation is too restrictive
and/or signalling proteins and pathways other ttimse currently identified may underpin the
attenuation of hypertrophy. Nonetheless, there saeeral potential mechanisms that may
regulate adaptation responses with concurrentiigain human skeletal muscle and may explain,
at least in part, adaptation interference.

Glycogen Availability

Manipulating muscle glycogen concentration to comoeeendurance-based exercise in a low
glycogen state has been shown to increase thatmstiof several oxidative/metabolic proteins
in skeletal muscle that promote endurance adaptétiansen et al. 2005, Yeo et al. 2010, Yeo et
al. 2008, Hulston et al. 2010, Morton et al. 2009w alterations in glycogen availability might
impact adaptations to concurrent training is unkmokow or ‘sub-optimal’ glycogen availability
with limited recovery between training sessionsimyrconcurrent training may diminish the
muscle anabolic adaptation response due to anaigeri@ metabolic stress. Creer and co-workers
showed low muscle glycogen concentration impdiesAkt phosphorylation response during the

early recovery period following an acute bout fiseance exercise undertaken in the fasted state
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(Creer et al. 2005). Furthermore, endurance exercsnmenced with low muscle glycogen
concentration exacerbates net muscle protein bozakés a result of a concomitant increase in
protein degradation and decrease in protein syistifelowarth et al. 2010). These results infer
sub-optimal glycogen availability attenuates anabdlypertrophy related training adaptations.
Should concurrent training be undertaken with ladirecovery between sessions and prevent
adequate resynthesis of muscle glycogen an inesrder effect may ensue. Coffey and co-
workers measured glycogen concentration when aegist exercise was undertaken before or
after endurance exercise (Coffey et al. 2009b).|8bwerall glycogen concentration after each
concurrent session was comparable, when resistexeeise was performed after endurance
exercise, it was undertaken with significantly lowglycogen availability. Nonetheless, the
phosphorylation status of translation signallingtpins during the 3 h recovery period were
similar regardless of exercise order (Coffey e2809b). Whether the acute anabolic signalling
response is predictive of protein synthesis inraifitlow state” or whether a potential negative
effect on muscle mass occurs with repeated trainskessions during chronic concurrent training
iIs unclear. Moreover, nutrient ingestion duringongry when resistance training with sub-
optimal glycogen concentrations may have the patetat ‘rescue’ the anabolic environment but

this has not been determined.

AMPK-mTORCL1 Signalling

The past decade has established mTORC1 as aniakssgulator in the adaptation response to
exercise and also mediates important regulatonyssite the anabolic response to nutrients and
insulin/IGF (Rivas, Lessard and Coffey 2009, Zoetwal. 2011). However, the energy-sensing
AMPK has emerged as an antagonistic factor witremigdl to modulate mTORC1 activity.
Specifically, AMPK can suppress mTORC1 signalling directly phosphorylating TSC1/2,
MTOR and raptor (Gwinn et al. 2008, Inoki et al02p Previous studies have implicated this
metabolic cross-talk in regulation of skeletal mesadaptation responses to exercise. For
instance, AMPK phosphorylation/activation in resp@io mechanical overload-induced skeletal
muscle growth has been correlated with an attemuati mTOR-mediated signalling (Aguilar et
al. 2007, Bolster et al. 2002, Thomson and Gord6052 Thomson and Gordon 2006).
Alternately, decreases in mTOR signalling and naugototein synthesis during resistance
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exercise have been associated with an increas®&liPkAactivity (Dreyer et al. 2006). However,
a muscle-specific knock-out of LKB1, the primarystneam kinase for AMPK, has failed to
induce an increase in muscle cell size (Sakamot. &005) and McGee and co-workers have
shown skeletal muscle hypertrophy following chromiechanical overload may be promoted by
theal isoform of AMPK (McGee et al. 2008). This is igraement with recent findings that the
AMPKal catalytic isoform plays an important role in tiegulation of skeletal muscle growth
(Mounier et al. 2009).

It is well established that increases in celluldiATP ratio activate AMPK, causing ATP-
consuming anabolic processes such as protein sygthad cell growth to be “switched off”
(Hardie et al. 2012, Inoki et al. 2003). Moreovewltiple studies have reported increases in
AMPK phosphorylation and activity during enduramcercise in human skeletal muscle (Coffey
et al. 2005, Fujii et al. 2000, Mascher et al. 20%fephens et al. 2002, Wang et al. 2011,
Wilkinson et al. 2008, Wojtaszewski et al. 2003, jisszewski et al. 2000, Yu et al. 2003). Thus,
increases in AMPK activity with endurance exercg® its putative negative regulation of
MTORC1-mediated signalling represent a possible ham@sm to explain reduced muscle
hypertrophy and strength gains with concurrentstasce and endurance training. The AMPK
complex also has a glycogen binding domain anceéns plausible alterations in glycogen
availability with endurance exercise may have thpacity to negatively regulate mTORC1
activation (Bolster et al. 2002, Gwinn et al. 2008his putative negative AMPK-mediated
regulation of mTOR signalling may also interferehwmolecular cues involved in satellite cell
activation/ proliferation (Hardie 2005, WilliamsdBuytler and Alway 2009).

Notably, studies investigating post-exercise AMPK®R signalling in human skeletal muscle
with different exercise modes fail to support AMR#ibition of mMTOR phosphorylation and
show no evidence for reciprocity in cross-talkwesn proteins/pathways (Benziane et al. 2008,
Coffey et al. 2009b, Coffey et al. 2005, Dreyerakt2006, Mascher et al. 2011, Wang et al.
2011). Indeed, concomitant increases in mTOR digigahnd/ or muscle protein synthesis with
AMPK phosphorylation/activation have been observyeliowing endurance, resistance and
concurrent exercise (Coffey et al. 2009b, Wangl.e2@lL1, Benziane et al. 2008, Dreyer et al.
2006, Mascher et al. 2011). Considering AMPK at¢ibramay be regulated by exercise intensity
(Chen et al. 2003, Fujii et al. 2000, Wojtaszewetkal. 2000), it is possible the exercise sessions
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employed in these studies were inadequate to gignify disrupt cell energy status to a level
required to observe a regulatory effect of AMPKmRORC1 signalling responses. If any causal
relationship of AMPK inhibition on mTOR signallingxists following concurrent training,
considering the anabolic effects of amino acidsniascle, the ingestion of protein following

exercise may represent a strategy to reduce thesmpal negative regulation of muscle mass.

Satellite Cell Activation

The majority of studies investigating the effecterercise on satellite cells have been confined
to resistance exercise with limited data reportgagellite cell content following concurrent
training. Verney and co-workers have investigataiglste cell responses to concurrent training
in the human skeletal muscle of elderly subjectenehupper body resistance and lower body
endurance exercise was undertaken in a singleoseg3itimes/week). They show 14 weeks of
training increased satellite cell content in reg®ono both endurance (vastus lateralis) and
resistance exercise (deltoid) by ~ 38% and thieegme was selectively observed in type Il fibres
(Verney et al. 2008). Acute satellite cell resp@nsere recently examined following a single
bout of concurrent training and showed a modestase in satellite cell number during the (9 h
overnight) post-exercise recovery period (Snijdgral. 2012). However, in contrast to previous
findings no differences in satellite cell activatiavere observed between type | and Il muscle
fibres. This is likely explained by the time-courskanalysis (9 h) but may also relate to the
elderly status of the subject cohort. While thesglies show concurrent training may increase
satellite cell content in human skeletal musclas ihot known how this response compares to
each exercise mode undertaken in isolation. Babaadkcolleagues determined the satellite cell
response to an acute resistance, endurance orroanictraining bout and quantified the satellite
cell contribution to changes in muscle fibre cheeastics with concurrent training. Interestingly,
increases in satellite cell content with resistagxercise in isolation were ablated following the
concurrent training bout, an effect that was evidemixed, type | and type Il fibres (Babcock et
al. 2012). The mechanisms orchestrating this asom in satellite cell response with concurrent
training are unknown but the authors suggest mathbeaesult of differences in the hormonal
milieu or AMPK activation generated with additiohan endurance exercise stimulus (Babcock

et al. 2012). Whether these differences in theeasatellite cell response continue with chronic
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concurrent training and attenuate hypertrophy i&nown. Nonetheless, this novel finding
indicates combined resistance and endurance egar@ay ‘interfere’ with, and inhibit, addition
of myonuclei required for muscle fibre hypertrophy.

Summary

Adaptation responses and performance outcomesvioljpconcurrent training suggest a reduced
capacity for the optimal development of hypertraplyrength compared with single-mode
resistance exercise, but little attenuation of eadce adaptation. Debate exists regarding the
potential mechanisms governing attenuated hypdryropith concurrent training and may
involve alterations in muscle glycogen availabjliMPK-mTORCL1 crosstalk and satellite cell
activation. Nonetheless, recent studies employiogtea measurements of molecular markers
regulating muscle anabolism indicate concurreninitng may be as effective at stimulating
adaptation responses as single mode resistanosyaat least in the short-term, (Donges et al.
2012, Lundberg et al. 2012, Wang et al. 2011) besé¢ findings remain equivocal (Coffey et al.
2009a, Coffey et al. 2009b). Interestingly, nadgta to date have compared the effect of protein
ingestion with a placebo treatment on muscle pmotgynthesis with concurrent training.
Therefore, issues pertaining to the time-course aforinterference effect or a specificity of
training adaptation and whether protein ingesti@s the capacity to enhance or inhibit the

adaptation response remain unclear.
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1.8 Aims of the Thesis

The adaptive responses to exercise in human sketeiscle are highly specific to the type of
contractile activity performed. Indeed, resistati@@ning stimulates increases in myofibrillar
protein synthesis and promotes muscle hypertroptd/ strength, while endurance exercise
induces increases in mitochondrial content thatedredincreases in aerobic capacity. Further,
these adaptive processes are enhanced by nutpirtei(/carbohydrate) ingestion/availability
during the early recovery period. Many cell sigmgl pathways in human skeletal muscle are
exercise and nutrient responsive and have beencagd in the adaptation response in human
skeletal muscle. However, there is limited knowkedggarding the activation of the signalling
machinery to divergent exercise modes performedsatation or consecutively, and their
contribution to the specificity of training adaptet in skeletal muscle. Whether these adaptation
responses are influenced by altered substrateahildy is also unknown. Accordingly, the
primary aim of the investigations undertaken fas tthesis was to determine the mechanistic

underpinning of the specificity of acute exercisdticed adaptation responses.

The aim of the first study (Chapter 2) was to inigede the early (60 min) time course of Akt-

mediated cell signalling after resistance and esmalte exercise and to provide new information
regarding the optimal timing for post-exercise nieidsopsy sampling. The hypothesis tested
was that the divergent exercise modes would gemditierences in the timing and/ or magnitude
of signalling events in accordance with the respeatontractile stimulus. Thus, the prolonged,
moderate-intensity contraction, and greater glyoadgpletion associated with endurance cycling
would initiate early Akt-mediated signalling for uglose uptake and glycogen resynthesis
compared with the activation of markers for tratigka initiation associated with protein

synthesis following resistance exercise.

In the second experimental chapter (Chapter 3);ogign concentration was manipulated to
determine the effect of initiating resistance edgravith sub-optimal glycogen concentration on
acute anabolic responses (i.e.: cell signallingragdfibrillar protein synthesis) in the fasted stat
or with protein/ carbohydrate supplementation. @ersng muscle protein synthesis is an
energy-requiring process, the hypothesis tested thvats low muscle glycogen concentration

(compared to normal) would suppress the muscleddicalesponse to resistance exercise but that
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nutrient provision in the early recovery period Wbrestore muscle anabolism to a state that may

promote hypertrophy.

Finally, the third study (Chapter 4) examined thata effects of protein ingestion compared with
placebo on myofibrillar and mitochondrial proteignthesis following a bout of consecutive

resistance exercise and cycling. The hypothesiedes this study was that protein ingestion
would enhance anabolic and metabolic signalling sumolsequent protein synthesis during the

early recovery period following the concurrent exss bout.
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Chapter Two

Early Time Course of Akt Phosphorylation after Enduance and Resistance

Exercise

Adapted from: Camera, D.M., Edge, J., Short, Mdawley, J.A., Coffey, V.G. (201Medicine
in Sports and Sports and Exercid@;1843-52
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2.1 Introduction

Mechanotransduction is an intricate series of essémat converts contraction-mediated stimuli
into biological responses in skeletal muscle (Coféexd Hawley 2007b). In this regard, cell
signalling networks are a complex yet integral pafrtthe adaptation process responding to
numerous inputs and generating a multiplicity ofpois resulting in altered biological function
(Coffey and Hawley 2007b). Contractile activity asisted with exercise training represents a
stimulus capable of inducing transient alterationsell signal transduction and metabolism that,
when repeated over time, acts to promote the seteattainment of specific biochemical and
morphological adaptations in skeletal muscle (Gofed Hawley 2007b). Specifically, high-
intensity, short-duration contraction promotes nsbypertrophy and strength, whereas
prolonged, low-intensity contractile activity issasiated with increased mitochondrial density
and enhanced resistance to fatigue (Coffey and ¢a2007b). Many signalling pathways are
exercise responsive and have been implicated iptamian in human skeletal muscle. Indeed,
signalling mechanisms in muscle are modulated with onset of contraction and during the
initial minutes or hours after cessation of exexd€offey et al. 2009a, Coffey et al. 2009b,
Coffey et al. 2005, Mascher et al. 2007, Rose .e2@09b). However, the current understanding
of the various signalling responses and interastitthat may be involved in orchestrating
exercise-induced adaptation is far from completw. é&xample, the insulin—insulin-like growth
factor (IGF) signalling pathway has been implicaitedegulating exercise-induced adaptation in
skeletal muscle given its putative capacity to dirdiverse cell processes such as glucose
transport, glycogen resynthesis, hypertrophy, tetiosi, and ubiquitin-mediated protein
degradation (Coffey and Hawley 2007b). An import@aagl point in the insulin—IGF pathway is
the serine-threonine kinase Akt (also known asegmmokinase B/PKB), which is proposed to
regulate many cell signalling responses and adaptanachinery stimulated by vigorous
exercise (Coffey and Hawley 2007b). Previous ingasibns examining Akt-mediated signalling
in skeletal muscle after exercise have shown digpaesponses (Benziane et al. 2008, Coffey et
al. 2005, Deldicque et al. 2008, Mascher et al.720p0ssibly reflecting differences in research
design such as exercise mode, intensity, and/@tidar Regardless, the apparent lack of clarity
makes it difficult to ascertain the precise role Aift-mediated signalling in promoting or
inhibiting activity of important exercise-induced enohanisms that may contribute to the

specificity of training adaptation in skeletal migscAccordingly, the primary aim of the present
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study was to determine the early time course okphorylation for cell signalling proteins after
resistance and endurance exercise and to providaniermation regarding the optimal timing
for post-exercise muscle biopsy sampling. It wapdtlyesised that the prolonged, moderate-
intensity contraction, and greater glycogen depietssociated with endurance cycling would
initiate early Akt-mediated signalling for glucogptake compared with the anabolic Akt-mTOR-
S6K phosphorylation response to resistance exerosaurring later for translation and
subsequent protein synthesis. Thus, the divergascise modes would generate a disparity in

the timing and/or magnitude of phosphorylation ésém human skeletal muscle.

2.2 Methods

Overview

Sixteen healthy male subjects with a training mmstm recreational fithess or team sports
volunteered for this study. Subjects were randoaslyigned to either a cycling (n = 8; mean *
SE: age = 29.0 £ 2.3 yr, body mass = 77.1 + 5.20kgk oxygen uptake (peay = 54.3 = 1.3
mL-kg* min?) or a resistance (n = 8; mean + SE: age = 28.6%r] body mass = 81.8 + 5.6 kg,
one-repetition maximum (1RM) leg extension = 128.00.4 kg) exercise group. The diverse
exercise modes used in the present study wouldbected to generate a significant disparity in
total work (cycling ~660 kJ vs. resistance exerci$¢80 kJ) (Bloomer 2005). In addition, the
study was restricted to between-group comparisecause of the prohibitive number of muscle
biopsies (i.e. 10) with a cross-over design. Theeexental procedures and the possible risks
associated with the study were explained to eabjesty who all gave written informed consent
before participation. The study was approved byHoenan Research Ethics Committee of the
RMIT University (Melbourne, Australia) and the MagsUniversity (Palmerston North, New
Zealand).

Study Design
Preliminary testing

VOzpeak. VO2peakWas determined during an incremental test to iooidtl fatigue on a Lode cycle
ergometer (Groningen, The Netherlands). The prétbas been described in detail previously
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(Hawley and Noakes 1992). In brief, subjects conurdrtycling at a workload equivalent to 1.5
W-kg? for 150 s. Thereafter, the workload was increase@5 W every 150 s until volitional
fatigue, defined as the inability to maintain a exack > 70 rpm. Throughout the test, which
typically lasted 10 — 12 min, subjects breathedufjh a mouthpiece attached to a metabolic cart

(Vista TurboFit; VacuMed, Ventura, CA) to recordygen consumption.

Maximal Strength. Quadriceps strength was detexchaturing a series of single repetitions on a
standard pulley leg extension machine (Fitness Wodkuckland, New Zealand) until the
maximum load lifted was established (1RM). Repatisi were separated by a 3-min recovery and
were used to establish the maximum load or weigdit ¢could be moved through the full range of
motion once, but not a second time. Exercise rarigaotion was 85°, with leg extension end

point set at -5° from full extension.

Diet and Exercise Controls. Before both experiraketrtals (described subsequently), subjects
were instructed to refrain from alcohol consumptiand vigorous physical activity for a
minimum of 48 h. Subjects were provided with staddaed prepacked meals that consisted of 3
g of carbohydrate per kilogram of body mass, 0d% grotein per kilogram of body mass, and 0.3
g of fat per kilogram of body mass consumed asfithed caloric intake the evening before

reporting for an experimental trial.

Experimental Trials. On the morning of an expentaétrial, subjects reported to the laboratory
after an approximately 10-h overnight fast. Aftelbjects rested in the supine position for
approximately 15 min, local anaesthesia (2 — 3 niL2% Xylocaine (lignocaine)) was

administered to the skin, subcutaneous tissuefasuila of the vastus lateralis muscle (~ 15 cm
above the patella) in preparation for the seriemuo$cle biopsies. A resting (basal) biopsy was
taken using a 5-mm Bergstrom needle modified withtien, and approximately 150 mg of

muscle was removed, blotted to remove excess blatljmmediately frozen in liquid nitrogen.

Four additional incisions were made in preparation subsequent post-exercise biopsies.
Subjects then completed a bout of either cyclingresistance exercise (described in detail
subsequently), and a second biopsy was taken inatedgiafter the cessation of exercise.
Subjects then rested in the supine position fom@®, and further biopsies were taken after 15,
30, and 60 min post-exercise recovery. Muscle léspsere taken from a separate site (distal to

proximal) from the same leg. Samples were store8Q2C until subsequent analysis. In addition,
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a catheter was inserted into the antecubital va@irbfood sampling, and blood samples (~2 mL)

were taken at equivalent time points with musctgbies.

Cycling Exercise. Subjects performed 60 min oftoamous cycling at a power output that
elicited approximately 70% of individual Odpeak Subjects were fan cooled and allowed ad
libitum access to water throughout the ride. Vidgaldback for pedal frequency, power output,

and elapsed time was provided to subjects.

Resistance Exercise. After a standardized warnitup 5 repetition at 50% and 60% 1RM),

subjects performed eight sets of five repetiticets éxtension at approximately 80% 1RM. Each
set was separated by a 3-min recovery period duvingh the subject remained seated on the leg
extension machine. Contractions were performedsat anetronome cadence, and strong verbal

encouragement was provided during each set.
Analytical Procedures

Blood Glucose, Lactate, and Insulin. Whole bloothgkes were collected in EDTA-containing
tubes and immediately analysed for glucose andatactoncentration using an automated
glucose/lactate analyser (YSI 2300, Yellow Sprir@sl). Blood samples were then centrifuged
at 1000g (4°C) for 15 min, and aliquots of plasnexrenstored at -80°C until analysis. Plasma
insulin concentration was determined using an imomageay (EIA) kit (ALPCO Diagnostics,
Salem, NH).

Muscle glycogen. A small piece of frozen muscle2(~mg) was freeze dried and powdered to
determine muscle glycogen concentration. Freezsgdriuscle was extracted with 500 pL of 2
M hydrochloric acid, incubated at 100°C for 2 hd dhen neutralised with 1.5 mL of 0.67 M

sodium hydroxide for subsequent determination pé@yien concentration via enzymatic analysis
with fluorometric detection (Jasco FP-750 speat@ibmeter, Easton, MD) at excitation 365
nm/emission 455 nm. Glycogen concentration was esgmd as millimoles of glycogen per

kilogram of dry weight.

Western Blots. Muscle samples were homogenizedeitold buffer (1:8 mg muscle:mL buffer)
containing 50 mM of Tris—=HCI, pH 7.5, 1 mM of EDTA, mM of EGTA, 10% glycerol, 1%
Triton X-100, 50 mM of NaF, 5 mM of sodium pyroppbsite, 1 mM of DTT, 10 pg-mLof
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trypsin inhibitor, 2 pug-mt of aprotinin, 1 mM of benzamidine, and 1 mM PMS$ing a
motorized pellet pestle (Sigma-Aldrich, St. LouisQ) with 5-s pulses. The lysate was kept on
ice at all times and was then centrifuged at 1j0fa®@ 20 min at 4°C. The supernatant was
transferred to a sterile tube and was subsequelifyioted for determination of protein
concentration using a BCA protein assay (PiercekRuod, IL). Lysate was then resuspended in
Laemmli sample buffer, with 50 Kg of protein loadead separated by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis and transfertedpolyvinylidene fluoride membranes
blocked with 5% non-fat milk, washed with 10 mM Tfis—HCI, 100 mM of NaCl, and 0.02%
Tween 20, and incubated with primary antibody (D)0overnight at 4°C. Membranes were
incubated with secondary antibody (1:2000), andtegmms were detected via enhanced
chemiluminescence (Amersham Biosciences, Buckinghasy UK; Pierce Biotechnology,
Rockford, IL) and quantified by densitometry. AHraple time points for each subject were run
on the same gel, and data are expressed relativeéutoulin. Polyclonal anti-phospho- AK{*"
(cat no.9271), anti-phospho-mT&®**® (2971), anti-phospho-glycogen synthase {&%Y}
(3891), antiphospho- 4E-BPY’® (9455), and anti-phospho-Ser/Thr Akt substratel{96and
monoclonal  anti-phospho-AK*%®  (4056), anti-phospho-tuberin  (TSC%§*? (3617),
antiphospho- GSK{8*®° (9323), and anti-phospho-4E-BB%"¢ (2855) were from Cell
Signalling Technology (Danvers, MA). Polyclonal igolospho-elF2B>*™%* (44-530G) was
from Biosource (Carlsbad, CA), and p70SBR® (04-392) was from Millipore (Temecula, CA).
Anti-phospho- AMPK."""? was raised against AMPK-peptide (KDGEFLRpTSCGAPNY) as
described previously (Clark et al. 2004). Monoclaaati-o tubulin control protein antibody was
from Sigma-Aldrich (T6074).

Statistical Analysis

All data were analysed by two-way ANOVA (two factdime x exercise) with Student—
Newman—Keuls post hoc analysis. Statistical sigaifce was established when P < 0.05
(SigmaStat for Windows, Version 3.11). Phosphoigtatat rest was not different between
exercise groups for any of the proteins of inter€sinsequently, data are expressed relative to

rest in arbitrary units + SEM.
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2.3 Results

Blood Lactate, Insulin, and Glucose

Peak blood lactate concentration after cycling (¢YCcurred immediately post-exercise (P <
0.05; Table 2.1). Blood lactate remained elevateala rest after 15 min (146%, P < 0.001) and
30 min (79%, P < 0.01) of recovery from CYC. Aftesistance exercise (REX), blood lactate
concentration was significantly elevated above mastediately post-exercise (106%, P < 0.05).
Blood lactate concentrations after CYC were higtmnpared with REX at each corresponding
time point during the 60-min recovery period (P.€1Q Table 2.1). There were no differences in

plasma insulin and blood glucose concentration I@at).

Table 2.1Blood lactate, insulin, and glucose concentratieasured at rest and during 60 min post-

exercise recovery (mean + SE).

cYe REX

Rest 0 min 15 min 30 min 60 min Rest 0 min 15 min 30 min 60 min

Lactate (mmol- ") 157202 593+06° 3.87:04%" 282:05%%¢ 245+05° 129:02 268+03 187:02* 134:01*" 120+0.1*°
Insulin (IUmL™") 41609 41710 417:10 588+09 38507  383:08 1060+42 739+21 475:12 71735

Glucose (mmolL™") 532201 51102 521:02  492:02 47802 546402 52702 52102 520£02  4.95+01

Significantly different vs?rest,’0 min, and15 min post-exercise; *different vs. CYC (P < 0.06)C,

cycling; REX, resistance exercise.

Muscle Glycogen

Muscle glycogen concentration decreased approxiynd&g% after 60 min of CYC (214
mmol-kg™ of dry weight, P < 0.001; Figure 2.1), whereas RE&duced muscle glycogen
approximately 26% (103 mmol-K§-of dry weight, P < 0.01). Of note, pre-exercisesnie
glycogen concentration was not different, but grealycogen utilization during 60 min CYC
compared with REX resulted in significantly lowesgp-exercise glycogen concentration (REX
vs. CYC ~93%, P < 0.01; Figure 2.1).
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Figure 2.1 Muscle glycogen concentration before (PRE) and exliately after (POST) cycling (CYC;
60 min at ~70% V@.,) or resistance exercise (REX; 8 x 5 leg extensains 80% 1RM). Values are
means + SE. dw, dry weight; *different vs. restiffédent vs. REX (P < 0.05).
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Signalling Responses

Akt/tuberous sclerosis complex (TSC) 2/mammalian tget of rapamycin (mTOR). There
were comparable changes in AK{°® and Ak£®™’3 phosphorylation during the 60-min post-
exercise time course after both CYC and REX (Figu&2A and B). Moreover, despite only
minor changes during the initial recovery period-(@5 min), there were significant differences
for 30 and 60 min post-exercise compared with r8gecifically, CYC increased AK{3®
phosphorylation approximately 250% — 300% and*&ft*phosphorylation approximately 130%
after 30 and 60 min of recovery, respectively (B.85). Similarly, REX induced a significant
increase in AK"™%¥/Se3phosphorylation above rest (~100% — 200%) at edeit time points

(P < 0.05; Figures. 2.2A and B).

Changes in TSC?"*%? phosphorylation after CYC were increased aboveaesll time points
peaking 30 min post-exercise (~ 130%, P < 0.00lhereas REX did not alter TSC2
phosphorylation (Figure 2.2C). Consequently, phosghtion of TSC2"4®2 during recovery
from CYC was higher compared with correspondingetipoints after REX (P < 0.01; Figure
2.2C). There were variable responses in m¥t&2phosphorylation that resulted in significant
effects for time and exercise mode (P < 0.05; EgugD).

CYC generated a significant increase in mT&8* phosphorylation above rest immediately
post-exercise (~ 100%, P < 0.05) then rapidly abdtging the initial 15-min recovery but was
elevated 60 min post-exercise (~ 90%, P = 0.0%13ohtrast, mTOR"?**®phosphorylation after
REX was largely unaffected during the initial reeoy period (0 — 15 min) but increased 30 min
post-exercise (~ 100%, P < 0.05). The divergent RT3**®phosphorylation immediately post-
exercise resulted in a significant difference betmvexercise modes (P < 0.05; Figure 2.2D).
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Figure 2.2 Akt™3% (A), Akt>*™"3(B), tuberous sclerosis complex 2 (TSt2§%? (C), and mammalian
target of rapamycin (mTORY*“8(D) phosphorylation in skeletal muscle at rest dndng 60 min post-
exercise recovery after cycling (CYC; 60 min at8%/ VO,,eq) Or resistance exercise (REX; 8 x 5 leg
extensions at ~ 80% 1RM). Values are expressetiveelto a-tubulin and presented in arbitrary units
(mean = SE, n = 8). Different vé&est, "0 min, and®15 min; *different between exercise mode at
equivalent time point (P < 0.05).
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p70 S6 kinase (S6K)/eukaryotic translation initiaton factor 4E binding protein 1 (4E-BP1).
There were similar increases in S6R®® phosphorylation for each exercise mode during the
acute post-exercise recovery period (Figure 2.Blwever, the increase in S6K phosphorylation
above rest failed to reach significance throughbat60-min recovery period after CYC (62% —
140%), whereas phosphorylation of SBRE was only different from rest 60 min post-exercise
after REX (~ 176%, P = 0.050; Figure 2.3A).

There were comparable post-exercise responses dretercise modes for phosphorylation of
AE-BPT™"® put a greater magnitude of response during regofrem CYC (Figure 2.3B).

There was a significant dephosphorylation at 4EB®1*°compared with rest inmediately post-
exercise after CYC (~ 92%, P < 0.01). During thésagquent 30-min recovery period, 4E-
BP1™M3""® nhosphorylation rapidly increased and was elevate&D min (95%, P < 0.05) and 60
min of recovery from CYC (77%, P < 0.05). In costtaREX failed to generate a significant
change in 4EBP1™"% phosphorylation during the recovery period, résgltin a difference

from CYC at 30 and 60 min post-exercise (~60%, PO§;0Figure 2.3B).

Changes in 4EBP17° phosphorylation were discordant compared with 488%7#¢ (Figure
2.3C). Specifically, 4E-BP1"° phosphorylation decreased after CYC and remainpgrsssed
during the 60-min recovery period (52% — 58%), apphing significance 15 min post-exercise
(-72%, P = 0.056; Figure 2.3C). Conversely, theas & modest increase in phosphorylation at
AE-BPT"° that was sustained throughout the recovery peaiftet REX, but these increases
failed to reach statistical significance (40% — 52%he divergent 4E-BP17° phosphorylation
responses resulted in a significant exercise mffdeteat all post-exercise time points (P < 0.01,;
Figure 2.3C).
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Figure 2.3 p70S6K™®° (A), eukaryotic initiation factor 4E-binding pratel (4E-BP1)""“¢(B), and
4E-BPT" (C) phosphorylation in skeletal muscle at rest dndng 60 min post-exercise recovery after
cycling (CYC; 60 min at ~ 70% V&) or resistance exercise (REX; 8 x 5 leg extensains 80%
1RM). Values are expressed relativeattubulin and presented in arbitrary units (meang; 8 = 8).
Different vs.%est,"0 min, and°15 min; *different between exercise mode at eqeinatime point (P <
0.05).
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Glycogen synthase kinase (GSK) B2glycogen synthase (GS)/eukaryotic translation
initiation factor (elF) 2B &. GSK-33°°" phosphorylation increased above rest immediatest-p
exercise and 30 —60 min after CYC (~80% — 100%,@05; Figure 2.4A). The increase (51%)
in GSK-3°%" phosphorylation immediately after REX failed t@ch significance and was not
different from rest throughout recovery. Conseglyenphosphorylation of GSK4{8 during
recovery from CYC was higher 30 — 60 min post-eisercompared with REX (~ 60%, P < 0.05;
Figure 2.4A).

CYC induced a significant dephosphorylation of*&%'immediately post-exercise (-59%, P <
0.05), which was sustained throughout the 60-maovery period (~-74%, P < 0.05; Figure
2.4B). Conversely, G8®* phosphorylation after REX was largely unchangednguthe post-
exercise period (30% — 45%). As a result, phosghtion of GS*"*** during recovery from REX
was higher compared with equivalent time pointsra@tYC (P < 0.01; Figure 2.4B).

CYC generated a significant increase in el&2B*° phosphorylation above rest immediately
post-exercise (55%, P < 0.05), and this increasealso different from the corresponding REX
time point (P < 0.05; Figure 4C). Phosphorylatiorede2B:>*?after CYC then rapidly abated

during the initial 15-min recovery (-59%, P < 0.@)d remained suppressed for the remainder of

Ser539
B

the recovery period. Despite a modest attenuatiorli2 phosphorylation throughout

recovery from REX, these changes were not sigmfigalifferent from rest.
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Figure 2.4 Glycogen synthase kinasg-3GSK-3)°*"° (A), glycogen synthase (G3f* (B), and
eukaryotic translation initiation factor 2BelF2Be)**™*°(C) phosphorylation in skeletal muscle at rest and
during 60 min post-exercise recovery after cycli@yC; 60 min at ~ 70% V@.a) Or resistance exercise
(REX; 8 x 5 leg extensions at ~ 80% 1RM). Values expressed relative tetubulin and presented in
arbitrary units (mean = SE, n = 8). Different fi®st, 0 min, and®15 min; *different between exercise
mode at equivalent time point (P < 0.05).
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AMP-activated protein kinase (AMPK)/Akt substrate (AS) 160 kDa. AMPK™™172
phosphorylation after CYC was elevated above tastughout the 60-min recovery period and
was highest 30 min post-exercise (~ 195%, P < 0,08hgreas REX failed to induce any
significant changes in post-exercise AMPR'2 phosphorylation (Figure 2.5A). Phosphorylation
of AMPK ™72 during recovery from CYC was higher 0 and 30 nustgexercise compared with
equivalent time points after REX (P < 0.05; FigargA).

After modest increases in phosphorylation of AS@laGéing the initial post-exercise period (0 —
15 min), there was a rapid elevation 30 and 60 aitier CYC (240% — 270%, P < 0.001; Figure
2.5B). REX failed to induce a change in AS160 phosplation during the post-exercise
recovery period. Phosphorylation of AS160 after CW&s also higher compared with REX 15 —
60 min after exercise (104% — 140%, P < 0.01; Fedu6B).
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Figure 2.5 The 5-adenosine monophosphate-activated protaiaski (AMPKJ"™? (A) and the Akt
substrate 160-kDa (AS160) (B) phosphorylation ielstal muscle at rest and during 60 min post-egerci
recovery after cycling (CYC; 60 min at ~ 70% ¥Q) or resistance exercise (REX; 8 x 5 leg extensions
at ~ 80% 1RM). Values are expressed relative-tisbulin and presented in arbitrary units (mean&: 5

= 8). Different vsest,”0 min, andf15 min; *different between exercise mode at eqeivatime point (P

< 0.05).
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2.4 Discussion

Cell signalling transduction networks are essem@hwaysfor converting contraction-mediated
signals to physiologicalesponses. The aim of the present study wasstablish the early time
course of putative exercise-mediatgldosphorylation responses after endurance andaese
exercise. These results show a similar time coims@kt- mTOR- S6K phosphorylation during
the initial 60-minpost-exercise recovery period despite differencesointractileactivity with
diverse exercise modes. Conversely, a distinct gitmylation status to promote glucose
transport and glycogen synthesis after endurantadiuesistance exercise was observed. These
results indicate that peak phosphorylatfon many of the proteins of the insulin—insulindik

growth factor pathway occurs 30 — 60 min after elserinthe fasted state.

The first finding of the present study was the higtoordinated changes in the AXE® and
Akt>®""3 phosphorylation time course after divergent esercfFigures 2.2A and B), which
occurred independent of blood glucose or insulinceotration (Table 2.1). Previous studies in
humans have reported increased (Coffey et al. 2Qb8er et al. 2005, Dreyer et al. 2006,
Howlett et al. 2008, Mascher et al. 2007, Sakamebtl. 2004), decreased (Deldicque et al. 2008,
Terzis et al. 2008), or unchanged (Benziane é20fl8, Coffey et al. 2005, Creer et al. 2005) Akt
phosphorylation after exercise in the fasted s#&teordingly, although the possibility exists that
the apparent lack of agreement in exercise-indudddphosphorylation responses in previous
studies may be attributed in part to differencesexercise intensity, duration, and/or subject
muscle glycogen and training status, these reswdticate that the timing of muscle biopsy
sampling is an essential consideration. Moreovwegrase mode appears to have little impact in
generating divergence in the phosphorylation stafuskt, at least during the first hour post-
exercise. Work in rodents has shown an earlier petikation of Akt in skeletal muscle (~5 — 10
min) after cessation of contractile activity (Beiset al. 2003, Sakamoto et al. 2002). However,
these findings are similar to those of Mascherle{Mascher et al. 2007) and Dreyer et al.
(Dreyer et al. 2006), showing elevated &KY'® phosphorylation 60 min post-exercise after
endurance and resistance exercise in humans, teghec

Akt may directly activate mTOR and subsequent dargasn targets through phosphorylation at

the mTOR®?**®residue (Navé et al. 1999 ) or indirectly by phumglation and subsequent

h§.642

inhibition of tuberous sclerosis complex 2 (TSCR) (Inoki et al. 2002). There is a paucity
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of information relating to the exercise-induced PSghosphorylation responge vivo skeletal
muscle, and it can only be speculated that the townoderate-intensity and prolonged duration
of contraction associated with endurance but neist@nce exercise initiates a yet to be defined

mechanism for the TSCP1462

phosphorylation observed here. In contrast, esesitiduced
mTOR®"?*®phosphorylation corresponded more closely with tfaAkt (Figure 2.2D). Thus,
endurance and resistance exercise appear capabtdhancing mTOR phosphorylation, and the
diverse contractile stimuli both appear to initigg@thways to promote translation in skeletal
muscle. There are numerous cell functions regulayechTOR, and the immediate post-exercise
increase in phosphorylation after cycling may mflhe putative role of mTOR in control of
mitochondrial oxidative function (Cunningham et 2007). Moreover, Mascher et al. (Mascher
et al. 2007) and Benziane et al. (Benziane et @8 have also shown an increase in mTOR

phosphorylation immediately after 60 min of cyclimigapproximately 70% — 75%0ypeak

Regulation of translation for protein synthesis ®iki-mTOR includes two parallel effectors:
S6K and 4E-BP1 (Ruvinsky et al. 2005, Besse andrussh 2008). S6K phosphorylation is
proposed to enhance translation of mMRNAs encodbwsomal proteins and elongation factors,
whereas 4E-BP1 can bind to elF4E and prevent cpprdkent mRNA translation (Wang et al.
2005). This data provides further support for thentcaction-mediated increase in S6K
phosphorylation during the early recovery phaseradkercise in human skeletal muscle (Coffey
et al. 2005, Dreyer et al. 2006, Spiering et alo&0Terzis et al. 2008). Although there is
evidence that elevated S6K phosphorylation mayigie?s— 6 h after resistance exercise in the
fasted state (Coffey et al. 2005, Dreyer et al.62@lover et al. 2008a, Spiering et al. 2008), the

increase in translational activity appears to ligaited within the first 60 min of recovery.

4E-BP1 inhibits translation initiation by binding telF4E, preventing formation of the
multiprotein elF4E-G scaffolding complex (elF4F)hish binds the 40S ribosomal subunit to
mMRNA (Hayashi and Proud 2007). There were comparaphtterns of 4EBP1="
phosphorylation throughout the 60-min recovery qerin the present study but a greater
magnitude of effect after cycling (Figure 2.3B).eTHecrease in 4E-BB1"*® phosphorylation
inhibiting translation immediately post-exercisen surprising, given the results of Rose et al.
(Rose et al. 2009b) showing depression of tramslasignalling during endurance exercise,
indicative of the suppression of the energy consgnprocess of protein synthesis while other
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cellular demands are met. The divergent phosphioglatatus of 4E-BP1"° compared with

AE-BP1™""® during the 60-min post-exercise period was unetgoecTo the best of my

knowledge, this is the first study to investigafeBP1™"°

phosphorylation and to compare 4E-
BP1 phosphorylation sites after exercise in humahsdoubtedly, the regulation of 4E-BP1
activity is complex, and phosphorylation has beesppsed to occur in a hierarchical manner
with 4EBPT"3"6 phosphorylation required for subsequent 4EBPAmodification (Wang et al.
2005). However, it is unclear how the changes ionsphorylation correspond with in vivo
activity in humans after exercise. Moreover, whettine discordance between phosphorylation
sites reflects differences in elF4E binding in sk&l muscle and/or characterizes alternate
mechanisms through which each exercise mode medulétansiation requires further

investigation.

Collectively, the data regarding phosphorylation paftative Akt-mTOR-regulated signalling
proteins proximal to translation initiation or eggation emphasize the complexity of translational
machinery for exercise-induced protein synthesskeletal muscle. How the adaptation response
of these key signalling components is modified hyiaus volumes and intensity of contractile
activity remains equivocal. The early signallingpenses may represent the cumulative effect of
recovery from contraction-induced disruption to slashhomeostasis and translation initiation for
early response genes. Regardless, these findinghklighit differences in site-specific
phosphorylation and divergence between exerciseeméar 4E-BP1". In addition, despite
differences in the magnitude of effect, the exerdigluced increase in 4EBPE"*® and
S6K™38 phosphorylation is inhibited or delayed during taely recovery period (0 — 30 min)

but is eventually enhanced after endurance ansgtaesie exercise, respectively.

Phosphorylation of GSK-3 is reported to result ypdphosphorylation (activation) of glycogen
synthase (GS) and/ or elF2RJefferson, Fabian and Kimball 1999, McManus e805 ). In

er9

the present study, a lack of coordination in exeraipecific GSK-8>*" phosphorylation when

compared against phosphorylation of Akt was obgkrvdis disparity may be due to GSKS3
being part of the winglesstype MMTYV integratioresiamily (Wnt) signalling pathway. The Wnt
pathway is exercise responsive and inhibits GSK®8/iac (McManus et al. 2005 ) and Wnt
signalling may have been differentially modulategl the divergent contractile stimuli. The

r641

changes in G phosphorylation largely corresponded with GSK3°®% with sustained
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dephosphorylation of G8°* during the 60-min post-exercise period after ayglbut not
resistance exercise (Figure 2.4B). Because aaritsgulatory of glycogen resynthesis increased
GS activity (dephosphorylation), following a bodtemdurance cycling would be expected given
the prolonged, constant load contractile activity agreater glycogen depletion (Figure 2.1).
Taken together, the changes in GSK-3 and GS phogplion provide a time course for the
molecular signalling mechanisms regulating resysith@f muscle glycogen during the early
recovery period from endurance exercise (Maschat. 2007, Richter et al. 2003, Sakamoto et
al. 2004). Conversely, glycogen resynthesis durimtjal recovery from heavy resistance

exercise may represent a lesser priority.

Phosphorylation of GSKf8°™® may also enhance translation by derepressingitbition of
elF2B: (Jefferson et al. 1999, Welsh et al. 1997). Thedase in elF28°%* phosphorylation
(inactivation) immediately after cycling was anadag with changes in 4E-BP"*® indicating
the suppression of global translational signalliahgring endurance exercise (Figure 2.4C).
Similarly, elF2B:>***phosphorylation rapidly diminished thereafter (@), characterizing the
enhanced translation status during recovery frorduemce exercise also seen with 4E-
BP1"37¢ (Figure 2.3C). To the best of my knowledge, tisigHe first study to investigate the
elF2B:>*"*response to an endurance exercise bout, althdweghesults for resistance exercise
are similar to that of Glover et al. (Glover et &008a), showing decreased elF2B

phosphorylation after an acute bout of resistaxegcgse in humans.

As a metabolic regulator and energy-sensing protdinis not surprising that AMPK
phosphorylation was more pronounced after prolongeercise duration (Figure 2.5A). The
effect of resistance exercise on AMPK has receleed scrutiny, but Dreyer et al. (Dreyer et al.
2006) and Koopman et al. (Koopman et al. 2006belshown increased AMPK activity in the
early recovery period from resistance exercisehnenfasted state. AMPK has been implicated in
repressing anabolic processes in skeletal musaléenhibition of mMTOR-mediated signalling to
initiate translation (Atherton et al. 2005, Dreggral. 2006). Intriguingly, the time-course data in
the present study show that the increase in AMPBK occurred concomitantly with
phosphorylation events for enhancing translatienZtane et al. (Benziane et al. 2008) have also
shown increased AMPR™"? coinciding with elevated mTOR?** after 60 min cycling.
Likewise, Mascher et al. (Mascher et al. 2007) axanh Akt-mTOR signalling after prolonged
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cycling and also observed increased mTOR phospdiargl when AMPK activity would be
expected to be elevated. As such, there is acctimylaevidence that AMPK™"
phosphorylation may have limited capacity to subtlaeslational signalling, at least in the early

post-exercise period in humans (Rose et al. 2009a).

Finally, divergent responses between exercise maaes evident for AS160 phosphorylation
likely because of exacerbated glycogen depleti@hsatnsequent stimulation of glucose transport
machinery with endurance exercise (Howlett et &08. AS160 phosphorylation may be
regulated by Akt- and AMPK-mediated signalling padlys to release inhibition on the glucose
transporter Glut4 (Kramer et al. 2006, Treebakle2@07). These current results are similar to
those of Sriwijitkamol et al. (Sriwijitkamol et a&2007) and Howlett et al. (Howlett et al. 2007)
showing increased Akt and AMPK phosphorylation asged with elevated AS160
phosphorylation after prolonged (40 — 60 min) matkintensity cycling but not resistance
exercise, respectively. Dreyer et al. (Dreyer e2@D8a) have previously shown an increase in
AS160 phosphorylation and glucose uptake 60 mer afisistance exercise in humans. However,
an important distinction between the study of Dresteal. (Dreyer et al. 2008a) and the present
investigation was significantly greater volume akrcise. The current results show equivalent
Akt responses yet divergence in the AMPK-AS160 titoarse with resistance exercise versus
cycling indicate that regulation of AS160 phosphatipn may have been an AMPK- rather than
an Akt-mediated response. Nonetheless, the relatilee of AMPK and Akt in regulation of
AS160 remains contentious, and further researokqagired to determine the contribution of each

signalling pathway in modulating exercise-inducestl&0 activation.

In conclusion, these findings offer insight of tii&~ pathway and AMPK phosphorylation time
course during the early recovery period after digegxercise in skeletal muscle and extend the
current knowledge regarding the exercise-specifjnadling responses in humans (Wilkinson et
al. 2008). Specifically, this work provides newamhation showing similar Akt-mTOR-S6K
phosphorylation concomitant with divergent AMPK-A®1and GS phosphorylation that was
only enhanced after cycling. It is proposed thaneoof the uncertainty in establishing the
contraction-induced signalling responses in hunkatesal muscle has been due to differences in
the timing of post-exercise muscle biopsies. Moegpthese results indicate that endurance and
resistance exercise are equally capable of “swtglon” translational signalling. Consequently,
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it appears unlikely that alterations in translatsignificantly contribute to the specificity of
training adaptation in skeletal muscle. Indeed,b&dter understand acute exercise-specific
adaptive profiles and any incompatibility of addjma machinery when comparing divergent
exercise, elucidating changes at the transcripti@val may be more prudent. Regardless, given
the limitations in the maximum number of musclepsies from any single individual when
undertaking in vivo human research, these findmgside new information for determining the
optimal post-exercise time point when investigatagyl signalling after exercise in the fasted

State.
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Chapter Three

Low muscle glycogen concentration does not supprege anabolic response to

resistance exercise

Adapted from: Camera, D.M., West, D,W., Burd, N.Rhillips, S.M., Garnham, A.P., Hawley,
J.A., Coffey, V.G. (2012Journal of Applied Physiology113:206-14
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3.1 Introduction

Skeletal muscle glycogen concentration exerts naoseregulatory effects on cell metabolism in
response to contraction (Hawley et al. 2011). Iddeemmencing endurance-based exercise with
low muscle glycogen availability has been shownntwease the maximal activities of several
oxidative enzymes in skeletal muscle that promatkueance adaptation (Hansen et al. 2005, Yeo
et al. 2008). Although the anabolic effects of s&Bice-based exercise on skeletal muscle are
well established (Coffey and Hawley 2007b), littteeknown regarding the effects of altered
muscle glycogen concentration availability on tleeta protein synthetic response to resistance
exercise and whether the summation of these respomgmy enhance or attenuate training-

induced adaptation.

The complex regulatory process of protein synthe$isr muscle contraction and/or protein
ingestion includes activation of the Akt-mTOR-S6Kralling pathway to initiate translation
(Glass 2005, Philp et al. 2011). Numerous studege haddressed the signalling responses to
resistance exercise under a variety of nutritietaies (i.e., fasted/fed) (Coffey et al. 2009b, Wes
et al. 2011). However, the effects of muscle glgogvailability have yet to be clearly
elucidated. Work by Creer and colleagues (Creeal.eR005) showed an attenuation in Akt
phosphorylation during recovery when subjects conued a bout of moderate-intensity
resistance exercise with low (~175 mmoltkg-wt) vs. high (=600 mmol/kgry-wt) muscle
glycogen. Furthermore, contraction-induced trarshal signalling may be suppressed when
energy-sensing AMPK activity is increased (Atherttnal. 2005, Thomson, Fick and Gordon
2008). Wojtaszeski and co-workers (Wojtaszewskale2003) have observed elevated resting
and exercise-induced AMPK activity when muscle gben levels were low (~160 mmol/kigv)
compared with high (=910 mmol/idy). Moreover, work from this laboratory also praysly
demonstrated low muscle glycogen concentrationthascapacity to alter basal transcription
levels of select metabolic and myogenic genes (€hey et al. 2007). Thus the increased
metabolic perturbation when exercising in a lowcglyen state might be expected to inhibit the

anabolic response to resistance exercise.

It is well accepted that protein intake followirgsistance exercise is critical for optimizing many
of the training-induced adaptations in skeletal crrigHawley et al. 2006). Ingestion of high-

quality protein has been shown to enhance translaimitiation signalling and maximally
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stimulate muscle protein synthesis rates aftest@sce exercise (Koopman et al. 2007b, Moore
et al. 2009a). Carbohydrate (CHO) ingestion provisigbstrate for muscle glycogen resynthesis,
but has no additive effect on rates of muscle pnatgnthesis after resistance exercise (Koopman
et al. 2007a). The capacity for protein-carbohyslai-ingestion in the early post-exercise period
to rescue any putative attenuation of muscle prmosinthesis when resistance exercise is
performed with low glycogen availability has notebeinvestigated. Accordingly, the primary
aims of this study were to determine the effect)oflecreased muscle glycogen concentration on
the acute anabolic response after resistance egeparformed in the fasted state; and 2) the
effect of protein/CHO supplementation on musclel &fnalling and myofibrillar protein
synthesis rates following exercise commenced vath inuscle glycogen. It was hypothesized
that low muscle glycogen concentration would sugpréhe muscle anabolic response to
resistance exercise but that nutrient provisiothi early recovery period after exercise would

restore muscle anabolism to a state that may pemgiertrophy.

3.2 Methods

Subjects

Sixteen healthy physically fit male subjects whal heen participating in regular concurrent
resistance and endurance training (~3%/ wk; > lvgiunteered for this study. Subjects were
randomly assigned to either a nutrient [n = 8, 28® + 2.6 yr, body mass 80.6 + 8.8 kg, peak
oxygen uptake (Bpeay 49.8 £ 5.4 ml-kg- min?, unilateral leg press one repetition maximum
(1RM) ~141.7 + 4.6 kg] or placebo group [age 22.8.4 yr, body mass 78.2 + 4.7 k@M eak
47.2 + 6.9 ml-kg-min, unilateral leg press 1RM +141.8 + 0.8 kg; valaes mean + SD]. The
experimental procedures and possible risks assochaith the study were explained to each
subject, who all gave written informed consent befoarticipation. The study was approved by
the Human Research Ethics Committee of RMIT Uniwers

Preliminary Testing

VOzpeak Peak oxygen uptake was determined during annmamnéal test to volitional fatigue on a
Lode cycle ergometer (Groningen, The Netherlantisg protocol has been described in detail

previously (Hawley and Noakes 1992). In brief, sgb§ commenced cycling at a workload
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equivalent to 2 W/kg for 150 s. Thereafter, the klmad was increased by 25 W every 150 s until
volitional fatigue (defined as the inability to m#&ain a cadence >70 revolutions/min).
Throughout the test, which typically lasted 12—1ih,nsubjects breathed through a mouthpiece

attached to a metabolic cart (Parvomedics, Sand@iytd&Jdetermine oxygen consumption.

Maximal strength. One repetition of maximal dynansitength (1RM) for each leg was
determined on a plate loaded 45° leg press madi@asym, Caloundra, Australia). Subjects
completed the test with feet placed at the bottdgeeof the foot plate and range of motion was

90° knee flexion/extension.

Familiarisation to exercise training sessions. Bmifiarise subjects to one-legged cycling
(described subsequently), each subject completeek tfiamiliarisation sessions before the
experimental trial. These sessions consisted oflR min bouts of one-legged cycling, with a 2
min recovery period between repetitions. The poagput was gradually increased so that by
the final session subjects were performing oneddggycling at ~ 75% of their two-legged

V Ozpeak(Pernow and Saltin 1971).

Diet/exercise control. Before the exercise deptesession (described subsequently), subjects
were instructed to refrain from exercise trainimgl asigorous physical activity and alcohol and
caffeine consumption for a minimum of 48 h. A CH@&sbkd diet (~ 9 g/kg body mass) was
consumed 36 h before the one-legged exercise deplsession. All food and drinks were
supplied to subjects pre-packaged with a food dietc¢k record their daily intake.

One-legged glycogen depletion protocol. Subjectgabea one-legged cycling depletion session
at a power output that elicited ~ 75% of two-leg¥&mbpea The duration of each work bout was
10 min, with 2 min rest between work bouts. Sulgjeoiintained this work-to-rest ratio until
volitional fatigue. At this time, power output weecreased by 10 W and subjects cycled at this
(lower) work rate with the same work-to-rest ratittil fatigue. After a 10-min rest, subjects then
completed 90-s one-leg maximal sprints on a Reded1R0 Ergo (Altona North, Australia), with
60 s of recovery between work bouts. This protowak continued until volitional fatigue,
defined as the inability to maintain 70 rpm. Totlier lower whole body glycogen stores and

minimize glycogen resynthesis in the LOW leg, sat§eompleted 30 min of arm cranking on a
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Monark Rehab Trainer 881E (Vansbro, Sweden). Fafigwthe exercise depletion session,

subjects were fed a low CHO (~1 g/kg body mass)iegemeal.

Experimental Testing Session

On the morning of an experimental trial, subjeaported to the laboratory after a ~10-h
overnight fast. After resting in the supine positior ~ 15 min, catheters were inserted into the
antecubital vein of each arm and a baseline bl@mpe (~ 3 ml) was taken (Figure 3.1). A
primed constant intravenous infusion (prime: 2 pkeplinfusion: 0.05 umol-k§ min?) of L-
[ring-"3C¢] phenylalanine (Cambridge Isotopes Laboratories3 then administered. Under local
anaesthesia (2 — 3 ml of 1% Xylocaine) a restiogsy from thevastus lateraliof both legs was
obtained 1.5 h after commencement of the tracarsioh using a 5-mm Bergstrom needle
modified with suction. At this time, two separaiis on each leg (~ 5 cm distal from each other)
were prepared for subsequent biopsies. Subjeatscii@pleted a standardized unilateral warm-
up (1 x 5 repetitions at 50% and 60% 1RM) on agegss machine before the resistance exercise
testing protocol was commenced. Resistance exerois@sted of eight sets of five repetitions at
~ 80% of 1RM for each leg. The glycogen depleted(lggW) began the protocol, with ~ 60 s
rest before the rested normal leg (NORM) complébedsame set. Each set was separated by a 3-
min recovery period during which the subject reradirseated on the machine. The training
volume and intensity and recovery interval wereeseld to provide sufficient anabolic/
hypertrophy stimulus and minimize metabolic peratidn and has been used previously (Coffey
et al. 2009b). If the LOW leg could not complete tlepetitions, the NORM leg replicated the
number of repetitions to ensure the exercise wak watched and the weight was decreased 5%
for subsequent sets. Immediately after the cessaticexercise and 2 h post-exercise, subjects
ingested a 500 ml placebo (water, artificial sweetk or protein-CHO beverage (20 g whey
protein, 40 g maltodextrin). The nutrient beverage enriched with a small amount of tracer (to
6.5% of L-[ing-*°C¢] phenylalanine) according to the measured pheayiaé content of the
beverage. Subjects rested throughout a 240-mirveeggeriod, and additional muscle biopsies
were taken 60 and 240 min post-exercise and thglseamvere stored at -80°C until analysis.
Blood samples were collected in EDTA tubes at raguhtervals during the post-exercise

recovery period.
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Figure 3.1 Schematic representation of the experimental. tBabjects reported to the laboratory the
evening before an experimental trial and perforraetl-legged glycogen-depletion protocol to fatigue
before consuming a low carbohydrate (CHO) mealet®in overnight fast, a constant infusion.4fing-

'3Cs] phenylalanine was commenced, and subjects coetpRets of 5 unilateral leg press repetitions at
80% one repetition maximum (1RM). Immediately afiesistance exercise (REX) and 2 h later, subjects
consumed a 500-ml bolus of a protein/CHO beverdaf@ey(whey + 40 g maltodextrin) or placebo. Muscle

biopsies from both legvdstus lateraliswere taken at rest and at 1 and 4 h after REX.

Analytical Procedures

Blood glucose and plasma insulin concentration. M/holood samples were immediately
analysed for glucose concentration using an auwngtucose analyser (YSI 2300, Yellow
Springs, OH). Blood samples were then centrifuged@0 g at 4°C for 15 min, with aliquots of
plasma frozen in liquid Nand stored at -80°C. Plasma insulin concentratias measured using

a radioimmunoassay kit according to the manufacgipgotocol (Linco Research).

Plasma amino acids and enrichment. Plasma amirtb aicentrations were determined by
HPLC from a modified protocol (Moore et al. 200B)iefly, 100 pl of plasma was mixed with
500 ul of ice cold 0.6 M PCA and centrifuged atOD®, rpm for 2 min at 4°C. The PCA was
neutralised with 250 ul of 1.25 M potassium bicaudie (KHCQ), and the reaction was allowed
to proceed on ice for 10 min. Samples were thetriéeged at 15,000 rpm for 2 min at 4°C, and
the supernatant was separated from the salt pafidt subsequently derivatised for HPLC
analysis. Plasmaipg-'°Cg] phenylalanine enrichments were determined asiguely described
(Glover et al. 2008Db).
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Muscle glycogen. A small piece of frozen muscle (~n2g) was freeze-dried and powdered to
determine muscle glycogen concentration (Lowry Badsonneau 1971). Freeze-dried muscle
was extracted with 500 pl of 2 M hydrochloric a@iCl), incubated at 100°C for 2 h, and then
neutralised with 1.5 ml of 0.67 M sodium hydroxibe subsequent determination of glycogen
concentration via enzymatic analysis with fluoroneet detection (Jasco FP-750

spectrofluorometer, Easton, MD) at excitation 3&%emission 455 nm.

Western blots. Muscle samples were homogenizedfierbcontaining 50 mM Tris-HCI, pH 7.5,

1 mM EDTA, 1 mM EGTA, 10% glycerol, 1% Triton X-100 mM NaF, 5 mM sodium
pyrophosphate, 1 mM DTT, 10 pg/ml trypsin inhibjt@rug/ml aprotinin, 1 mM benzamidine,
and 1 mM PMSF. Samples were spun at 18,000 g faniB0at 4°C, and the supernatant was
collected for Western blot analysis while the peldas processed to extract the myofibrillar
enriched proteins (described below). After deteation of protein concentration using a BCA
protein assay (Pierce, Rockford, IL), lysate wasispended in Laemmli sample buffer, separated
by SDS-PAGE, and transferred to polyvinylidine fide membranes blocked with 5% non-fat
milk, washed with 10 mM Tris-HCI, 100 mM NaCl, a@d2% Tween 20, and incubated with
primary antibody (1:1,000) overnight at 4°C on algr. Membranes were incubated with
secondary antibody (1:2,000), and proteins wereeated via enhanced chemiluminescence
(Amersham Biosciences, Buckinghamshire, UK; PieRietechnology) and quantified by
densitometry (Chemidoc, BioRad, Gladesville, Augtja All sample (50 pg) time points for
each subject were run on the same gel. Polyclartarespho- Akt®3(n0.9271), mTORE™**8
(no. 2971), glycogen synthase (8%f! (n0.3891), monoclonal anti-phospho-S6 ribosomal
proteirr®?%*® (n0.4856), AMPKThr172 (no. 2535), and AS160 (no@6Wvere from Cell
Signalling Technology (Danvers, MA). Polyclonal igpiospho-p70S6K"™° (no. 04-392) was
from Millipore (Temecula, CA). When commerciallyalable, positive controls (Cell Signalling
Technology) were included confirming the band dkerast. Data are expressed relativento

tubublin (no. 3873, Cell Signalling Technology)arbitrary units.
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RNA Extraction and Quantification

Skeletal muscle tissue RNA extraction was performgidg a TRIzol-based kit according to the
manufacturer’s directions (Invitrogen, Melbournaystralia, Cat. No. 12183-018A). Briefly, ~
15 mg of skeletal muscle tissue was removed fromARRfer-ICE solution and homogenized in
TRIzol. After elution through a spin cartridge, edted RNA was quantified using a QUANT-IT

analyser kit (Invitrogen, Cat. No. Q32852) accogdio the manufacturer’s directions.

Reverse Transcription and Real-Time PCR

First-strand complementary DNA (cDNA) synthesis \wasformed using commercially available
TagMan Reverse Transcription Reagents (Invitrogea)final reaction volume of 20  pl. All
RNA samples and control samples were reverse ti@esicto cDNA in a single run from the
same reverse transcription master mix. Serial idihst of a template RNA (AMBION; Cat. No.
AM7982) were included to ensure efficiency of reeetranscription and for calculation of a
standard curve for real-time quantitative polymeralsain reaction (RT-PCR). Quantification of
MRNA (in duplicate) was performed on a BioRad i@yc(BioRad). Tagman-FAM-labelled
primer/ probes for atrogin (Cat. No. Hs01041408) amyostatin (Cat. No. Hs00976237) were
used in a final reaction volume of 20ul. PCR cdondg were 2 min at 50 °C for UNG activation,
10 min at 95°C, then 40 cycles of 95°C for 15 s &0YC for 60 s. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (Cat. No. Hs Hs99999905) usexd as a housekeeping gene to
normalize threshold cycle (CT) values. The relatweounts of mMRNAs were calculated using
the relative quantification (CT) method (Livak aBdhmittgen 2001).

Myofibrillar Protein Synthesis

Myofibrillar enriched proteins were isolated acaogdto a modified protocol (35). Briefly, the
myofibrillar pellet was solubilised in 0.3 M NaOHrecipitated in 1 M PCA, washed in ethanol,
and hydrolysed overnight with 6 M HCI while beingated to 120°C. Liberated myofibrillar and
plasma amino acids (for determination ofrinf-*°C¢] phenylalanine enrichment) were purified
using cation-exchange chromatography (Dowex 50WXB8-2esin; Sigma-Aldrich) and
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converted to their N-acetyl-n-propyl ester derivas for analysis by gas chromatography
combustion isotope ratio mass spectrometry (GC-KSRHewlett Packard 6890; IRMS model
Delta Plus XP, Thermo Finnagan, Waltham, MA). logltular free amino acids (IC) were
extracted from a separate piece of wet muscle (m@pPwith ice-cold 0.6 M PCA. Muscle was
homogenized, and the free amino acids in the sapsmh were purified by cation-exchange
chromatography and converted to their heptafluonobn(HFB) derivatives before analysis by
GC-MS (models 6890 GC and 5973 MS; Hewlett-Pack#&dlo Alto, CA) as previously
described (Moore et al. 2009a).

Calculations

The rate of myofibrillar protein synthesis was ci#dted using the standard precursor-product
method: FSR (%/h) = [(E2b - E1b)/ (EIC x t)] x 1QGhere E2b - E1b represents the change
bound protein enrichment between two biopsy samdd€ is the average enrichment of

intracellular phenylalanine between the two biogsynples, and t is the time between two

sequential biopsies.
Statistical Analysis

All data were analysed by two-way ANOVA (two factdime x glycogen concentration) with
Student-Newman-Keuls post hoc analysis. Statissigalificance was established when P < 0.05
(SigmaStat for windows Version 3.11). Based onahgiori hypothesis that anabolic responses
to nutrient administration are significantly elestcompared with placebo as shown previously
(Burd et al. 2009, Fujita et al. 2007), no direcmparisons between nutrient and placebo
interventions were made. Data for Western bloting mRNA abundance were log-transformed
prior to analysis. Log-transformed delta valueswieein data time points were also directly
compared and converted to Cohen effect sizes (H).default confidence interval was 90% to
calculate ES making the same assumptions aboutlisgngistributions that statistical packages
use to derive P values (Hopkins et al. 2009). Tlagmiude of the ES was interpreted by using
conventional threshold values of 0.2 as the sntadiifsct, 0.5 as a moderate effect, and 0.8 as a
large ES (Hopkins et al. 2009). All data are expedsas arbitrary unit + SD.
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3.3 Results

One-Legged Depletion Session and Muscle Glycogen

The time spent completing the one-legged depletigssion at an intensity of ~ 75% of two-
legged \Ozpeak Was 100 + 3 min. Subjects also completed an aeemdgb + 2 one-legged
maximal effort sprint repetitions. As intended, tteenbination of the exercise depletion protocol
and dietary manipulation generated divergent mugigieogen levels that were higher in NORM
than LOW at rest for the placebo (382 vs. 176 mkgaliv; P < 0.001) and nutrient groups (383
vs. 184 mmol/kgiw; P < 0.05; Figure 3.2). Glycogen concentratiaaswlecreased from rest in
the NORM leg in both groups at 1 and 4 h post-ager@P < 0.05). However, no significant
change from rest was evident in the LOW leg foheasitgroup. Muscle glycogen increased
between 1 and 4 h post-exercise in the LOW ledhérutrient group (~ 84 mmol/idy; P <
0.01).
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Figure 3.2Muscle glycogen concentration at rest and duritgrdcovery after resistance exercise (8 x 5
leg unilateral leg press at ~ 80% 1RM) and ingestid either 500 ml placebo or nutrient beverage
immediately post and 2 h post-exercise in NORM B@YV glycogen legs. Values are mean = SD. dw,
dry weight. Significantly different (P < 0.05) V&) rest, (b) 1 h and (*) between treatments (NO®RM

LOW) at equivalent time point.
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Plasma Insulin, Glucose, and Essential Amino Acids

There were significant effects for plasma insulil glucose concentration in the nutrient but not
the placebo group (P < 0.001; Figure 3.3A and BakPblood insulin and glucose concentrations
occurred at 30 and 150 min post-exercise (P < (.0asma essential amino acids (EAA) were
elevated about rest 150 min and 180 min (P < Op@)-exercise in the nutrient group only
(Figure. 3.3C).

Plasma Tracer Enrichments

Plasma L-fing *C¢] phenylalanine enrichment at rest and 60, 120, B8@ 240 min post-
exercise for nutrient and placebo treatments wedd2) 0.045, 0.055, and 0.049, and 0.058,
0.054, 0.062, 0.057, 0.065, and 0.054 tracer-tretraatio: t/T, respectively. Linear regression
analysis indicated that the slopes of the plasmizlenents were not significantly different from

zero, demonstrating that isotopic plateau was aehie
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Figure 3.3 Plasma insulin (A), blood glucose (B), and plassaential amino acid concentration (C) at
rest and during 240 min recovery following resisgmxercise (8 x 5 leg unilateral leg press at % 80

1RM) and ingestion of either 500 ml placebo or iemtr beverage immediately post and 2 h post-ex&rcis

Values are mean + SD. Significantly different (B.85) vs. (a) rest.
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Cell Signalling

Akt-mTOR-p70S6K-rpS6. There were significant effects for AR¥">phosphorylation for time
and glycogen status (P < 0.05, Figure 3.4A). Rgsfikt phosphorylation was higher in LOW
than NORM in the placebo group and increased ~@-foh post-exercise in NORM only (P <
0.05, ES 0.75) before returning to baseline at BHasphorylation at rest was also higher in the
LOW compared with the NORM leg (P = 0.058) and @ased ~ 10-fold in LOW and ~ 21-fold
in NORM 1 h after resistance exercise in the nnotrigroup (P < 0.001, ES > 1). Akt
phosphorylation remained above resting levels Yalg 4 h recovery in the NORM leg only of
the nutrient group (P < 0.05, ES > 1).

There were significant effects for time and glyoogeoncentration for mTOR™?4®
phosphorylation (P < 0.05, Figure 3.4B). mTOR plnagplation increased ~ 1-fold above rest at
1 and 4 h post-exercise in the NORM but not the L@Win the placebo group (P < 0.05, ES ~
0.5). There was also disparity between legs inningient group that increased in the NORM
compared with LOW leg at 1 and 4 h recovery (PGS0ES > 1). Phosphorylation in the nutrient
group did increase above resting levels ~ 4-fold-adefold in the LOW leg (P < 0.01), an effect
that was more pronounced in the NORM leg (~ 11-&oid ~ 4-fold, respectively; P < 0.01).

p70S6K "8 phosphorylation was higher at rest in the LOW &egnpared with NORM in
placebo (P < 0.05, Figure 3.4C). The post- exerplsasphorylation response increased above
rest at 1 and 4 h (~ 5-fold) in NORM but not the LO&yJ (P < 0.01; ES ~ 1). The comparison of
p70S6K phosphorylation between legs at rest inntiteéent group approached significance and
was increased above resting levels in both ledsha{LOW: ~ 45 fold, NORM: ~ 82 fold, ES >
1; P <0.001) and 4 h (LOW: ~ 14 fold, NORM: ~ 16dfoP < 0.001) during recovery from

resistance exercise.

There were significant effects for rpS63>° phosphorylation in the nutrient but not placebo
group (P < 0.05, Figure 3.4D). There were ~ 4- ands-fold increases in rpS82>®
phosphorylation in the LOW leg with placebo at H dnh, respectively (P < 0.05), and this effect
was mirrored in NORM with ~ 15-fold increases at (Ph< 0.001, ES 0.9) and 4 h (P <0.01, ES
0.5). Resting rpS8>**®phosphorylation was significantly elevated in tH@W compared with
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NORM leg (P < 0.05) in the nutrient group and imsed in both legs 1 h after resistance exercise
and remained elevated following 4 h recovery (PG00, Figure 3.4D).
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Figure 3.4 Akt>*™® (A), mammalian target of rapamycin (mTGRS*® (B), p70S6K™® (C), and
ribosomal protein S6 (rpSB**® (D) phosphorylation in skeletal muscle at rest andng 4 h post-
exercise recovery following resistance exercisg Bleg unilateral leg press at ~ 80% one 1RM).desa
are representative blots and values are expresdative toa -tubulin and presented in arbitrary units
(mean £ SD, n = 8). Significantly different (P <0B) vs. (a) rest, (b) 1 h, and (*) between treati:ien
(NORM vs. LOW) at equivalent time point.
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GS-AS160-AMPK. There were significant effects for &8** phosphorylation for time and
glycogen status in placebo and nutrient groupsuf€i®.5A). GS phosphorylation was markedly
higher in NORM than LOW at all time points in thiagebo condition (P < 0.001). Following
resistance exercise phosphorylation decreasedo~&-fald 1 h post-exercise in both legs (P <
0.01) before increasing at 4 h in the LOW but n@RWM leg (P < 0.01, ES 0.4). Similarly,
phosphorylation was higher at all points in NORMngared with LOW in the nutrient group (P
< 0.05). There was a decrease from resting lenetsa LOW and NORM legs at 1 and 4 h post-
exercise (P < 0.05) but GS phosphorylation onlyeased between 1 and 4 h in the LOW leg (~
5-fold, P < 0.01, ES 0.6).

There were significant effects for time in placedra nutrient groups for phospho-AS160 (P <
0.05, Figure 3.5B). AS160 increased in the placsialition at 1 h (~ 2-fold P < 0.01, ES 0.9)
and 4 h (~ 1-fold P < 0.05, ES 0.9) after resistaexercise in the LOW leg only. AS160

phosphorylation in the nutrient group was increaaetlh recovery in the LOW leg (~ 4-fold, P <
0.001) and both 1 and 4 h post-exercise in the NO&M~ 8-fold, P < 0.001, ES 0.8; ~ 1 fold, P
< 0.05, ES 0.5, respectively).

AMPK ™72 phosphorylation was not different at any time facgbo or nutrient groups (Figure
3.5C).
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Figure 3.5 Glycogen synthase (G8¥* (A), Akt substrate 160 kDa (AS160) (B), and 5-adsine
monophosphate-activated protein kinase (AMPKY (C) phosphorylation in skeletal muscle at rest and
during 4 h post-exercise recovery following resiseexercise (8 x 5 leg unilateral leg press a0% 8
1RM). Images are representative blots and valueseapressed relative t-tubulin and presented in
arbitrary units (mean £ SD, n = 8). Significantiyferent (P < 0.05) vs. (a) rest, (b) 1 h and (&eeen
treatments (NORM vs. LOW) at equivalent time point.
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Myofibrillar Protein Synthesis

There were no differences in the rates of myof#ariprotein synthesis rates during the 1- to 4-h
recovery period between LOW and NORM in placeb649.+ 0.017 vs. 0.045 + 0.021 %)tor
nutrient (LOW vs. NORM: 0.068 + 0.018 vs. 0.070.822 %-H") conditions (Figure 3.6).
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Figure 3.6 Myofibrillar protein fractional synthetic rates$§R) during 4 h of recovery after resistance
exercise (8 x 5 leg unilateral leg press at ~ 8®M)Land ingestion of either 500 ml placebo or rastti
beverage immediately post and 2 h post-exercidd0dRM and LOW glycogen legs. Values are means +
SD.
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MRNA expression

Atrogin-myostatin. Atrogin mMRNA abundance decreased in the placebopgbetween rest and
4 h post-exercise in the LOW (~ 1.2-fold; P < 0.8 NORM leg (~ 1.8-fold; P < 0.01) and
was also different between 1 and 4 h in NORM (~bld:fES 0.5, P < 0.01) (Figure 3.7A).
Likewise, atrogin-1 mRNA decreased from rest follegv4 h recovery in the LOW (~ 0.5-fold; P
< 0.001) and NORM leg (~ 2.6-fold, ES 0.6; P < 0)0iilthe nutrient group. Atrogin was also
different between 1 and 4 h post-exercise in th®L.3 0.5-fold, P < 0.001) and NORM leg (~
2.2-fold, ES 0.25; P < 0.001). The mRNA abundantatmgin was higher in the LOW leg
compared with NORM leg at the 4 h post-exercise tpuint in the nutrient condition (P < 0.01).
Myostatin mMRNA decreased in the placebo group frest to 4 h in LOW(~ 1.8-fold; P < 0.01)
and NORM (~ 1.4-fold; P < 0.001) and between 1 ardrdcovery in NORM only (~ 0.8 fold;
ES 0.33, P < 0.01) (Figure 3.7B). In the nutrienhdition, decreases in myostatin mMRNA
expression were only observed in the NORM leg wWed reduced ~ 2.4-fold between rest and 1
h (ES ~ 1, P <0.01) and ~ 1-fold 1 — 4 h during vecp from resistance exercise (ES 0.8, P <
0.05). Myostatin mRNA was higher in the LOW leg qmared with NORM leg at 4 h post-
exercise in the nutrient group (P < 0.01).
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Figure 3.7 Atrogin (A) and myostatin (B) mRNA abundance astrand during 4 h post-exercise
recovery following resistance exercise (8 x 5 lagateral leg press at ~ 80% 1RM). Values are esgeé
relative to GAPDH and presented in arbitrary ugit@an + SD, n = 8). Significantly different (P <8)
vs. (a) rest, (b) 1 h and (*) between treatmentSRM vs. LOW) at equivalent time point.
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3.4 Discussion

It is generally accepted that skeletal muscle adept torepeated bouts of contractile activity
are specific to the modeéntensity, and duration of the exercise stimulusf{€ and Hawley
2007Db), but it is uncleanow changes in skeletal muscle glycogen availgbiiay modulate
nutrient-training interactions to promote or inhithe adaptiveaesponse to resistance exercise.
Here it is reported for the firsime that commencing a bout of strenuous resistareecise with
low muscle glycogen concentration has negligibfeat$ onanabolic cell signalling and rates of
muscle protein synthesiduring the early (4 h) post-exercise recovery [krids expected,
ingestion of a protein/CHO beverage enhanced thédit respons¢o resistance exercise but

failed to augment differencdmetween the normal and low glycogen legs.

Exercising in a low glycogen state presents a wnigetabolic challenge to skeletal muscle with
few studies having investigated the interactioglgtogen content and nutrient provision or their
effect on the adaptation response to resistanceisge Hence the primary novel finding of the
present study was that rates of myofibrillar pnoteynthesis between the NORM and LOW
glycogen legs during 1 — 4 h recovery after resistaexercise were not different (Fig. 3.6). This
finding was unexpected given that acute energ\ciéfas previously been reported to attenuate
rates of mixed muscle protein synthesis by ~ 199%iéRas et al. 2010), although the metabolic
perturbation with low glycogen in the current stuaay have had less impact on cell energy
status and thus failed to modulate the myofibrilestein synthetic response to low volume high-
intensity resistance exercise. Nonetheless, thelameéepletion protocol in combination with a
low carbohydrate meal used in this work was sudaksscreating divergence in resting muscle
glycogen concentration. Muscle glycogen contentlmameduced by ~ 25 % following a single
bout of resistance exercise (Robergs et al. 198fdj)pared with reductions of ~ 50% or greater
after high intensity endurance exercise (Wojtaskeves al. 2003). The distinct metabolic
demands with endurance exercise may make the didapt@esponse in mitochondrial and
CHO/fat metabolism more sensitive when traininghwidw glycogen, although any benefit to
endurance performance has yet to be establishddt@idiet al. 2010, Yeo et al. 2010, Yeo et al.
2008). In the present study, glycogen availabilitythe LOW leg may have been sufficient to
complete the short periods of contractile actiwith long (3 min) recovery between sets without
compromising myofibrillar protein synthesis rategidg recovery. Moreover, it is possible that

greater difference in glycogen availability is nesary to generate differences in metabolic
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processes that might alter muscle protein synthékigvever, even an endurance exercise bout
commenced with low glycogen has only modest effemts muscle protein metabolism
(Blomstrand and Saltin 2001, Howarth et al. 2010).

The ingestion of carbohydrate post-exercise doesnease muscle protein synthesis in humans
per se but it was hypothesized carbohydrate costedewith protein may have promoted the
anabolic response when muscle glycogen was compeamin the present study, the nutrient
ingestion protocol resulted in divergent plasmacgse, insulin, and amino acid profiles during
the 4-h recovery period (Fig. 3.3). However, nceefffof carbohydrate co-ingestion on anabolic
signalling and rates of myofibrillar protein synsiee were observed despite moderate muscle
glycogen repletion during the early phase of recpvalthough insulin has been suggested as a
potential anabolic hormone that contributes to etiélmuscle accretion (Biolo, Declan Fleming
and Wolfe 1995a), recent evidence shows insulirplay only a permissive role in muscle
anabolism, at least in young men (Koopman et al07aD Despite the availability of
carbohydrate for restoring muscle glycogen andasociated increase in plasma insulin levels
during recovery in the low glycogen leg, there wadifference in myofibrillar protein synthesis
compared with the normal leg. Nonetheless, theseltseprovide further evidence of the well-
established capacity for amino acids to augmentntiiscle protein synthesis response after

resistance exercise following an overnight fast.

Another novel finding of this study was that divengy glycogen concentrations following the
depletion protocol were associated with differenioggre-exercise phosphorylation status of key
muscle cell signalling proteins that were generaftyeliorated after the resistance exercise bout.
Acute changes in translation initiation and glucasetabolism are stimulated by nutrient and
contractile overload and mediated, at least in, plarbugh the activation of the Akt-mTOR-S6K
kinases (Glass 2005, Philp et al. 2011). Elevagsting Akt®™"3phosphorylation was observed
in the LOW glycogen leg (Fig. 3.4A) but this disipardid not extend to the post-exercise
recovery period with similar responses between. lggsontrast, Creer and colleagues (Creer et
al. 2005) reported similar Akt phosphorylation astrand an attenuated post-exercise response
with low muscle glycogen. The discrepancies betwsardies may reflect differences in
protocols employed for generating divergent glyecogencentration and the training status of the
subjects, but is most likely related to the timofgoost-exercise biopsies. Nonetheless, it seems
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plausible that Akt-mediated signalling would be amted to promote glucose transport and
glycogen resynthesis at rest due to low muscle agjgn, but strong contractile stimuli
upregulates the metabolic response uniformly rdgssf glycogen status.

As might be expected, differences in markers otagbe uptake glycogen synthesis and were
observed at rest and post-exercise (Fig. 3.5). dglgn synthasé™* dephosphorylation
(activation) was significantly greater in LOW com@a with NORM at every time point in the
nutrient and placebo groups (Fig. 3.5A). Moreo$, was significantly dephosphorylated in the
LOW glycogen legs of both groups 1 h after thestasice exercise bout. Considering the results
from Chapter 2 where there was no change in GSpblooglation after resistance exercise, this
may indicate that low glycogen concentration igitical factor for the capacity of low-volume,
high-intensity resistance exercise to exert angiBgant effect on glycogen synthase activity and
(re)synthesis. Post-exercise increases in AS16Gphtuoylation were apparent with protein/
CHO ingestion but were not different between NORMI & OW glycogen legs (Fig. 3.5B).
Conversely, AS 160 phosphorylation increased pwstetse only in LOW from the placebo
group. This suggests any sensitivity AS 160 mayileto low glycogen availability following
resistance exercise is eliminated upon adequatenuingestion.

There was no effect of glycogen status on m¥t#&®phosphorylation after resistance exercise
in the placebo group, whereas nutrient ingestiemaged mTOR above rest 1 h after exercise to a
greater extent in the NORM compared with the LOW Ig-ig. 3.4B). The increased
phosphorylation of mTOR with protein/CHO ingestibkely represents a synergistic effect
mediated through the insulin signalling cascade @aphcity for amino acids to directly activate
MTOR through a putative interaction between the-Rag Rheb-GTPases (Sancak et al. 2008).
Although the disparity in the magnitude of mTOR gploorylation may indicate a modest
suppression due to low glycogen, there was stildafold increase in mTOR phosphorylation in
the LOW leg that was sufficient to initiate actieat of downstream proteins more proximal to
translation initiation. Moreover, the sustainedvateon in mTOR phosphorylation 4 h after

resistance exercise in the nutrient group was aimigtween NORM and LOW legs.

The AMPK complex has a glycogen binding domain thay influence AMPK’s role as a cell
energy sensor while also having the capacity tatmegly regulate mTOR activation (Bolster et

al. 2002, Gwinn et al. 2008). Previous work demi@tet increased mTOR phosphorylation and
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muscle protein synthesis rates concomitant witlvadésl AMPK activity following exercise,
indicating that any putative effect of AMPK on milesqrotein synthesis in humans after
resistance exercise may only be modest (Dreyek. @088a). Regardless, no change in AMPK
phosphorylation was observed between legs in theepl or nutrient groups that might explain
the moderate difference in mMTOR phosphorylation Jdst-exercise. Moreover, a similar
phosphorylation status of regulatory targets of mTi@oximal to translation initiation indicative
of comparable activation was also shown despitpadiiy in glycogen concentration. This is in
agreement with numerous previous studies investigatranslational signalling that show
increases in p70S6K and rpS6 phosphorylation dutivey early recovery period following
exercise and the augmented response with nutriexison after an overnight fast (Deldicque et
al. 2010, Dreyer et al. 2008b, Koopman et al. 2007b

Consistent with the changes in cell signalling, aeismRNA responses of select genes
associated with muscle proteolysis and cataboligmewelatively unchanged by muscle glycogen
concentration. Muscle atrophy F-Box (MAFbx; alsatm as atrogin-1) belongs to the ubiquitin
proteasome pathway involved in tagging contracpletein for degradation by cellular
proteasomes (Bodine et al. 2001a, Gomes et al.)2@@kreas myostatin is a putative negative
regulator of muscle growth (Thomas et al. 2000k @kcrease in atrogin-1 mRNA abundance at
4 h post-exercise in NORM and LOW legs in the gacand nutrient groups (Fig. 3.7A) is
similar to previous work from this laboratory shogia decrease in atrogin mRNA 3 h after
resistance exercise (Churchley et al. 2007). Likewthe post-exercise decrease in myostatin
MRNA expression (Fig. 3.7B) is in accordance witbvpus studies that have examined mRNA
changes following resistance exercise (Harber.e2Q09, Louis et al. 2007). Interestingly, there
was higher atrogin-1 and myostatin expression & t®W glycogen leg compared with the
normal glycogen leg after 4 h recovery in the rurigroup. To my knowledge, this is the first
study to investigate the interaction of glycogemamntration and nutrients on catabolic genes
after resistance exercise. The possibility exibtt the abundance of exogenous CHO/amino
acids and low muscle glycogen generated a sign&wich on” processes regulating muscle
remodelling/ adaptation after exercise rather tpagserving muscle protein by suppressing
breakdown without post-exercise nutrient provisiorihe placebo/fasted condition. However, it
should be noted that the mRNA abundance of atragish myostatin were not elevated above

resting levels and probably represents only a ntaeféect on catabolic processes.
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In conclusion, and in contrast to the original hyy@sis, commencing a bout of strenuous
resistance exercise with low muscle glycogen alditg failed to attenuate anabolic signalling
and rates of myofibrillar protein synthesis complamth when the same exercise bout was
undertaken with normal glycogen availability. Pmt€HO supplementation also failed to
mediate any divergence in muscle protein synthesisween NORM and LOW during recovery.
Moreover, whereas some disparity between legs Wasreed, undertaking exercise with low
glycogen did not induce an increase in select mRhskkers of catabolic activity. Although it
cannot be ruled out the possibility that altermatiesistance training bouts employing different
contraction volumes and intensities might genei@atenore pronounced effect of glycogen
concentration on post-exercise muscle cell sigmaland muscle protein synthesis rates, these
findings indicate that commencing resistance egeraiith low muscle glycogen does not impair
this anabolic response in the early recovery periduds is imperative when considering the
potential for suboptimal muscle glycogen situatiavisen undertaking multiple high intensity
exercise bouts in a day. Nonetheless, whereas Igwgen availability may promote the aerobic
training phenotype, this work provides new inforioatto show that modulating glycogen
concentration neither promotes nor inhibits the teacadaptation response after resistance

exercise.
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Chapter Four

Effects of Protein Ingestion on Muscle Protein Syiitesis and mRNA

Expression Following Consecutive Resistance and Eachnce Exercise

Adapted from: Camera, D.M., West, D,W., PhillipdVS Rerecich, T., Stellingwerff, T.,
Hawley, J.A., Coffey, V.G. (2013)ournal of Applied Physiologyn Review)
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4.1 Introduction

Contraction-induced adaptations in skeletal muactelargely determined by the mode, volume
and intensity of exercise (Coffey and Hawley 200M¢peated bouts of endurance exercise
generates multiple adaptations in skeletal musdkding, but not limited to, increased capillary
and mitochondrial density (Holloszy 1967, Saltid &wllnick 1983), whereas chronic resistance
training generally promotes a phenotype of incrédaseyofibrillar protein accretion and cross
sectional area of type Il fibres (D'Antona et a08&, Phillips et al. 1999). Exercise-nutrient
interactions are also critical in determining skalenuscle adaptation and may have the capacity
to modulate the specificity of training responseaty et al. 2011). Indeed, manipulating
carbohydrate availability and/or muscle glycogeorest alter the endurance exercise adaptation
response (Bergstrom et al. 1967, Ivy et al. 1988d)jle protein/ amino acid (leucine)
supplementation interacts synergistically with sesice exercise to increase muscle protein
synthesis (Phillips et al. 2005, Rennie et al. }98®wever, a limited number of studies have
investigated the acute adaptation response todhwioed effects of endurance and resistance

(‘concurrent’) exercise and, in particular, theshaiction with protein ingestion/supplementation.

The cellular mechanisms regulating the specifiatytraining adaptation within a concurrent
training paradigm is undoubtedly complex given tapacity of single mode endurance and
resistance training to generate divergent phenst{ipgAntona et al. 2006, Wilkinson et al. 2008)
and the potential confounding factors of exercisepnand recovery between bouts. Wilson and
colleagues have reported that endurance exerdisgits1hypertrophy/strength in a volume and
frequency dependent manner within a concurrentitrgiparadigm (Wilson et al. 2012). Various
cell signalling responses related to translationtiation and mMRNA expression of
mitochondrial/metabolic and myogenic adaptationehaiso been observed from past work in
this lab following a concurrent exercise bout ie thsted state (Coffey et al. 2009a, Coffey et al.
2009b). Interestingly, comparable increased ratesyofibrillar and mitochondrial synthesis
were recently shown following concurrent resistaand endurance exercise when compared to
each mode in isolation in sedentary middle-aged (Demges et al. 2012). Therefore, while the
molecular profile generated by an acute bout ofcuomnt training has yet to be clearly
established, the possibility exists that succes®sestance and endurance exercise may have the

capacity to promote both myofibrillar and mitochaatiprotein synthesis.
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Consumption of high-quality protein in close tengdgsroximity to resistance exercise enhances
translation initiation signalling and maximally retilates rates of muscle protein synthesis
(Koopman et al. 2007b, Moore et al. 2009a). Likewiprotein feeding following endurance

exercise can increase the transcriptional profilentochondrial-related genes (Rowlands et al.
2011). To date no study has determined the effegratein ingestion following concurrent

exercise on the acute myofibrillar and mitochondpi@tein synthesis rates in skeletal muscle.
Accordingly, the primary aim of the present invgation was to examine the acute effects of
protein ingestion on rates of myofibrillar and neibendrial protein synthesis in association with
selected cellular/molecular responses followingoaitbof consecutive resistance exercise and
cycling. It was hypothesized that, compared togihag protein ingestion would enhance anabolic
and metabolic signalling and subsequent proteirthggis during the early recovery period

following exercise.

4.2 Methods

Subjects

Eight healthy male subjects [age 19.1 + 1.4 yr\ybowhss 78.1 + 15.6 kg, peak oxygen uptake
(VOzpead) 46.7 + 4.4 ml-kg-min™, leg extension one repetition maximum (1-RM) 13Q4tkg;
values are mean + SD] who had been participatirrggnlar concurrent resistance and endurance
training (~3x/week; > 1 year) volunteered to pap@te in this study. The experimental
procedures and possible risks associated withttity svere explained to all subjects, who gave
written informed consent before participation. Tdtedy was approved by the Human Research
Ethics Committee of RMIT University.

Study Design

The study employed a randomised double-blind, eowss design in which each subject
completed two acute concurrent resistance andrgyelkercise sessions with either post-exercise
placebo (PLA) or protein (PRO) ingestion separdigda three week recovery period, during

which time subjects maintained their habitual pbgkactivity pattern.
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Preliminary Testing

VOpeak Peak oxygen uptake was determined during aemmental test to volitional fatigue on a
Lode cycle ergometer (Groningen, The Netherlan@isg protocol has been described in detall
previously (Hawley and Noakes 1992). In brief, jgsats commenced cycling at a workload
equivalent to 2 W/kg for 150 s. Thereafter, the klmad was increased by 25 W every 150 s until
volitional fatigue, defined as the inability to mtin a cadence >70 revolutions/min. Throughout
the test subjects breathed through a mouthpieaehattl to a metabolic cart (Parvomedics, USA)

to determine oxygen consumption.

Maximal Strength. Quadriceps strength was deterinthging a series of single repetitions on a
plate-loaded leg extension machine until the marmmoad lifted was established (1 RM).

Repetitions were separated by a 3-min recovery \wate used to establish the maximum
load/weight that could be moved through the fuliga of motion once, but not a second time.

Exercise range of motion was 85° with leg extengindpoint set at -5° from full extension.

Diet/Exercise Control. Before an experimental trjekscribed subsequently), subjects were
instructed to refrain from exercise training andjorous physical activity, and alcohol and
caffeine consumption for a minimum of 48 h. Sutgewere provided with standardized
prepacked meals that consisted of 3 g carbohy&tateddy mass, 0.5 g protein/kg body mass,
and 0.3 g fat/kg body mass consumed as the finaticantake the evening before reporting for

an experimental trial.

Experimental Testing Session

On the morning of an experimental trial, subjeaported to the laboratory after a ~10-h
overnight fast. After resting in the supine positior ~15 min, catheters were inserted into the
anticubital vein of each arm and a baseline blcmd@e (~3 mL) was taken (Figure 4.1). A
primed constant intravenous infusion (prime: 2 pikgt; infusion: 0.05 pmol-Kg min?) of L-
[ring-*C¢] phenylalanine (Cambridge Isotopes Laboratorie§SA) was then administered.
Under local anaesthesia (2—-3 mL of 1% Xylocaineesting biopsy was obtained 3 h after
commencement of the tracer infusion from the vakitesalis using a 5-mm Bergstrom needle

modified with suction. Subjects then completed tk&ercise intervention (described
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subsequently). Immediately following the cessatofrexercise, subjects ingested 500 mL of
either a placebo (PLA: water, artificial sweeter@mrprotein beverage (PRO: 25 g whey protein).
The protein beverage was enriched to 5%ihg-°C¢] phenylalanine to prevent dilution of the
steady-state isotope enrichment implemented bgdahstant infusion. Subjects rested throughout
a 240-min recovery period and additional musclepbies were taken 60 and 240 min post-
exercise. Each muscle biopsy was taken from argepsite 2-3 cm distal from the right leg for
the first trial and left leg for the second triaithvall samples stored at -80°C until subsequent
analysis. Blood samples were collected in EDTA sulaé regular intervals during the post-

exercise recovery period.
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Figure 4.1 Schematic representation of the experimental. tri8lubjects reported to the laboratory
following an overnight fast and an after initiaktieg blood sample began a constant infusion afingf

'3Cs] phenylalanine. 180 min after commencement oferanfusion, a baseline muscle biopssagtus
lateralis) was obtained, and subjects then completed a cartexercise session consisting of resistance
(8 sets of 5 leg extensions at 80% 1-RM) and emdierg30 min cycling at 70% VRQ.,) exercise
separated by 15 minutes. Immediately after exersisigjects consumed a 500 mL bolus of protein (25 g

whey) or placebo. Additional muscle biopsies wekeeh at 1 and 4 h post-exercise.
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Resistance Exercise

After a standardised warm-up (2 x5 repetitions &@%%and ~60% 1 RM, respectively), subjects

performed eight sets of five repetitions at ~ 80%RNI. Each set was separated by a 3 min
recovery period during which time the subject reradi seated on the leg extension machine.
Contractions were performed at a set metronomencadapproximately equal to 30°/s and

strong verbal encouragement was provided durindy s&t. Subjects then rested for 15 min

before beginning the cycling protocol.

Cycling Exercise

Subjects performed 30 min of continuous cyclingaapower output that elicited ~70% of
individual VOzpeak  Subjects were fan-cooled and allovaatllibitum access to water throughout
the ride. Visual feedback for pedal frequency, poagput, and elapsed time were provided to

subjects.

Analytical Procedures

Blood Glucose and Plasma Insulin Concentration. M/hblood samples (5 mL) were
immediately analysed for glucose concentrationgisim automated glucose analyser (YSI 2300,
Yellow Springs, USA). Blood samples were then grged at 100@ at 4° C for 15 min, with
aliquots of plasma frozen in liquid,Mind stored at -80°C. Plasma insulin concentratias then
measured using a radioimmunoassay kit accordingh& manufacturer's protocol (Linco
Research, Inc., St Charles, MO, USA).

Plasma Amino Acids and Enrichment. Plasma amind aoncentrations were determined by
high performance liquid chromatography (HPLC) framrmodified protocol (Moore et al. 2009a).
Briefly, 100 pL of plasma was mixed with 500 pLioé cold 0.6 M PCA and neutralised with
250 pL of 1.25 M potassium bicarbonate (KHCO3). Blas were then subsequently derivatised
for HPLC analysis. Plasmairig-'*Cs] phenylalanine enrichments were determined asiqusly
described (Glover et al. 2008b).
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Mitochondrial and Myofibrillar Protein Synthesis

A piece frozen of wet muscle (~ 100 mg) was homagehwith a Dounce glass homogenizer on
ice in an ice-cold homogenising buffer (1M Sucro®] Tris/HCI, 1M KCI, 0.5M EDTA)
supplemented with a protease inhibitor and phosgleatocktail tablet (PhosSTOP, Roche
Applied Science, Mannhein, Germany) per 10 ml dfdou The homogenate was transferred to
an eppendorf tube and centrifuged to pellet a ifvacénriched with myofibrillar proteins and
collagen that was stored at -80°C for subsequemaetion of the myofibrillar fraction (described
below). The supernatant was transferred to anappendorf tube and centrifuged to pellet the
mitochondrial enriched protein fraction. The supgant was placed in a separate eppendorf and
stored at -80°C for Western Blot analysis (describelow). The mitochondrial enriched pellet
was then washed, lyophilized and amino acids wbegdted by adding 1.5 mL of 6M HCL and
heating to 110°C overnight.

The myofibrillar pellet stored at -80°C was wash®dce with the homogenization buffer,
centrifuged and supernatant was discarded. Myd#brproteins were solubilised in 0.3 M
sodium hydroxide and precipitated withl M perchdoaicid. Amino acids were then liberated
from the myofibrillar enriched precipitate by adglia.0 ml of 6 M HCL and heating to 110°C
overnight.

Free amino acids from myofibrillar and mitochondmgriched fractions were purified using
cation-exchange chromatography (Dowex 50WX8-200hy&digma-Aldrich Ltd) and converted
to their N-acetyl-n-propyl ester derivatives forabysis by gas chromatography combustion-
isotope ratio mass spectrometry (GC-C-IRMS: HewReattkard 6890; IRMS model Delta Plus
XP, Thermo Finnagan, Waltham, MA, USA).

Intracellular amino acids (IC) were extracted frarseparate piece of wet muscle (~20 mg) with
ice-cold 0.6 M PCA. Muscle was homogenized andbe amino acids in the supernatant were
purified by cation-exchange chromatography and eded to their heptafluorobutyric (HFB)
derivatives before analysis by GC-MS (models 689 &hd 5973 MS; Hewlett-Packard, Palo
Alto, USA) as previously described (Moore et al028).
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Calculations

The rate of mitochondrial and myofibrillar protesgnthesis was calculated using the standard
precursor—product method: FSR (%-h-1) = [(E2b -)EIBIC x t)] x 100

Where E2b - Elb represents the change in the bpurteéin enrichment between two biopsy

samples, EIC is the average enrichment of intraleellphenylalanine between the two biopsy

samples and t is the time between two sequenbalsies.

Western Blots. The supernatant frozen at -80°@nfiitie previous mitochondrial enriched
fraction extraction was used for determination oft@in concentration using a BCA protein
assay (Pierce, Rockford, IL, USA). The supernatead subsequently resuspended in Laemelli
sample buffer, separated by SDS-PAGE, transfewwegbtyvinylidine fluoride membranes and
incubated with primary antibody (1:1,000) overnigitt 4°C on a shaker. Membranes were
incubated with secondary antibody (1:2,000), andtgins were detected via enhanced
chemiluminescence (Amersham Biosciences, Buckinghasy UK; Pierce Biotechnology,
Rockford, IL) and quantified by densitometry (Chdog, BioRad, Gladesville, Australia). All
sample (40 pg) time points for each subject weneom the same gel. Polyclonal anti-phospho-
Akt>®™73(n0.9271), -mTOR***8(no. 2971), -Glycogen Synthase (G%§*}(n0.3891) -eEF2"°
(no. 2331), and monoclonal anti- AMBK™ "2 (no. 2535) and p70S6R** (n0.9234) were from
Cell Signalling Technology (Danvers, USA). Data expressed relative totubublin (no. 3873,
Cell Signalling Technology, Danvers, USA) in arariy units.

RNA Extraction and Quantification

Skeletal muscle tissue RNA extraction was performedoreviously snap frozen samples with
TRIzol according to the manufacturer’s directionBriefly, ~ 20 mg of skeletal muscle was
homogenised in TRIzol and chloroform added to fammaqueous RNA phase. This RNA phase
was then precipitated by mixing with isopropanaiodlol and the resulting pellet was washed and
re-dissolved in 50 ul of RNase-free water. Extrdd®NA was quantified using a QUANT-IT
analyser kit (Invitrogen, Melbourne, Australia, Q% Q32852) according to the manufactures
directions. Quality of RNA was further determined a NanoDrop 1000 spectrophotometer

(Nanodrop Technologies, Wilmington, USA) by measgrabsorbance at 260 nm and 280 nm
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with a 260/280 ratio of ~ 1.88 recorded for all séesp The RNA samples were diluted as

appropriate to equalise concentrations, and staire80°C for subsequent reverse transcription.

Reverse Transcription and Real-Time PCR

First-strand complementary DNA (cDNA) synthesis \wasformed using commercially available
TagMan Reverse Transcription Reagents (Invitrogdelbourne, Australia) in a final reaction
volume of 20 pL. All RNA and negative control sdegwere reverse transcribed to cDNA in a
single run from the same reverse transcription emasiix. Serial dilutions of a template RNA
(AMBION; Cat No AM7982) was included to ensure eff#ncy of reverse transcription and for
calculation of a standard curve for real-time quatwve polymerase chain reaction (RT-PCR).
Quantification of mMRNA (in duplicate) was performed a 72-well Rotor-Gene 3000 Centrifugal
Real-Time Cycler (Corbett Research, Mortlake, Aal&t). Tagman-FAM-labelled primer/probes
for MuRF-1 (Cat No. Hs00261590), Atrogin (Cat Nos(041408), Myostatin (Cat No.
Hs00976237), PGCel (Cat No. Hs01016719), Hexokinase (Cat No. Hs00I8b%nd VEGF
(Cat No. Hs00900055) were used in a final reactiolume of 20 uL. PCR treatments were 2
min at 50 °C for UNG activation, 10 min at 95 °@nh0 cycles of 95 °C for 15 s and 60 °C for
60 s. Glyceraldehyde-3-phosphate dehydrogenas@pB# (Cat No Hs Hs99999905) was used
as a housekeeping gene to normalize threshold ¥1g values. The relative amounts of
MRNAs were calculated using the relative quantifice(AACT) method (Livak and Schmittgen
2001).

Statistical Analysis

All data were analysed by two-way ANOVA (two factdime x treatment) with repeated
measures and Student-Newman-Keuls post hoc anal@s#istical significance was established
when P < 0.05 (SigmaStat for windows Version 3.1A). data are expressed as arbitrary unit’s
+ SD.
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4.3 Results

Plasma Insulin, Amino Acids and Blood Glucose

There were significant effects for plasma insulivd dotal amino acid concentration with PRO
but not PLA (P < 0.001; Figure 4.2A, B). Peak plasmsulin (~ 535%) and amino acid (~ 70%)
concentrations occurred 40 min post-exercise (P.081). The same effect was evident for
BCAA concentration (~180%, P < 0.001; Figure 4.2@)ood glucose was not different at any

time in either treatment (data not shown).

Plasma tracer enrichments

Plasma L4ing °Cs] phenylalanine enrichment at rest, and 60, 180 and 240 min post-
exercise for PRO and PLA were 0.0688, 0.0557, ®060673 and 0.0609, and 0.0617 0.0558,
0.0616, 0.0558, and 0.0606 tracer-to-tracee rafiel, respectively. Linear regression analysis
indicated that the slopes of the plasma enrichmeetg not significantly different from zero,
showing isotopic plateau/steady-state.
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Figure 4.2 Plasma insulin (A), total plasma amino acid (Bj gslasma branched chain amino acid
(BCAA) concentrations (C) at rest and during 24 neicovery following a concurrent exercise of s@ssi
resistance (8 sets of 5 leg extensions at 80% 1-RiM) endurance (30 min cycling at 70% NQ)
exercise and ingestion of either 500 mL placebgrotein beverage immediately post-exercise. Values

are mean + SD. Significantly different (P < 0.08rsus (a) rest; and (asterisk) between treatments
(placebo vs. protein).
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Cell Signalling

Akt-mTOR-p70S6K-eEF2. There were significant effects for ARY*"phosphorylation for time
and treatment (P < 0.05, Figure 4.3A). E&&"3phosphorylation increased above rest with PRO
(~ 175%: P < 0.05) but not PLA 1 h after exerciShis disparity in Akt®*®resulted in a
significant difference between treatments at 1 k (P05). Phosphorylation in PRO then returned

to resting levels 4 h following recovery from exsec(P < 0.05).

There were significant effects for time and treattrfer mTOR®2448

Figure 4.3B). mTOR phosphorylation increased aRBO (~ 400%, P < 0.001) and PLA (~
100%, P < 0.05) ingestion at 1 h, and this increese markedly higher with PRO (~ 300%, P <
0.001). mTOR®?**®phosphorylation remained elevated above rest dst-gxercise with PLA

phosphorylation (P<0.05,

only (~ 130%, P < 0.05), resulting in a significaigparity between treatments (P < 0.05).

There were significant effects for p70SBR® phosphorylation for both time and treatment (P <
0.05, Figure 4.3C). p70S8K3® phosphorylation increased above rest with PRO0OP036; P <
0.001) but not PLA 1 h after exercise. This disyaim p70S6K"® resulted in a significant
difference between treatments at 1 h (P < 0.05)sptorylation of p70S6K after PRO returned
to resting levels after 4 h of recovery from exeedfP < 0.001).

There were significant effects for eEE2® phosphorylation for time in both treatments (P.850
Figure 4.3D). One hour post-exercise, phosphooabf eEF2 decreased ~ 60% (P < 0.05) with
PLA and ~ 75% (P < 0.05) with PRO and remainediatlevel for the duration of the recovery
(4 h).
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Figure 4.3 (A) Akt>®*"®(B) mammalian target of rapamycin (mTOE}**®(C) p70S6K"™** and (D)
eukaryotic elongation factor 2 (eEF?¥° phosphorylation in skeletal muscle at rest andndu4 h post-
exercise recovery following a concurrent exercisgs®on of resistance (8 sets of 5 leg extensioB8%it
1-RM) and endurance (30 min cycling at 70%y&) exercise and ingestion of either 500 mL placebo o
protein beverage immediately post-exercise. Vahresexpressed relative ¢etubulin and presented in
arbitrary units (mean + SD, n = 8). Significandijferent (P < 0.05) versus (a) rest, (b) 1 h camstdrisk)

between treatments (placebo vs. protein) at equivaime-point.
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AMPK — GS. There were significant effects for both time amedatment for AMPK"!"2
phosphorylation (P < 0.05, Figure 4.4A). AMPR'? phosphorylation decreased from 1 h to 4 h
post-exercise after PRO only (~ 70 %, P < 0.05) wad higher in PLA, however post hoc

analysis failed to show any differences for anyvithlial time point.

There were significant effects for time for B$* phosphorylation (P < 0.05, Figure 4.4B).

GS™"®!phosphorylation was lower from rest at 1 h (~ 88%; 0.05) and 4 h (~ 70%, P < 0.05)

post-exercise with PLA. GS phosphorylation simyladecreased at 1 h with PRO compared to
rest (~ 90%, P < 0.05) but was not different at 4 h
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Figure 4.4 (A) 5' adenosine monophosphate-activated protgiade (AMPK)™*7? and (B) Glycogen
Synthase (GS§*®* phosphorylation in skeletal muscle at rest andndu# h post-exercise recovery
following a concurrent exercise session of rest#a(8 sets of 5 leg extensions at 80% 1-RM) and
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treatments (placebo vs. protein) at equivalent-{imiat.
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MRNA expression
MuRF1-Atrogin-1-Myostatin

There were significant effects for time and treattmier MuRF1 mRNA abundance (P < 0.05,
Figure 4.5A). MuRF1 increased significantly abogsting levels at 1 h (~ 315% vs. ~ 230%, P <
0.001) and 4 h (~ 250% vs. ~ 140%, P < 0.05) pestetsse after both PLA and PRO,
respectively. MuRF1 was higher in PLA compared ROPat both post-exercise time points (1 h:
78%, 4 h: 105%, P < 0.05).

Atrogin-1 mRNA expression increased above rest ontli PLA 1 h post-exercise (~ 50%, P <
0.05; Figure 4.5B). The disparity in Atrogin-1 mRNA 1 h resulted in a significant difference

between treatments (P < 0.05).

There was a significant effect of time for myostamRNA abundance (P < 0.05, Figure 4.5C).
Myostatin decreased from rest at 1 h (~ 40% v5%,5P < 0.05) and 4 h (~ 70% vs. ~ 80%, P <
0.001) after both PLA and PRO, respectively. MsttatmRNA at 1 h was different from 4 h
after PLA (~ 120%, P < 0.05).
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Figure 4.5 (A) Muscle ring finger 1 (MuRF1), (B) atrogin ai@) myostatin mRNA abundance at rest
and during 4 h post-exercise recovery followingaatirrent exercise session of resistance (8 sé&deaf
extensions at 80% 1-RM) and endurance (30 minmyat 70% VQ,..) exercise and ingestion of either
500 mL placebo or protein beverage immediately-pgstcise. Values are expressed relative to GAPDH
and presented in arbitrary units (mean £ SD, n.=3ynificantly different (P < 0.05) versus (a¥tigb) 1

h and (asterisk) between treatments (placebo wteip) at equivalent time-point.
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PGC-ki-Hexokinase-VEGF

There were significant effects for PGG-thnRNA abundance for time (P < 0.05, Figure 4.6A).
PGC-Xn expression increased above resting and 1 h |ésédsving 4 h post-exercise recovery in
PLA (~ 730%, P <0.001) and PRO (~ 620%, P < 0.001).

There were signifiant effects for time and treattrfen hexokinase mRNA expression (P < 0.05,
Figure 4.6B). Hexokinase increased above resthaindPLA only (~ 120%, P < 0.05) whereas in
PRO there were no changes. This disparity resuitadsignificant difference between treatments
at4 h (P <0.05).

VEGF mRNA expression increased above rest at batt{~1200%, P < 0.001) and 4 h (~ 210%,
P < 0.001) with PLA (Figure 4.6C). Likewise, VEGB@increased with PRO at 1 h (~ 170%, p
< 0.05) and 4 h (~ 180; P < 0.05). There were Hier@nces between treatments at any post-

exercise time point.
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Figure 4.6 (A) Peroxisome proliferator-activated receptor gsancoactivator 1-alpha (PG@1 (B)
hexokinase and (C) vascular endothelial growthofamdRNA abundance at rest and during 4 h post-
exercise recovery following a concurrent exercesgs®n of resistance (8 sets of 5 leg extensioB8%t
1-RM) and endurance (30 min cycling at 70%V&) exercise and ingestion of either 500 mL placebo o
protein beverage immediately post-exercise. Vahresexpressed relative to GAPDH and presented in
arbitrary units (mean £ SD, n = 8). Significandijferent (P < 0.05) versus (a) rest, (b) 1 h aamterisk)

between treatments (placebo vs. protein) at equivaime-point.
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Muscle Protein Synthesis

Rates of myofibrillar protein synthesis increaséd\we rest between 1 h and 4 h post-exercise
after both PLA (~ 75%, P < 0.05) and PRO (~ 145%).801) (Figure 4.7A). This post-exercise
increase in the rate of myofibrillar synthesis wasater with PRO compared to PLA (P < 0.05).
Rates of mitochondrial protein synthesis (n = 6yavenchanged during the acute post-exercise
period and there were no differences in post-egerdractional synthesis rates between

treatments (Figure 4.7B).
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Figure 4.7 (A) Myofibrillar (n = 8) and (B) Mitochondrial (= 6) protein fractional synthetic rates
between 1 - 4 h recovery following a concurrentreise session of resistance (8 sets of 5 leg exiens

at 80% 1-RM) and endurance (30 min cycling at 70@,\,) exercise and ingestion of either 500 mL
placebo or protein (25 g whey protein) beverage ediately post-exercise. Values are expressed as %-<h
and presented as individual data with group meamif®antly different (P < 0.05) versus (a) reahd

(asterisk) placebo vs. protein.
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4.4 Discussion

Adaptations to concurrent resistance and enduraxezcise may be ‘compromised’ when
compared with training for either exercise modenalCoffey and Hawley 2007b, Hickson 1980,
Wilson et al. 2012). Results from this work shovattin moderately trained individuals the
combined effects of resistance and endurance aeeresulted in elevated rates of myofibrillar
but not mitochondrial protein synthesis. It wasoaleported for the first time that protein
ingestion promotes insulin/insulin-like growth fact(IGF) pathway signalling and myofibrillar

protein synthesis, but does not enhance mitochaindrotein synthesis rates during the early
recovery period following consecutive resistancereise and cycling. In addition, these findings
provide new information to demonstrate that posreise protein ingestion attenuates mRNA

expression of markers of muscle catabolism follgranconcurrent training session.

Athletes from a variety of sports undertake resisgaand endurance training concurrently to
enhance both anabolic/growth and metabolic/oxigatidaptations in skeletal muscle. As such,
concurrent training presents a unique integratibdigergent contractile activity. The primary
novel finding of the present study was that a sngbut of concurrent training promoted an
adaptation response favouring muscle anabolismademately trained males, and post-exercise
protein supplementation preferentially enhance@sratf myofibrillar but not mitochondrial
protein synthesis (Figure 4.7). Donges and colleagdbonges et al. 2012) have recently shown
that a concurrent training bout was capable of gyleging translational signalling, and
myofibrillar and mitochondrial protein synthesisuntrained, middle-aged subjects to a similar
extent as resistance and endurance exercise betftarrped in isolation. The results of the
present study provide support for this exerciseiated effect on the myofibrillar fraction of
skeletal muscle with placebo ingestion, but faitedelevate rates of mitochondrial protein

synthesis in this cohort of subjects.

Enhanced rates of myofibrillar protein synthesiofeing resistance exercise with post-exercise
protein ingestion are well established (Burd eR@D9, Moore et al. 2009a). However, this is the
first study to report increased rates of myofilrillsynthesis with protein supplementation
compared to placebo during the acute post-exemasevery period following concurrent

resistance exercise and cycling. Therefore, théséinfs suggest that resistance exercise

generates a sufficient adaptive signal to retam ¢hpacity to stimulate myofibrillar protein
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synthesis despite a subsequent bout of endurarereisx Such an acute response would be
expected to ultimately result in muscle hypertrophth repeated bouts of resistance exercise in

a chronic concurrent training program.

A similar selective increase in myofibrillar prateisynthesis rate has previously been
demonstrated in response to protein-carbohydraténgastion following a high-intensity
repeated sprint protocol (Coffey et al. 2011). @ivee high load (0.75 Nme«Kg and subsequent
mechanical force required to complete maximal s$pycling repetitions, the overload stimulus
in this previous study may be considered resistiikeeexercise that might promote a modest
hypertrophy response with protein ingestion (Coffdyal. 2011). However, Breen and co-
workers have also recently reported increases tes raf myofibrillar, but not mitochondrial,
protein fractional synthetic rates when carbohya@abtein was co-ingested compared to
carbohydrate feeding alone following 90 min of dieatate cycling at ~75%04pcak(Breen et al.
2011b). While some increase in muscle mass in ineiéssedentary individuals likely occurs
with contractile overload per se (Harber et al. 20lendurance exercise does not induce
substantial hypertrophy (Hickson 1980, Wilson et28112) and Breen and colleagues postulate
that a potential mechanism for the increase in hyilar protein synthesis following prolonged
endurance exercise and protein ingestion was rapdiremodelling of muscle fibres. In contrast,
Donges and co-workers (Donges et al. 2012) havartegh an endurance exercise bout combined
with post-exercise protein ingestion failed to ease myofibrillar protein synthesis above rest
compared with a resistance exercise and concutramting bout. Whether the myofibrillar
synthetic response observed in the present studgxatusively the result of the resistance
exercise or some interaction with the endurancercesee remains unclear. Regardless, the
enhanced protein synthesis with protein ingestios uwndoubtedly beneficial for

retaining/augmenting muscle mass and promotingtatap with concurrent training.

Results from this study also show variable ratesbchondrial protein synthesis that failed to
increase following the concurrent training bouthwaither treatment (Figure 4.7B). Previous
studies in untrained or sedentary subjects havevishen increase in mitochondrial protein
synthesis regardless of the mode of exercise esistance, endurance or concurrent exercise
bouts (Burd et al. 2012, Donges et al. 2012, Wdkimet al. 2008). Consequently, it is suggested
the training status of subjects in the presentystudy have required a greater overload stimulus
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to generate an acute increase in mitochondriakepraynthesis. Indeed, Breen and co-workers
(Breen et al. 2011b) determined the effect of pnotegestion on muscle protein synthesis in
well-trained cyclists and also failed to observg affect on mitochondrial FSR. Rowlands and
co-workers reported an enhanced mitochondrial trgsteme associated with protein ingestion
following endurance exercise, an effect that wadyg ewident late (48 h) but not early (3 h) in the
post-exercise period (Rowlands et al. 2011). Tlheegfit cannot be ruled out that quantification
of mitochondrial protein synthesis later in recgvég.g. 24 h) may have revealed differences in

the adaptation response to exercise and prote@siiagy.

The enhanced myofibrillar protein synthesis waseassed with increases in the phosphorylation
status of signalling proteins that regulate traimtainitiation and elongation. A similar time
course for Akt-mTOR-S6K phosphorylation was showrChapter 2 during the early recovery
period following single bouts of resistance exexcand cycling. Others have also previously
shown endurance and resistance exercise in iselatitvate the insulin/IGF signalling pathway
(Benziane et al. 2008, Moore et al. 2009a). Callett, these findings indicate specific
translational processes in skeletal muscle areanomportant factor determining the specificity
of training adaptation. More recently, a concurrgaining bout has been shown to enhance
Akt/mTOR-mediated signalling responses (Lundbergle012, Wang et al. 2011). The results
of the present study extend these findings by detnatng that protein ingestion can augment
Akt-mTOR-S6K phosphorylation following concurremaining (Figure 4.3). Consequently, it is
contended that Akt-mTOR-S6K signalling may be iatie of nutrient sensitivity and/or muscle
overload but fails to discriminate between divetgamtraction stimuli. Exercise also generated
a decrease in phosphorylation (activation) of thptigle chain elongation factor eEF2 although
there were no differences between treatments itdgcat may be unresponsive to protein
ingestion (Figure 4.3D). Thus, nutrient-mediatecr@ases in muscle protein synthesis following
exercise are likely due in part to enhanced tréioslanitiation rather than elongation.

The AMPK has been implicated in repressing analsajnalling and protein synthesis in skeletal
muscle via inhibition of mMTOR-mediated signalling initiate translation (Dreyer et al. 2008a,
Gwinn et al. 2008). However, post-exercise increase AMPK "2 phosphorylation in the
present study were modest and were concomitant witheases in mTOR phosphorylation
(Figure 4.4A). This may reflect an inability of aanrent exercise session used in this work to
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significantly disrupt cell energy status to a lexdjuired to modulate AMPK signalling despite
changes in glycogen metabolism with exercise ([EgudB) (Coffey et al. 2009b). Nonetheless,
previously work from this lab (Coffey et al. 20090)d others (Benziane et al. 2008, Dreyer et al.
2008a, Mascher et al. 2011, Wang et al. 2011) hegiously failed to observe an AMPK-
associated inhibition of translation initiation s&gling or protein synthesis during recovery from
exercise in human studies and such a causal medaiip has yet to be clearly established in vivo

human muscle.

A novel finding of the present study was the attgad mMRNA responses of genes associated
with muscle proteolysis and catabolism. MuRF1 anbdin-1 mRNA expression was elevated
above rest following the concurrent training bdubwever this increase was attenuated with
protein ingestion (Figure 4.5A and B). Harber amuleagues (Harber et al. 2010) have
previously shown a similar effect on MuRF1 mRNA abdance with ingestion of a
protein/carbohydrate supplement following 60 mincgtling and Borgenvik and co-workers
(Borgenvik et al. 2012) demonstrated an amino aacitehed beverage decreased MuRF1 protein
levels at rest and after a resistance exercise Btwtrefore, coordinated attenuation in MuRF1
and Atrogin-1 expression with provision of exoges@mino acids may have provided substrate
for muscle remodelling/hypertrophy that might otkise be achieved through muscle breakdown
following exercise in the fasted state. There weraifferences between treatments in myostatin
MRNA expression during the acute recovery perioguieé 4.5C). Reduced myostatin expression
has been demonstrated following an acute bout d@iramce (Louis et al. 2007) and resistance
(Louis et al. 2007) exercise, and it appears myostaRNA expression is responsive to
contraction per se rather than a specificity ohtrey response and/or nutrient availability. There
were comparable increases in mMRNA abundance ofbolétamitochondrial proteins following
the consecutive resistance and endurance exeimigs but protein ingestion failed to induce any
noteworthy increase in PGGrlhexokinase or VEGF mRNA levels (Figure 4.6). Acltogly,
while concurrent training is capable of generatarg adaptive mRNA profile supportive of
mitochondrial, metabolic and angiogenic processeskeletal muscle, this response is not

enhanced by amino acid provision.

In conclusion, the results of the present studyalestrate that protein ingestion after consecutive
resistance and endurance exercise selectively asede rates of myofibrillar, but not
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mitochondrial, protein synthesis in the early (4 rerovery period. Protein ingestion also
attenuated post-exercise increases in genetic msagssociated with muscle proteolysis. Given
endurance exercise interferes in strength/hypdmyropdaptation responses with concurrent
training, these findings suggest protein intake lbarbeneficial following successive resistance
and endurance exercise by promoting myofibrillant@in synthesis and decreasing ubiquitin
ligase expression. Accordingly, post-exercise pnoiagestion may ameliorate the potential
“interference effect” of endurance exercise on rfeusgypertrophy, and represents an important

nutritional strategy for concurrent training.
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Chapter Five

Summary and Conclusion
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The overall aim of the studies undertaken for tthiesis was to investigate the molecular
adaptations regulating the specificity of trainiadaptation in response to divergent modes of
exercise in human skeletal muscle. Nutrient ingas(Chapter 2 and 3) and concurrent training

(Chapter 3) were also employed to elucidate thegdiacity to modulate the adaptation response.

The first study (Chapter 2) compared the exeraiserded responses of Akt-mediated and AMPK
signalling during the acute post-exercise recovayiod following resistance and endurance
exercise. Contractile activity results in the acatévation of signalling pathways that contribute
to adaptation responses in human skeletal musdeekkr, resistance exercise is characterised
by high-intensity, short-duration contractions camgu to the prolonged, low-intensity
contractions with endurance exercise. These diff®e in contractile overload are also
associated with the development of divergent phgrest Therefore, the hypothesis of this study
was that the differences in contraction mode w@edderate a disparity in acute post-exercise cell
signalling to match adaptation processes promotgdedch exercise stimuli. Specifically,
prolonged, moderate-intensity contraction assodiatgh endurance cycling would selectively
initiate AMPK and Akt-mediated signalling specifar glucose transport (AS160) and glycogen
resynthesis (GS) with small effects on translatsagnalling. In contrast, resistance exercise
would have negligible effects on Akt-mediated stdisfmetabolic signalling, but selectively
promote phosphorylation of signalling proteins dagng translation initiation to mediate
increases in protein synthesis. Contrary to thigollyesis, a similar time course for Akt-mTOR-
p70S6K signalling was observed during the acutenG®recovery period despite the divergent
contractile activity between exercise modes. Howews expected, selective increases in
phosphorylation responses for proteins promotingcage transport (AS160) and glycogen
resynthesis (GS) only occurred with endurance és@rcCollectively, results from this study
indicate that peak phosphorylation for many of pheteins of the Akt signalling cascade in the
acute recovery period occurs 30 - 60 min after blethistance and endurance exercise in the
fasted state. This finding has several importanplizations that enhance the current
understanding of the specificity of adaptation ceses with resistance and endurance exercise in

human skeletal muscle.

Firstly, in the context oin vivo human skeletal muscle there is no purported ‘AMAK-switch
following contrasting high-intensity, short-duraticand prolonged, low-intensity contractile
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stimuli, at least in the acute post-exercise reppveeriod. Therefore, acute post-exercise
increases in Akt-mTOR-S6K signalling are indicatiemuscle overload per se rather than a
progression towards a hypertrophy phenotype. Thus,similar time course observed with
resistance and endurance exercise shows translasmmalling responses in human skeletal
muscle lacks sensitivity to divergent exercise gtimand is not an important factor determining
the specificity of training adaptation. Howevergdbh acute post-exercise signalling responses
intuitively contribute to translation initiation f@ene expression that, when repeated over time,
generate the specific exercise-induced phenotypecaged with chronic training. Specifically,
the early translation signalling may be a rate timgi step in the synthesis of myofibrillar and
mitochondrial proteins with resistance and enduramxercise, respectively. Nonetheless,
AMPK, AS160, GSKB and GS phosphorylation were selectively phosplategl with endurance
exercise. The greater glycogen depletion follomemglurance compared to resistance exercise

may promote a specificity of adaptation with endgeaexercise.

A novel finding from this study was also elucidatiappropriate post-exercise time points for
analysis of exercise-induced Akt-mediated cell allgmg. Previous studies have sought to
characterise contraction-induced changes in ceglhadiing in human skeletal muscle but
differences in the timing of post-exercise biopaypling, among other factors, has contributed
to the inconsistency in Akt-mediated signallingskeletal muscle after exercise. The results from
this study provide the first evidence that 30 -n6@ after exercise in the fasted state (endurance
or resistance) is the most appropriate time foedetg changes in phosphorylation during the

early recovery period.

In light of the similar translational signallingnte courses when endurance and resistance
exercise are performed in isolation, a logical pesgion was to examine how combining these
two exercise modes would influence exercise-indusdaptation responses (Chapters 3 and 4).
This multi-faceted proposition has relevance to ynactivities, particularly team sports, which
require a combination of hypertrophy/strength andueance/aerobic capacity. The second study
(Chapter 3) determined the effects of resistan@oise undertaken with low muscle glycogen
on markers of translation initiation and myofikaillprotein synthesis and the impact of protein-

carbohydrate co-ingestion during recovery. The kiypsis was that low glycogen concentration
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would suppress the muscle anabolic response tstaase exercise but nutrient provision in the

early recovery period would restore muscle anaboésd promote hypertrophy.

This study provides novel data showing anabolimaighg and rates of myofibrilar protein
synthesis are not altered during the acute recoymwsod following resistance exercise
commenced with low muscle glycogen concentratidns Was unexpected given muscle protein
synthesis is an energy consuming process and glgwogen state was expected to suppress
activity of ATP-requiring processes at the expeokéigher priority cellular activities such as
glycogen resynthesis. Moreover, protein-carbohydmagestion was anticipated to ‘rescue’ any
attenuation in the anabolic response to resistameecise in a low glycogen state by providing
exogenous substrate for glycogen resynthesis argtlengprotein synthesis. Thus, the muscle
protein synthesis machinery functions independerdfy alterations in muscle glycogen
concentration and there is no additive nutrientdsied anabolic adaptation when glycogen

concentration is low.

The results from this study provide ‘real worldfarmation on the impact and interaction of
glycogen status and training periodisation. Comnmgncesistance exercise with low or sub-
optimal glycogen concentration is likely to be antoon occurrence particularly for individuals
undertaking concurrent training and/or multipletiigtensity exercise bouts in a day. This study
provides the first evidence that anabolic adaptatim a high intensity, low volume resistance
exercise bout are not compromised by suboptimalchauglycogen availability. It is often
debated when undertaking concurrent resistanceeaddrance exercise which exercise order
should be prioritised (i.e.: which mode performesdtf in a typical training session/day and what
is sufficient recovery time between training sessioThis study shows the performance of
endurance or other glycogen-depleting activity befesistance exercise does not attenuate rates
of myofibrillar protein synthesis provided the régad volumel/intensity of resistance exercise can
be completed, although an overnight recovery pefarcequivalent time) may be necessary. In
addition, despite no interaction between nutriagestion and low glycogen, the findings from
this study still support the use of post-exercrsgestion of protein and carbohydrate to enhance
myofibrillar protein synthesis and glycogen reswsis. An intriguing consideration is whether
differences in the response to resistance exewditealtered glycogen availability are manifest
through changes in muscle protein breakdown. Higagpgin-1 and myostatin mRNA
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abundance in the low glycogen state was observeghaed with normal glycogen levels after 4
h recovery in the nutrient group. Whether increasemarkers of muscle protein breakdown
following exercise reflect the adaptation responseessary for remodelling or repair of the
muscles contractile protein, or is elevated dumflammation/damage and results in net protein

breakdown, is unknown.

The final study (Chapter 4) investigated the acutdecular response following a concurrent
training bout and the effects of protein ingestmm rates of myofibrillar and mitochondrial

protein synthesis. The hypothesis was the analediects of protein ingestion would override
any incompatibility and enhance metabolic and ahakedaptation responses to concurrent
training in the early recovery period. This studythe first to show higher rates of myofibrillar
protein synthesis with protein compared to pladelgestion following a concurrent training bout
and that rates of mitochondrial protein synthessaninchanged in the early recovery period.

The selective increase in myofibrillar protein $egis likely relates to the large size (~ 60%) of
this protein pool and may be the preferential sit&lisposal for free amino acids with protein
ingestion. Equally, the lack of response in ratesniochondrial protein synthesis following a
concurrent training bout may be explained by the Yolume of endurance exercise employed
(30 min at ~ 70% .,y and the training status of the subjects requiangreater overload
stimulus to increase mitochondrial protein syntheGreater amounts of protein (i.e.: > 20g) may
also need to be ingested to generate an increasges of mitochondrial protein synthesis. It is
also possible the quantification of mitochondriedtgin synthesis during a longer recovery (i.e.:

24 - 48 h) may reveal differences in the adaptate®ponse to exercise and protein ingestion.

The novel finding that rates of myofibrillar syngiie are increased with protein supplementation
compared to placebo during the acute post-exen@severy period following consecutive
resistance exercise and cycling suggest the amalaolaptations to resistance exercise are
retained despite a subsequent bout of endurancecigxe Nonetheless, this finding has
significant practical importance for individuals dertaking concurrent training that may have
previously segregated resistance- and enduran@etldesning to avoid detrimental effects on
hypertrophy and strength. Therefore, this studyiples the first mechanistic evidence that post-
exercise protein ingestion may have the capacigmeliorate any potential ‘interference effect’

of endurance training on muscle hypertrophy. Acocwly, protein ingestion is an important
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nutritional strategy during the early recovery pdrifor increased muscle size and strength
adaptations with concurrent training. Such infoioratalso has important implications for
clinical populations seeking to simultaneously neim increase muscle mass and enhance

cardio-respiratory health.

This study also provided new information showingtpimn ingestion may be beneficial for
hypertrophy following successive resistance anduearnte exercise by decreasing ubiquitin
ligase expression and subsequent rates of musmieipibreakdown. The reduction in ubiquitin
ligase expression shows protein ingestion may mdmescle protein breakdown with the
potential to support maintenance of muscle mads e@ghcurrent training. The increases in PGC-
la, hexokinase and VEGF mRNA abundance following corent exercise suggest the adaptive
phenotype resulting from combined resistance amliamce exercise promotes metabolic gene
expression. Interestingly, protein ingestion faitedsubstantially enhance the expression profile
of PGC-In and VEGF mRNA. Thus, in contrast to the expresgoofile of genes related to
muscle catabolism, these metabolic genes appebe tmsensitive to exogenous amino acid

provision and are regulated exclusively throughreige-induced muscle contraction.

In summary, the studies undertaken for this theiside novel information regarding the effect
of exercise mode, glycogen availability, nutrienpglementation and concurrent training on the
molecular mechanisms involved in the specificity todining adaptation. Several questions
remain that should be addressed by future work. &ample, Akt-mediated translational
signalling lacks sensitivity to divergent exercgganuli, however the expression profile of other
as yet uncharacterised signalling proteins mayrben@ortant factor determining the specificity
of training adaptation (Chapter 2). It is uncleéralternate resistance exercise protocols
incorporating different contraction volumes andendities can generate a more pronounced
effect of glycogen availability on the anabolic pesse in skeletal muscle (Chapter 3). In
addition, future research should investigate ifocis concurrent training (~10 - 12 weeks)
combined with protein ingestion attenuates the efii@rence’ by endurance training on
hypertrophy and subsequent strength adaptationscdmgparing molecular and functional
measures of adaptation responses (i.e.: correl@gtween changes in rates of muscle protein
synthesis to changes in one repetition maximumcorual of lean mass) to resistance exercise

undertaken in isolation (Chapter 4). Similarly, idefg the relative importance of the length of
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recovery time (i.e.: 15 mins to 8 h) between exserdiouts during concurrent training will be a
critical factor to inform training practice and itetermining ‘interferences’ in adaptation
(Chapter 4).

Resistance and endurance exercise assume oppasitons on a theoretical adaptation
continuum by virtue of their divergent biochemieald morphological adaptations and resultant
phenotype in skeletal muscle. Nonetheless, theteratecular determinants underpinning this
specificity in adaptation remain elusive and liketyolve the contribution of numerous putative
contraction-induced molecular responses includiifiigrénces in muscle protein synthesis and
breakdown, transcriptome expression, substrate boktan, and muscle fibre type activation.
The continued discovery of novel molecular targetd pathways regulating the specificity of
training adaptation will ultimately assist in thev&lopment of innovative and personalised
training strategies to improve athletic performanaed may also be extrapolated to clinical

populations requiring effective treatment for skallenuscle diseases.
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