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Abstract

The simultaneous integration of both endurance and resistance exercise (RE)
into a periodised training regime is termed concurrent training. As both exercise modes
promote adaptations at both whole-body and skeletal muscle levels that improve
oxidative as well as functional capacity, concurrent training is an attractive exercise
strategy for improving markers of cardiometabolic health and athletic performance.
Since the classic work of Hickson (1980), numerous investigations have shown that
concurrent training, relative to resistance training (RT) performed alone, can attenuate
improvements in maximal strength, hypertrophy, and indices of power development,
with no negative impact on VOyma. This has been variously described as the
interference effect or concurrent training effect. Despite the majority of the literature
supporting the existence of the interference effect, some studies have not observed any
evidence of an interference effect, or rather that some adaptations may be more
susceptible to interference than others. The equivocal nature of this phenomenon
suggests variations in the prescription of individual training variables may modulate the
degree of interference seen with concurrent training. Identification of training variables
mediating the interference effect will therefore allow for targeted exercise prescription
to minimise interference during concurrent training.

Endurance training intensity is a particularly important practical consideration
with concurrent training, given that high-intensity interval training (HIT) can be more
effective for enhancing aerobic capacity, and for reducing cardiometabolic risk factors,
compared with traditional moderate-intensity continuous training (MICT). Despite the
efficacy of HIT for promoting positive health and performance outcomes, there is
currently limited information on the effects of incorporating HIT into concurrent
training programs when compared with MICT. There is evidence of interference to
either maximal strength, power or hypertrophy development with concurrent training
incorporating either HIT or MICT, or combinations of both. Consequently, the potential
role of endurance training intensity in mediating any interference to RE adaptations
remains unclear.

The primary aim of this thesis was to elucidate the potential role of endurance
training intensity in mediating interference to exercise-induced anabolic responses in

skeletal muscle and improvements in classical RT adaptations, compared with RT
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performed alone. A thorough review of the current literature is presented in Chapter 2 of
this thesis, followed by two experimental studies that directly address the primary aims
of this thesis in Chapters 3-5. The focus of Chapter 3 (Study 1) was to investigate
whether a single bout of concurrent exercise, incorporating either HIT or work-matched
MICT cycling as the endurance training modality, differentially altered early post-
exercise molecular responses involved in skeletal muscle hypertrophy compared to RE
performed alone. Novel findings of this study were that skeletal muscle mTORC1
signalling was not compromised following subsequent RE compared with RE
performed alone, despite similar metabolic perturbation induced in skeletal muscle by
prior HIT or MICT. Rather, combining RE with HIT was a particularly potent stimulus
for increasing mTOR and rps6 phosphorylation, and for reducing the expression of
candidate microRNAs purported to negatively regulate the IGF-1/Akt, Fox-Ol1 and
myogenesis signalling pathways in skeletal muscle.

Given the limitations of single-bout exercise studies for informing chronic
skeletal muscle phenotypes induced by long-term exercise training, Chapters 4 and 5
(Study 2) of this thesis investigated exercise performance, morphological and molecular
adaptations to eight weeks of concurrent training, incorporating either HIT or MICT as
the endurance training modality, compared with RT performed alone. Major findings of
this study were that compared with RT performed alone, concurrent training
incorporating either HIT or work-matched MICT cycling similarly attenuated maximal
lower-, but not upper-body strength development, while increases in lower-body lean
mass were attenuated with concurrent training incorporating HIT, but not MICT.
Training-induced improvements in selected counter-movement jump (CMJ) variables,
including peak force and power, were also similarly attenuated following concurrent
training incorporating HIT or MICT. These data corroborate existing evidence that
endurance training can interfere with adaptations to RT, and extend current knowledge
by suggesting endurance training intensity appears to not mediate interference to
maximal strength gain, at least on a work-matched basis, while HIT may preferentially
attenuate lean mass gain.

To provide further mechanistic insight into the adaptive responses to
concurrent training, Chapter 5 of this thesis investigated skeletal muscle molecular
adaptations to the training paradigm employed in Chapter 4. After completion of the
training intervention, participants also underwent a group-specific single-bout exercise

trial to quantify skeletal muscle molecular responses to exercise performed in a training-
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accustomed state. Supporting the lean mass responses to training observed in Chapter 4,
concurrent training incorporating HIT, but not MICT, attenuated the training-induced
increase in type | muscle fibre cross-sectional area (CSA) relative to RT performed
alone. In contrast to Chapter 3, whereby exercise was performed in a relatively training-
unaccustomed state, a single bout of post-training RE preferentially induced mTORC1
signalling and the phosphorylation of key regulators of ribosome biogenesis in skeletal
muscle compared with concurrent exercise. Despite these divergent upstream signalling
responses, little evidence of ribosome biogenesis adaptation in skeletal muscle was
observed in the basal state following RT, while changes in both the 45S ribosomal RNA
(rRNA) precursor and the mature ribosomal rRNAs 5.8S and 28S were greater with
concurrent exercise, mirroring changes in total RNA content of skeletal muscle. These
data suggest concurrent training is a more potent stimulus for inducing adaptations to
translational capacity in skeletal muscle compared with single-mode RT, at least after
eight weeks of training, and that these mechanisms do not appear to explain interference
to maximal strength gain or markers of muscle hypertrophy.

This thesis has extended current knowledge of the molecular basis of
interference between concurrent resistance and endurance exercise, and the role of
endurance training intensity in mediating the interference effect. The findings of this
thesis further question interference to mMTORC1 signalling as a mechanism for
attenuated muscle hypertrophy and maximal strength during concurrent training, and
present novel data information suggesting adaptations to translational capacity in
skeletal muscle are also not compromised with short-term concurrent training compared
with single-mode RT. In a practical sense, this thesis highlights that incorporating either
HIT or MICT into a concurrent training program does not modulate interference to
maximal strength gain, at least on a work-matched basis, although HIT may
compromise lean mass gain, mediated largely via attenuated type I muscle fibre CSA.
Either HIT or MICT may therefore be successfully incorporated into concurrent training
programs where the goal is increased maximal strength as well as improved aerobic
capacity. The work presented in this thesis provides a platform for future work to
investigate the role of additional training variables in the interference effect, as well as
novel molecular targets warranted for further investigation as potential markers of

interference with long-term concurrent training.
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Skeletal muscle is a highly malleable tissue capable of significant metabolic
and morphological adaptations in response to disruptions in cellular homeostasis, such
as during exercise (Coffey & Hawley, 2007; Fluck & Hoppeler, 2003). Endurance and
resistance training (RT) represent divergent exercise modes, with each inducing distinct
responses within the muscle milieu that act to minimise cellular stress during
subsequent exercise bouts (Hawley, 2009). In this regard, the skeletal muscle
adaptations associated with exercise training are highly specific to the mode of exercise
performed (i.e., resistance [RE] vs. endurance exercise), along with the frequency,
intensity and duration of the exercise stimulus (Hawley, 2002). For example, long-term
RT promotes enhanced muscle activation and fibre hypertrophy, resulting in increased
maximal contractile force (Folland & Williams, 2007; Tesch, 1988). Conversely, long-
term endurance training increases mitochondrial density and oxidative capacity of the
trained muscle fibres (Holloszy, 1967), and promotes alterations in substrate
metabolism (Holloszy & Coyle, 1984), culminating in increased whole-body aerobic
capacity (VOgmax) (Hawley, 2002).

Concurrent training can be defined as the simultaneous integration of
endurance and RE into a periodised training regime (Leveritt et al., 1999). Despite the
wide-ranging benefits of combining these divergent exercise modes, there is now
considerable evidence concurrent training can compromise the development of muscle
mass, strength and indices of power or rate of force development (RFD) compared with
undertaking RE alone (Hickson, 1980; Leveritt et al., 1999; Wilson et al., 2012). This
phenomenon has been variously described as the interference effect or concurrent
training effect (Hawley, 2009; Leveritt et al., 1999). Current global health guidelines
recommend a combination of resistance and endurance exercise be performed to
counteract metabolic disease and declines in aerobic capacity occurring across the
lifespan (Garber et al., 2011; Haskell et al., 2007). Concurrent training is also essential
for athletes requiring elements of maximal strength, power, and hypertrophy in
combination with a high aerobic capacity (Helgerud et al., 2011; Nader, 2006). Despite
the potential for compromised adaptation with concurrent training, current exercise
guidelines (Garber et al., 2011; Haskell et al., 2007) fail to address practical strategies to
mitigate the interference effect.

Further insight into the mechanisms responsible for the interference
phenomenon is required to inform practical guidelines aimed at minimising the

interference effect (Fyfe et al., 2014). While these mechanisms are likely to be
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multifactorial, endurance exercise presumably either interferes with the *quality’ of RE
sessions (via residual fatigue and/or substrate depletion) (Leveritt et al., 1999), and/or
compromises the early molecular responses activated by RE mediating transient post-
exercise increases in muscle protein synthesis (MPS) and subsequently muscle fibre
hypertrophy (Baar, 2006; Hawley, 2009; Nader, 2006). In recent years, insight into the
molecular factors mediating the specific adaptations to divergent exercise stimuli has
emerged. This has in turn provided insight into the potential molecular bases for the
interference effect in skeletal muscle. Training adaptations in skeletal muscle are
generally considered to be the cumulative result of early signalling responses and
ensuing gene expression initiated after repeated exercise bouts, resulting in the
accumulation of specific proteins over time and, subsequently, an altered muscle
phenotype (Egan et al., 2013; Perry et al.,, 2010). The mechanistic (formerly
mammalian) target of rapamycin complex 1 (mTORC1) pathway has been identified as
a key mediator of load-induced increases in MPS and subsequently muscle growth
(Bodine et al., 2001b; Drummond et al., 2009), whereas the 5’ adenosine
monophosphate (AMP)-activated protein kinase (AMPK) and Ca*‘/calmodulin-
dependent kinase Il (CaMKII) cascades, among others, are activated by endurance
exercise and converge on the peroxisome proliferator-activated receptor-y coactivator-
la (PGC-1a) to coordinate mitochondrial biogenesis and other metabolic adaptations in
skeletal muscle (McGee & Hargreaves, 2010; Wu et al., 2002). Previous work in rodent
skeletal muscle (Atherton et al., 2005) suggested divergent signalling responses
activated by RE and endurance exercise-like electrical stimulation may explain the
divergent adaptations to chronic endurance and RT. Various molecular responses
considered to be predominantly induced in skeletal muscle by endurance exercise,
including activation of the AMPK pathway, can negatively regulate mTORC1
signalling and protein synthesis both in rodent skeletal muscle and in vitro (Atherton et
al., 2005; Bolster et al., 2002; Inoki et al., 2003a). Subsequent work in humans (Apro et
al., 2015; Apro et al., 2013; Carrithers et al., 2007; Coffey et al., 2009a; Coffey et al.,
2009b; Donges et al., 2012; Fernandez-Gonzalo et al., 2013; Lundberg et al., 2012;
Lundberg et al., 2014b; Pugh et al., 2015) has focused on the hypothesis that attenuated
muscle hypertrophy with concurrent training (Bell et al., 2000; Kraemer et al., 1995;
Wilson et al., 2012) may be explained by AMPK-mediated inhibition of the mTORC1
pathway. Human studies have, however, shown less specificity in early signalling

responses to single bouts of endurance and resistance exercise in skeletal muscle
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(Camera et al., 2010; Coffey et al., 2006a; Coffey et al., 2006b; Vissing et al., 2011;
Wilkinson et al., 2008). Moreover, several studies have demonstrated single bouts of
concurrent exercise do not compromise either mTORCL1 signalling or rates of MPS
(Apro et al., 2015; Apro et al., 2013; Carrithers et al., 2007; Donges et al., 2012; Pugh et
al., 2015), or rather potentiates these responses (Lundberg et al., 2012), compared with
RE performed alone. It is therefore unclear whether endurance exercise-induced
attenuation of mTORC1 signalling and MPS in human skeletal muscle, or potentially
other mechanisms, mediate the concurrent interference effect. Novel molecular
mechanisms with the potential to regulate adaptations to exercise in skeletal muscle
have recently emerged, including altered miRNA expression (Hitachi & Tsuchida,
2013; Russell et al., 2013; Zacharewicz et al., 2013) and ribosome biogenesis (Chaillou
et al.,, 2014; Figueiredo et al., 2015). To date, these mechanisms have not been
investigated in the context of concurrent training, and their potential contribution to
altered skeletal muscle adaptation during concurrent training remains unknown.

From a practical standpoint, elucidation of the roles of specific training
variables in the interference effect is required to inform exercise prescription aimed at
minimising interference during concurrent training (Fyfe et al., 2014). However, given
the multitude of potential concurrent training variables (e.g., endurance and RE order,
length of between-mode recovery, endurance training volume, intensity and modality),
the roles of these variables in the interference effect are not fully understood (Fyfe et al.,
2014). One practical consideration is the intensity of endurance training employed in a
concurrent training regime. There has been increased interest in the efficacy of high-
intensity interval training (HIT) compared with traditional moderate-intensity
continuous training (MICT) for improving cardiometabolic risk factors (Gibala et al.,
2012; Hawley & Gibala, 2012; Weston et al., 2014a) and indices of aerobic exercise
performance (Milanovic et al., 2015; Weston et al., 2014b). When compared with work-
matched MICT, HIT protocols (e.g., 2-4 min work intervals interspersed with 1-3 min
of active or passive recovery), can be more effective for improving indices of exercise
performance including VO,max (Gormley et al., 2008; Milanovic et al., 2015; Weston et
al., 2014b) and repeated-sprint ability (Edge et al., 2005), are well-tolerated in clinical
populations (Tjonna et al., 2008; Wisloff et al., 2007), and perceived as more enjoyable
despite eliciting higher ratings of perceived exertion (Bartlett et al., 2011). The efficacy
of HIT compared with traditional MICT has been attributed, at least in part, to its

potency for inducing molecular responses in skeletal muscle related to mitochondrial
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biogenesis (e.g., AMPK activation and PGC-1a expression) and enhanced oxidative
capacity (Burgomaster et al., 2008; Gibala et al., 2012; Gibala et al., 2009).

Despite the relevance of high-intensity exercise for improving markers of
aerobic exercise performance and metabolic health, in addition to its implications for
exercise enjoyment and adherence, little attention has been paid to the effect of
incorporating either HIT or MICT into concurrent training programs. Compromised
adaptations to maximal strength, hypertrophy, or indices of power development have
been reported in concurrent training studies incorporating HIT (Chtara et al., 2008;
Dudley & Djamil, 1985; Kraemer et al., 1995), MICT (Craig et al., 1991; Gergley,
2009), or combinations of both (Bell et al., 2000; Hakkinen et al., 2003; Hickson, 1980).
Only a single study has to date compared concurrent training groups performing
endurance exercise of different endurance training intensities (Silva et al., 2012).
Higher-intensity endurance exercise is associated with exacerbated residual fatigue
(Bentley et al., 2000; de Souza et al., 2007) of the exercised musculature, and also
induces greater AMPK activation in skeletal muscle (Rose et al., 2009b), when
compared to lower-intensity continuous exercise. It is therefore unclear whether HIT
represents a more favourable exercise strategy, when compared with MICT, from the
perspective of limiting interference to RE adaptations when incorporated into
concurrent training programs.

The review of literature for this thesis (Chapter 2) will firstly discuss the
concepts of the specificity of training adaptation and interference between concurrent
endurance and RE. The regulatory processes governing protein synthesis will then be
introduced, to form a platform upon which the potential molecular mechanisms
underlying the specificity of training adaptation and concurrent interference effect will
be explored. A final section of the review of literature (expanded and updated from our
published review article; Fyfe et al. (2014)) will then discuss the potential role of
specific concurrent training variables in the interference effect, along with the
limitations of our current understanding of this complex paradigm. A particular focus of
this thesis will be examining the potential role of endurance training intensity, using
HIT and work-matched MICT as a comparative exercise model, in modulating the
interference effect during concurrent training. Chapters 3 (Study 1) and 5 (Study 2) will
examine the early molecular events occurring in human skeletal muscle following single
bouts of concurrent exercise incorporating either HIT or MICT as the endurance

exercise modality. Specifically, Chapter 3 will examine perturbations in mTORC1
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signalling and the expression of microRNA species implicated in skeletal muscle
adaptations to exercise, while Chapter 5 will explore the regulation of ribosome
biogenesis, as well as mTORC1 signalling, both at rest after 8 weeks of concurrent
training and following a single post-training exercise bout. Owing to the limitations to
single-bout exercise studies for extrapolating the long-term efficacy of these protocols
on chronic training adaptations, Chapter 4 (Study 2) will explore the effects of 8 weeks
of concurrent training, incorporating either HIT or MICT, on exercise performance and
morphological adaptations when compared with RT performed alone.

Together, this thesis aims to enhance the body of knowledge on whether
endurance training intensity plays a role in mediating interference to i) molecular
responses in skeletal muscle purported to play a role in mediating muscle fibre
hypertrophy, and ii) adaptations consequent to RT including muscle hypertrophy,
maximal strength, and indices of power development, relative to RT performed alone. It
is anticipated the findings of this thesis will inform practical recommendations for the
prescription of HIT or MICT for minimising interference to RT adaptations during

periods of concurrent training.
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2.1 Literature search

The articles selected for review were obtained via searches of MEDLINE and
SPORTDiscus™ between 1957 and February 2016. The following keywords were
searched in combination: ‘concurrent training’, ‘molecular’, ‘interference’ ‘protein
synthesis’, ‘mitochondrial biogenesis’, ‘exercise’, ‘HIT’, ‘continuous’ and ‘training
adaptation’. From the abstracts returned, articles were included for review if they related
to the molecular basis for the specificity of training adaptation, the molecular regulation
of skeletal muscle protein synthesis, or interference associated with concurrent versus
single-mode training. Literature cited in each article chosen was also searched, and
additional articles satisfying the above criteria were likewise included for review.

2.2 The specificity of training adaptation

Resistance and endurance exercise represent divergent exercise modes, both
with regards to their inherent stimuli and the subsequent training-induced adaptations
induced within skeletal muscle. For example, traditional continuous-style endurance
exercise involves low-intensity, prolonged-duration contractile activity, whereas typical
RE is characterised by relatively high-intensity and short-duration muscular
contractions. It follows that the skeletal muscle adaptations induced by long-term
training are highly specific to the mode of exercise performed (Hawley, 2009). The
principal adaptation in skeletal muscle to long-term RE is muscle fibre hypertrophy
(Fry, 2004), which is the cumulative result of transient increases in net MPS relative to
muscle protein breakdown (MPB) occurring for 24-48 hours post-exercise (Atherton &
Smith, 2012; Phillips et al., 1997). In contrast, endurance exercise is generally
characterised by lower intensity, longer-duration contractile activity, imparting far less
mechanical strain on the active muscle fibres compared with typical RE (Baar, 2009).
This presents a significant metabolic challenge within the muscle milieu, causing
perturbations in intracellular concentrations of Ca?*, oxygen, lactate, reactive oxygen
species (ROS), and increased AMP:ATP (adenosine triphosphate) and NAD":NADH
(nicotinamide adenine dinucleotide: NAD" reduced form) ratios (Coffey & Hawley,
2007). These stimuli promote skeletal muscle adaptations primarily associated with
enhanced oxidative capacity, including mitochondrial biogenesis (Baar et al., 2002;
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Pilegaard et al., 2003; Wu et al., 2002), improved substrate utilisation (Holloszy &
Coyle, 1984) and enhanced capillary density (Saltin & Gollnick, 1983). It should be
noted, however, that although skeletal muscle adaptations to exercise are highly mode-
specific, some degree of crossover in the specificity of these adaptations exists. For
example, aerobic exercise training is capable of inducing modest skeletal muscle
hypertrophy (Konopka & Harber, 2014), while RE can promote mitochondrial
biogenesis and enhanced oxidative capacity in skeletal muscle (Salvadego et al., 2013).
Nevertheless, it appears likely that exercise-mode-specific adaptations accumulate over
time, as evidenced by the divergent phenotypes of highly-trained strength and
endurance athletes (Coffey et al., 2006b).

2.3 Concurrent training and the interference effect

Simultaneously integrating both resistance and endurance exercise within a
periodised training regime is termed concurrent training (Leveritt et al., 1999). As both
exercise modes can promote adaptations that counteract a number of disorders
impacting upon functional capacity and metabolic health, including sarcopenia (Evans,
1995; Pijnappels et al., 2008; Reeves et al., 2004), type 1l diabetes, and obesity (Kelley
et al., 2002; Kelley et al., 1996; Morino et al., 2005), concurrent training is an attractive
exercise strategy for counteracting multiple disease states. Current global health
guidelines indeed recommend a combination of resistance and endurance exercise be
performed to counteract the decline in physical capacity occurring across the lifespan
(Garber et al., 2011; Haskell et al., 2007). Additionally, from an athletic perspective,
concurrent training is necessary for athletes requiring the development of combinations
of maximal strength, power and muscle hypertrophy, concomitantly with a high aerobic
capacity (Helgerud et al., 2011).

Despite the obvious benefits of combining resistance and endurance exercise,
the classic work of Hickson (1980) first established that concurrent training can results
in compromised adaptation compared with training for either exercise mode alone
(Leveritt et al., 1999). This phenomenon has been variously described as the
interference effect or concurrent training effect (Hawley, 2009; Wilson et al., 2012).
This interference effect typically manifests as a compromised RT adaptations relative to

RT undertaken alone. For example, concurrent training can compromise maximal



Adaptation to concurrent training: role of endurance training intensity

strength (Bell et al., 2000; Dolezal & Potteiger, 1998; Hakkinen et al., 2003; Hennessy
& Watson, 1994; Hickson, 1980; Kraemer et al., 1995), muscle hypertrophy (Bell et al.,
2000; Kraemer et al., 1995) and indices of power development (Hakkinen et al., 2003;
Hennessy & Watson, 1994; Hunter et al., 1987; Kraemer et al., 1995; Leveritt &
Abernethy, 1999) compared with RT performed alone. Conversely, RT appears to have
minimal to no negative impact on endurance performance and VOanax (Leveritt et al.,
1999; Wilson et al., 2012), although compromised aerobic capacity development has
been reported with concurrent training compared to endurance training alone (Nelson et
al., 1990). Rather, than compromising endurance capacity, concurrent training can
augment both short- (<15 min) and longer-duration (>30 min) endurance performance,
predominantly via improvements in neuromuscular function and economy (Aagaard &
Andersen, 2010; Aagaard et al., 2011). It should also be noted, however, that not all
concurrent training studies show any interference effect to either muscle hypertrophy,
strength, or power development (Balabinis et al., 2003; McCarthy et al., 2002; Sillanpaa
et al., 2009). Importantly, these equivocal findings are likely mediated by differences in
individual training variables employed in each concurrent training study, in addition to
the training and nutritional status of participants (Fyfe et al., 2014), which will be
further discussed in later sections of this review. Given muscle fibre hypertrophy is
considered the primary adaptation induced by long-term RE (Folland & Williams, 2007;
Fry, 2004; Tesch, 1988), and concurrent training can attenuate muscle hypertrophy
compared with RE performed alone (Bell et al., 2000; Kraemer et al., 1995), the
following section will discuss the regulation of skeletal muscle hypertrophy consequent
to RE.

2.4 Regulation of skeletal muscle hypertrophy

The accretion of skeletal muscle mass (i.e., muscle hypertrophy) is the primary
adaptation induced in skeletal muscle by long-term RE (Folland & Williams, 2007; Fry,
2004; Tesch, 1988). In humans, increased whole-muscle cross-sectional area (CSA) is
believed to occur via increases in the CSA of individual muscle fibres (i.e., muscle fibre
hypertrophy) as opposed to increased muscle fibre number (i.e., muscle fibre
hyperplasia) (Folland & Williams, 2007). Increased fibre CSA reflects an increased
abundance of contractile material (i.e., cross-bridges) arranged in-parallel within each
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myofibre, facilitating an increase in force-generating capacity (Folland & Williams,
2007). Changes in muscle fibre CSA are consequent to the dynamic nature of protein
turnover in skeletal muscle, and result from transient perturbations in rates of MPS,
MPB, or both (Phillips et al., 1997; Rasmussen & Phillips, 2003). In healthy,
recreationally-active individuals, muscle protein turnover rates are ~1.2% per day, and
exist in a dynamic equilibrium whereby MPS exceeds MPB in the fed state, and MPB
exceeds MPS in the fasted state, the net effect being maintenance of skeletal muscle
mass in the absence of additional anabolic or catabolic stimuli. Persistent elevations in
rates of MPS relative to MPB results in an accrual of skeletal muscle protein and
subsequently fibre hypertrophy, whereas muscle fibre atrophy occurs when rates of
MPB are sustained above MPS (Phillips et al., 1997). It is therefore the net balance of
protein turnover, sustained over time, which determines the resultant change in muscle
fibre CSA.

Exercise and nutrients, particularly essential amino acids (EAAs), are
independent regulators of MPS (Atherton & Smith, 2012). After a single bout of
exercise, an initial latency period occurs during which there are no measurable increases
in MPS, which appears to be related to the degree of energy/mechanical stress induced
by the exercise stimulus (Atherton & Smith, 2012). For example, MPS is supressed in
rodent skeletal muscle during muscular contraction in a work-dependent manner
(Atherton & Rennie, 2006; Rose et al., 2009a), while in humans MPS is supressed for
>3 h after highly-fatiguing and damaging eccentric contractions (Cuthbertson et al.,
2006), and for <1 h after lower-intensity RE (Kumar et al., 2009). After this initial
latency period, MPS rises sharply between 45 and 150 min and can be sustained for up
to 4 h post-exercise in the fasted state (i.e., limited by substrate availability) (Kumar et
al., 2009). With the provision of amino acids, MPS can be sustained for at least 24 h
post-exercise in human skeletal muscle (Churchward-Venne et al., 2012; Cuthbertson et
al., 2006) (Figure 2.1). As well as stimulating increased MPS, RE also induces a
significant but smaller increase in rates of mixed MPB, which remains elevated for at
least 24 h post-exercise (Phillips et al., 1997). Deducing the critical stimuli and
molecular mechanisms that mediate alterations in MPS and degradation induced by RE
are therefore essential to understanding the regulation of chronic adaptations to RE in
human skeletal muscle. Moreover, such information may improve understanding of how
these pathways become deregulated in disease states characterised by significant muscle

wasting (e.g., sarcopenia, sepsis, and cancer cachexia).
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Figure 2.1 Time course of the muscle protein synthesis (MPS) response to a single bout of
resistance exercise. With the addition of amino acid provision, MPS can remain elevated
for >24 h post-exercise. Adapted from Churchward-Venne et al. (2012).

In addition to increases in contractile protein content, increases in muscle fibre
CSA are also associated with the incorporation of new myonuclei originating from
satellite cell populations (Mauro, 1961; Pallafacchina et al., 2013). Satellite cells are
undifferentiated stem cells lying dormant beneath the basal lamina surrounding each
myofibre. Upon activation, satellite cells are incorporated as new nuclei within the
muscle fibre and can then contribute to the production of new contractile proteins (Ten
Broek et al., 2010). However, the relative contributions of myogenesis from satellite
cell recruitment and increases in MPS to load-induced skeletal muscle hypertrophy in
mature muscle fibres is still hotly debated (O'Connor & Pavlath, 2007; Rehfeldt, 2007).
Observations of a maintained ratio between nuclear and cytoplasmic material in a
variety of muscle growth models (Burleigh, 1977; Eisenberg et al.,, 1989) and
correlations between fibre size and myonuclei number (Landing et al., 1974) support the
notion that satellite cell recruitment occurs concomitant with increases in muscle fibre
size. However, whether satellite cell recruitment is obligatory for muscle fibre
hypertrophy remains controversial, as robust fibre hypertrophy is possible, albeit in
mouse skeletal muscle, despite considerable (>90%) satellite cell depletion (McCarthy
et al., 2011). As skeletal muscle hypertrophy consequent to long-term RE is considered

primarily mediated by dynamic post-exercise perturbations in MPS (Glynn et al., 2010;
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Phillips et al., 1997), the following section will discuss the molecular regulation of

protein synthesis.

2.5 Molecular regulation of skeletal muscle protein synthesis

Before discussing the potential molecular mechanisms underlying interference
to MPS and skeletal muscle hypertrophy with concurrent training, an understanding of
the regulation of protein synthesis is necessary. Protein synthesis involves the
translation of messenger RNA (mRNA) transcripts at the ribosome and the subsequent
incorporation of individual amino acids into a nascent peptide chain (Kapp & Lorsch,
2004). Understanding the molecular mechanics of mMRNA translation, as well as the
upstream signalling pathways regulating the activity of the translational machinery, is

therefore key to understanding the regulation of protein synthesis in skeletal muscle.

2.5.1 Regulatory steps of skeletal muscle protein synthesis
2.5.1.1 Protein translation initiation, elongation and termination

The process of mRNA translation is characterised by a series of reactions that
can be functionally divided into three phases: initiation, elongation and termination
(Gordon et al., 2013; Kapp & Lorsch, 2004). Protein translation is predominantly
regulated at the initiation step, with much less regulation occurring at either the
elongation or termination steps (Kapp & Lorsch, 2004). It follows that translation
initiation is a complex process, requiring the contribution of at least 12 initiation factors,
many of which are known downstream targets of regulatory signalling pathways
(Hinnebusch & Lorsch, 2012). The first step in translation initiation involves formation
of the ternary complex, comprising the eukaryotic initiation factor 2 (elF2), initiator
Met-tRNA (transfer RNA) and GTP (guanosine triphosphate). Once formed, the ternary
complex then associates with other initiation factors, including elFs 1, 1A, 5 and the
elF3 complex, forming a multifactor complex that binds the 40S ribosomal subunit to
form the 43S pre-initiation complex (Hinnebusch & Lorsch, 2012; Kapp & Lorsch,
2004). The next translational step involves binding of the 43S pre-initiation complex to
the mMRNA near the 5’7-methylguanosine cap (Hinnebusch & Lorsch, 2012). The elF4F
complex assembles on the 5° cap of the mRNA and begins unwinding structures found

on the 5’-untranslated region (UTR), assisted by other initiation factors including
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elF4A, elF4B and elF4H. elF4F, in conjunction with elF3 and the poly(A) binding
protein (PABP) bound to the 3’-poly(A) tail of the mRNA, then loads the mRNA onto
the 43S pre-initiation complex. Once bound near the cap, the 43S complex then scans
along the mRNA in search of the AUG initiator codon. After identification of the
initiator codon, base-pairing occurs between the mRNA and the Met-tRNA anticodon in
the peptidyl-tRNA (P) site of the 40S subunit. This initiates the hydrolysis of GTP from
elF2 and subsequent release of elF2-GDP (guanosine diphosphate) from the pre-
initiation complex. To permit efficient recycling of elF2 and reformation of the ternary
complex, the GDP bound to elF2 must be re-exchanged for GTP. This GDP-GTP
exchange is mediated by elF2B, of which elF2Bg appears to be the predominant subunit
involved (Reid et al., 2012). Once GTP is hydrolysed from elF2, elF2-GDP then
releases the Met-tRNA into the P site before disassociating from the complex, along
with most of the other initiation factors (Gordon et al., 2013). elF5B then facilitates the
recruitment of the large (60S) ribosomal subunit to the 40S-Met-tRNA-mRNA complex
(Pestova et al., 2000), forming the 80S initiation complex now functionally competent
to proceed with peptide elongation (Gordon et al., 2013). The subsequent GTP
hydrolysis of elF5B promotes its disassociation from the 80S complex, which is
considered the final step in translation initiation (Gordon et al., 2013).

The elongation phase of protein synthesis involves polypeptide assembly at the
ribosome, a process requiring a considerable amount of cellular energy (Browne &
Proud, 2002; Kaul et al., 2011). Peptide-chain elongation is mediated by a number of
non-ribosomal proteins designated as eukaryotic elongation factors (eEFs). This process
occurs in two phases, the first involving recruitment of amino-acyl tRNAs to the A-site
of the ribosome, mediated by eEF1A, and the second involving translocation of the
ribosome along the mRNA, facilitated by the eukaryotic elongation factor 2 (eEF2)
(Browne & Proud, 2002). Elongation begins with a peptidyl tRNA located in the
ribosomal P-site next to a vacant-A site. An aminoacyl tRNA is then transported to the
ribosomal A-site as part of a ternary complex with eEF1A and GTP. Codon-anticodon
base pairing occurs between the mRNA and tRNA, which induces three bases in the
small ribosomal subunit’s rRNA to interact with the resultant mMRNA-tRNA duplex.
This appears to activate eEF1A’s GTPase activity, and eEF1A-GDP then releases the
amino-acyl tRNA into the ribosomal A-site to proceed with peptide bond formation.
The formation of the peptide bond between the incoming amino acid and the peptidyl

tRNA is catalysed by the ribosomal peptidyl transferase center (Moore & Steitz, 2003).
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This results in a deacetylated tRNA in a hybrid state, with its acceptor end in the exit
(E) site of the large ribosomal subunit and its anticodon end in the P site of the small
subunit (Green & Noller, 1997). Meanwhile, the peptidyl tRNA is in a similar hybrid
situation with its acceptor end in the P site of the large subunit and its anticodon end in
the A site of the small subunit (Kapp & Lorsch, 2004). This complex must then be
translocated, so that the deacetylated tRNA is completely in the E site, the peptidyl
tRNA completely in the P site, and the mRNA shifted by three nucleotides to place the
next mMRNA codon in the A site (Kapp & Lorsch, 2004). This process is mediated by
eEF2, which hydrolyses GTP as it facilitates translocation (Wintermeyer et al., 2001).
This cycle is then repeated until an mRNA stop codon is encountered and the
termination process is initiated.

As an energy-expensive process, peptide elongation is tightly regulated under
conditions that temporarily increase energy demand or reduce energy supply (Kapp &
Lorsch, 2004; Kaul et al., 2011). Inhibition of peptide elongation therefore acts to
preserve cellular energy, allowing it to be diverted to other vital cellular processes.
Inhibition of protein synthesis at the elongation rather than initiation step confers
advantage as it permits the retention of polysomes, thereby allowing for rapid
resumption of peptide translation once cellular energy status is again favourable
(Browne & Proud, 2002). Regulation of peptide elongation is primarily achieved via the
eEF2 kinase (eEF2K), which upon activation phosphorylates and subsequently inhibits
eEF2 at Thr56, subsequently inhibiting protein translation. The eEF2K is activated by
stimuli induced during conditions of cellular energetic stress, including increased
intracellular Ca?* and cyclic AMP (CAMP) concentrations, increased AMP:ATP ratio
and the associated activation of the 5° AMP-activated protein kinase (AMPK), which
result in eEF2K phosphorylation and subsequent activation (Browne & Proud, 2002).
Conversely, the eEF2K is rendered inactive during periods of low energetic stress by
signalling pathways positively regulating protein synthesis, including the mechanistic
target of rapamycin (mTOR) pathway (discussed subsequently). The mTOR substrate
p70S6K1 (70 kDa ribosomal protein subunit kinase 1) phosphorylates eEF2K on
Ser366, while eEF2K phosphorylation at Ser359 is prevented in the presence of the
mTOR inhibitor rapamycin, although the upstream kinase responsible for this
phosphorylation is unclear (Browne & Proud, 2002). Phosphorylation of eEF2K at these
residues leads to reduced eEF2 phosphorylation and subsequently eEF2 activation,

allowing translation elongation to proceed (Browne & Proud, 2002).
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Translation termination occurs when a stop codon (UAA, UAG, or UGA) is
encountered in the ribosomal A site (Dever & Green, 2012). This process culminates in
a completed polypeptide, which is released upon hydrolysis of the ester bond linking the
polypeptide chain to the P site tRNA. This process is facilitated by two protein factors,
eRF1 and eRF3 (eukaryotic release factors 1 and 3), which appear to collaborate in this
process (Dever & Green, 2012). Upon recognition of the stop codon, an
eRF1:eRF3:GTP complex binds to the ribosomal A-site, GTP hydrolysis occurs, and
eRF3 is released. ABCE1/RIil binds to and facilitates eRF1 into an optimally-active
configuration, subsequently promoting completed polypeptide release (Dever & Green,
2012).

In summary, protein synthesis is a highly complex process and is regulated
primarily at the initiation and elongation steps (Kapp & Lorsch, 2004). The activity of
key initiation and elongation factors is controlled by a number of upstream signalling
cascades that relay stimuli such as mechanical loading and cellular energy status to
influence rates of protein synthesis (Inoki et al., 2012). Two key pathways involved
with the control of protein synthesis are the mTOR and AMPK pathways, which are

further discussed in the following sections.

2.5.2 Mechanistic target of rapamycin (mTOR) signalling

The mechanistic target of rapamycin (mTOR) is a highly-conserved serine-
threonine kinase that integrates both intracellular and extracellular signals to regulate
cellular metabolism, growth, proliferation and survival (Inoki et al., 2012; Laplante &
Sabatini, 2009; Ma & Blenis, 2009). The mTOR can be incorporated into two distinct
functional complexes, the mTORC1 (mTOR complex 1) and mTORC2 (mTOR
complex 2) (Inoki et al., 2012). The mTORCL1 (Figure 2.2) is a multi-protein complex
comprised of mTOR, Raptor (regulatory associated protein of mTOR), mLST8
(mammalian lethal with SEC13 protein 8; also known as GBL [G-beta-L protein]),
PRAS40 (proline-rich Akt substrate of 40 kDa) and Deptor (dishevelled, egl-10,
pleckstrin domain protein interacting with mTOR) (Kim et al., 2002; Kim et al., 2003;
Peterson et al., 2009; Sancak et al., 2007), whereas the mTORC2 incorporates mTOR,
Rictor (rapamycin-insensitive companion of mTOR), mLST8, mSIN1 (also known as

mammalian stress-activated protein kinase interacting protein 1 [MAPKAP1]) and
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Protor (also known as PRR5 [proline rich 5 (renal)]) (Pearce et al., 2007; Sarbassov et
al., 2004; Woo et al., 2007; Yang et al., 2006).
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Figure 2.2 Summary of the mechanistic target of rapamycin complex 1 (MTORC1)
components and its downstream protein synthesis-regulating signalling targets. Adapted
from Goodman (2014).

The two mTOR complexes are functionally, as well as structurally, distinct.
The mTORCL1 is considered a master regulator of cell growth and metabolism and is
directly regulated by cellular energy and nutrient status, while the mTORC2 is not
(Inoki et al., 2012). Accordingly, mTORC1 promotes cell growth and proliferation by
positively regulating anabolic processes such as protein synthesis, while inhibiting
catabolic processes such as autophagy (Laplante & Sabatini, 2009). Conversely, the
mMTORC?2 regulates processes distinct from mTORCL, including cell proliferation and
survival (Goncharova et al., 2011), and actin cytoskeleton organisation (Jacinto et al.,
2004). As the mTORCL is the mTOR complex involved with the regulation of protein
synthesis and cell growth, the following section of this review will solely focus on
discussing the regulation of mMTORC1.
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2.5.2.1 Rheb/TSC2-mediated mTORC1 activation

The activity of mTORC1 is modulated by a number of upstream signals,
including mechanical stress, growth factors, nutrients (including amino acids and
glucose), and oxygen levels (Inoki et al., 2012; Laplante & Sabatini, 2009; Ma &
Blenis, 2009). A key upstream player in the activation of mTORCL1 is Rheb (Ras
homolog enriched in brain), a small GTP-binding protein that possesses intrinsic
GTPase activity (Aspuria & Tamanoi, 2004). In skeletal muscle, overexpression of
Rheb activates mTORC1 signalling (Long et al., 2005b; Sato et al., 2009), stimulates
protein synthesis, and induces muscle fiber hypertrophy (Goodman et al., 2011b;
Goodman et al., 2010). When in its GTP-bound state, Rheb interacts with the mTOR
catalytic domain, leading to increased mTORCL1 activity (Long et al., 2005a).
Interaction between active GTP-bound Rheb and mTORC1 appears to be an essential
step in mTORCL1 activation by all upstream signals (Laplante & Sabatini, 2009; Sancak
et al., 2010). As Rheb functions as an important upstream regulator of mTORCL, it
follows that factors modulating Rheb activity also regulate mTORC1. The GTP/GDP-
binding status of Rheb is controlled by the tuberous sclerosis complex 2 (TSC2, also
known as Tuberin). TSC2 exists in a complex with TSC1 (Hamartin) and functions as a
GTPase activating protein (GAP) towards Rheb (Aspuria & Tamanoi, 2004; Inoki et al.,
2003a). Early work implicated TSC1/2 activation with inhibiting the phosphorylation of
p70S6K1 (p70 ribosomal protein S6 kinase 1) and 4E-BP1 (eukaryotic initiation factor
4E binding protein 1) (Goncharova et al., 2002; Manning et al., 2002; Tee et al., 2002),
which was later shown to be mediated via inhibition of mMTORCL1 (Inoki et al., 2003a).
The current model of TSC2/Rheb-mediated mTORC1 regulation dictates that under
basal conditions, TSC2 stimulates the intrinsic GTPase activity of Rheb, subsequently
converting active GTP-bound Rheb to inactive GDP-bound Rheb, and repressing
mTORC1 signalling (Inoki et al., 2003a; Tee et al., 2002). Conversely, the GAP activity
of TSC2 is inhibited by growth factors such as insulin in a phosphorylation-dependent
manner, resulting in increased GTP-bound Rheb and subsequently increased mTORC1

signalling (Huang & Manning, 2008).

2.5.2.2 Growth factor-mediated mTORC1 activation

Growth factors, such as insulin and the insulin-like growth factor (IGF-1), have

traditionally been implicated in the regulation of protein synthesis and skeletal muscle
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hypertrophy (Goldberg, 1968). Mechanical stimuli are known to increase the expression
of several IGF-1 isoforms, including a splice variant known as the mechano-growth
factor (MGF), which purportedly acts in a paracrine manner (Hameed et al., 2003;
Perrone et al., 1995). Early work demonstrated IGF-1 was sufficient to increase rates of
protein synthesis (Gulve & Dice, 1989; Monier et al., 1983) and to induce skeletal
muscle hypertrophy (Coleman et al., 1995). Importantly, IGF-1 was shown to act
upstream of mTORCL1 via the canonical phosphatidylinositol 3-kinase (PI3K)/Akt
signalling pathway (Dardevet et al., 1996; Latres et al., 2005; Rommel et al., 2001). In
this model of IGF-1-mediated mTORC1 activation (Figure 2.3), growth factor binding
to the insulin receptor results in its auto-tyrosine phosphorylation and the subsequent
recruitment of the insulin receptor substrate (IRS). Relocation and phosphorylation of
IRS recruits PI3K to the cell membrane, which phosphorylates P14,5P, (PIP2) to
P14,5P3 (PIP3). PIP3 then recruits Akt (also known as protein kinase B [PKB]) and
PDK-1 (phosphoinositol-dependent kinase-1) to the membrane, leading to Akt
phosphorylation and subsequently activation (Dardevet et al., 1996; Latres et al., 2005;
Rommel et al., 2001). Activated Akt then phosphorylates and inhibits the TSC1/2
complex (Inoki et al., 2002), blocking the TSC2-mediated inhibition of Rheb and
subsequently leading to mTORC1 activation.
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Figure 2.3 Regulation of the mechanistic target of rapamycin complex 1 (mTORC1) in
response to growth factors. Growth factor (e.g., IGF-1) binding to the insulin receptor
results in its auto-tyrosine phosphorylation and the subsequent recruitment of the insulin
receptor substrate (IRS). Relocation and phosphorylation of IRS recruits PI3K
(phosphatidylinositol 3-kinase) to the cell membrane, which phosphorylates P14,5P, (PI1P2)
to PI14,5P; (PIP3). PIP3 then recruits Akt (also known as protein kinase B [PKB]) and
PDK-1 (phosphoinositol-dependent kinase-1) to the membrane, leading to Akt
phosphorylation and subsequently activation. Activated Akt then phosphorylates and
inhibits both PRAS40 (proline-rich Akt substrate of 40 kDa) and TSC2 (tuberous sclerosis
complex 2), blocking PRAS40-mediated inhibition of mMTOR and preventing TSC2 from
acting as a GAP towards Rheb (Ras homologue enriched in brain). These events allow
MTORCL1 to translocate to the late endosomal/lysosomal (LEL) membrane, where it
encounters active GTP-bound Rheb, subsequently leading to mTORCL1 activation.
Adapted from Marcotte et al. (2015).
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Adding support to the potential role of IGF-1 in mediating skeletal muscle
hypertrophy were observations that treating myotubes with IGF-1 increased p70S6K1
phosphorylation and myotube size (Rommel et al., 2001), and that skeletal muscle
loading increased IGF-1 mRNA expression (DeVol et al., 1990). It was therefore
believed that increased mechanical loading of skeletal muscle by RE stimulated the
autocrine release of IGF-1, which subsequently induced PI13K/Akt-dependent activation
of the mTORC1 pathway, thereby increasing MPS and muscle growth (Philp et al.,
2011b). However, several rodent models have demonstrated increased skeletal muscle
mTORC1 signalling in response to mechanical stimuli occurring independently of IGF-
1/Akt activation (Hamilton et al., 2010; Miyazaki et al., 2011; Philp et al., 2011b;
Spangenburg et al., 2008). For example, in transgenic mice expressing a dominant-
negative IGF-1 receptor in skeletal muscle that prevented receptor activation by insulin
or IGF-1, load-induced muscle hypertrophy is identical to that of wild-type mice,
although developmental growth was negatively affected, suggesting IGF-1/PI3K
signalling may instead be required for developmental growth (Spangenburg et al.,
2008). High-frequency electrical stimulation in mouse skeletal muscle, which is
sufficient to increase mMTORCL1 signalling, is also not associated with markers of IGF-1
receptor activation, including increased tyrosine phosphorylation of either the IGF-1
receptor or PI3K p85 subunit (Hamilton et al., 2010). Adding further support to this
hypothesis is the observation that inhibition of PI3K by wortmannin does not prevent
the early (24 h) increase in mTORCL signalling induced by synergist ablation in mice
(Miyazaki et al., 2011). It should be noted, however, that IGF-1 may instead mediate
skeletal muscle hypertrophy via the activation and differentiation of quiescent satellite
cells, and the subsequent incorporation of new myonuclei into existing muscle fibres
(Adams, 1998), although the necessity of satellite cell activation in muscle fibre
hypertrophy remains contentious (Jackson et al., 2012; McCarthy & Esser, 2007a;
McCarthy et al., 2011; O'Connor & Pavlath, 2007).

Additional work in human models has also shed light on the discordance
between growth factors and the induction of MPS and skeletal muscle hypertrophy
following RE. West and colleagues (West et al., 2010; West et al., 2009) employed a
model in which RE involving divergent amounts of muscle mass (i.e., unilateral arm
exercise performed with or without preceding lower body RE) was used to generate
low- and high-systemic hormonal conditions, respectively. The high-hormone condition

was successful in increasing systemic levels of total testosterone (5-fold), free
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testosterone (3-fold), IGF-1 and growth hormone (both 10-fold) relative to the low-
hormone condition. Regardless, these large divergences in systemic growth factor
responses between conditions did not alter either mTORC1 signalling and rates of MPS
(West et al., 2009), or muscle fibre hypertrophy and strength gains after 15 weeks of
training (West et al., 2010). These data suggest there appears to be little role for the
induction of systemic hormones and growth factors in promoting load-induced muscle

fibre hypertrophy in human skeletal muscle.

2.5.2.3 Regulation of mTORC1 by amino acids

Amino acids are key regulators of the mTORC1 pathway (Inoki et al., 2012;
Laplante & Sabatini, 2009; Ma & Blenis, 2009). The Rag (Ras-related GTP binding)
proteins are small GTPases functioning as critical mediators of amino acid-dependent
MTORCL1 activation (Kim et al., 2008; Sancak et al., 2008). Four Rag proteins are
expressed in mammalian skeletal muscle: RagA, RagB, RagC, and RagD, which form
heterodimers consisting of RagA or RagB combined with RagC or RagD (Sancak et al.,
2008). Amino acids promote the GTP-loading of heterodimers containing RagB or
RagA, which then enables RagB or RagA to bind to the raptor component of mMTORC1
(Sancak et al., 2008). The Rag proteins are anchored to the endosomal/lysosomal
surface by the pentamic Ragulator complex, consisting of LAMTOR1 through to
LAMTORS5 (late endosomal/lysosomal adaptor, MAPK and mTOR activator 1-5) (Bar-
Peled et al., 2012; Sancak et al., 2010). The Ragulator complex not only tethers the
Rags to the endosomal/lysosomal membrane, but also functions as their GEF (guanine
nucleotide exchange factor) (Bar-Peled et al., 2012; Sancak et al., 2010). The GEF
activity of Ragulator is specific to Rag heterodimers incorporating RagA or RagB (Bar-
Peled et al., 2012). In response to high nutrient and energy levels, the V-ATPase
(vacuolar H+-ATPase) stimulates the GEF activity of Ragulator, which catalyses the
conversion of GDP-bound RagA/RagB to the GTP-bound form of RagA/RagB,
subsequently increasing the affinity of Rags for mTORC1 (Bar-Peled et al., 2012;
Efeyan et al., 2013; Zoncu et al., 2011). This stimulates the translocation of mMTORCL1 to
the endosomal/lysosomal surface where the RagA/B heterodimer binds raptor, and
mTORC1 is then activated after encountering its activator protein, Rheb (Bai et al.,
2007; Sancak et al., 2010). Termination of this process is achieved by GATOR1
(GTPase-activating protein [GAP] activity towards Rags 1), which functions as a GAP
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towards RagA/RagB (Bar-Peled et al., 2012), consequently promoting GDP-bound
RagA/RagB and reducing the affinity of RagA/RagB for mTORCL1. Under conditions of
high amino acid availability, the GATOR2 complex moves the GATOR1 complex away
from the Rag proteins, subsequently inhibiting the GAP activity of GATOR1 towards
Rags (Bar-Peled et al., 2013). Amino acids therefore promote mTORCL1 activation by
promoting the endosomal translocation of mTORC1, which is directly mediated by the
v-ATPase-Ragulator-Rag complex (Kim et al., 2008; Sancak et al., 2010; Sancak et al.,
2008). The physiological advantage of a lysosomal-centred mechanism for mTORC1
activation may reflect the role of the lysosome in scavenging amino acids and other
nutrients from cellular components via the catabolic process of autophagy (Efeyan et al.,
2015). As lysosomal amino acid levels may at least partially reflect cellular amino acid
abundance, the coupling of amino acid sensing with the regulation of mTORCL1 and
protein synthesis at the lysosome therefore confers a physiological advantage (Efeyan et
al., 2015).

2.5.2.4 Regulation of mTORC1 signalling by mechanical loading

Accumulating evidence suggests mMTORC1 activation induced by mechanical
loading, like that stimulated by amino acids, is also associated with changes in the
subcellular localisation of the mTORC1 and its associated regulatory proteins (Figure
2.4) (Jacobs et al., 2013; Sabatini et al., 1999; Sancak et al., 2010; Zhang et al., 2014).
Early studies (Sabatini et al., 1999; Withers et al., 1997) established mTOR as a
cytoplasmic protein that associates with intracellular membranes, which may translocate
to specific subcellular compartments in response to certain stimuli (Sabatini et al.,
1999). Indeed, the aforementioned Rag GTPase-mediated translocation of mTORCL1 to
the late endosomal/lysosomal membrane is an essential step in amino acid-mediated
mTORC1 activation (Sancak et al., 2010). Like amino acids, mechanical loading has
also been shown to modulate the subcellular localisation of mMTORC1 and associated
regulatory proteins in skeletal muscle to promote mTORCL activation (Jacobs et al.,
2013). For example, eccentric contractions in mouse skeletal muscle induce hyper-
phosphorylation of TSC2 on RXRxxS*/T* residues, which almost completely abolishes
any TSC2-lysosomal association, and simultaneously enhances the targeting of mTOR
to the lysosome (Jacobs et al., 2013). The removal of TSC2 from the lysosomal

membrane prevents its ability to act as a GAP towards Rheb (Aspuria & Tamanoi,
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2004; Inoki et al., 2003a), consequently preventing TSC2-mediated Rheb inhibition and
thus promoting mTORCL activation. It therefore appears the translocation of mTORC1
and regulatory proteins in response to mechanical loading, as well as amino acid
stimulation, represents an essential step in mTORCL1 activation. Further work is
required to examine changes mTORCL1 translocation in response to different exercise
and nutritional stimuli in human skeletal muscle to provide further insight into the

modulation of MTORC1 activation by changes in its subcellular localisation.
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Figure 2.4 Regulation of mTORC1 by mechanical loading and amino acids. Mechanical
loading stimulates mechanoreceptors in the cell membrane, which activate an unknown
RxRxx kinase. This kinase then phosphorylates TSC2, subsequently removing TSC2 from
the late endosomal/lysosomal (LEL) membrane and preventing it from acting as a GAP
(GTPase-activating protein) towards Rheb (A). Simultaneously, increased cellular amino
acid content activates GATOR2 (GAP activity towards Rags 2), which inactivates
GATOR1 and prevents it from acting as a GAP towards Rag A/B heterodimers (B).
Ragulator GTP subsequently loads the Rag A/B heterodimer, activating the complex. The
active Rag complex then signals to Raptor, which induces translocation of mMTORC1
towards GTP-bound Rheb at the LEL membrane (C). Adapted from Marcotte et al.
(2015).
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2.5.2.5 Regulation of downstream targets by mTORC1

The most well-characterised substrates downstream of mMTORCL1 are the p70
kDa ribosomal protein subunit kinase 1 (p70S6K1) and the eukaryotic initiation factor
4E binding protein 1 (4E-BP1) (Gingras et al., 1999; Yip et al., 2010). Both of these
mTORC1 targets regulate protein synthesis via their influences on translation initiation
and elongation, as well as ribosome biogenesis (Goodman, 2014), and are further

discussed subsequently.

2.5.2.5.1 p70 kDa ribosomal protein subunit kinase 1 (p70S6K1)

The p70 ribosomal protein S6 kinase 1 (p70S6K1, also known as S6K1) is a
highly-conserved Ser/Thr kinase belonging to the AGC family of protein kinases, and a
key downstream target of the mTORCL1 signalling cascade (Fenton & Gout, 2011;
Ruvinsky & Meyuhas, 2006). p70S6K1 has an array of substrates and regulates diverse
cellular processes including protein synthesis, mMRNA processing, glucose homeostasis,
cellular growth and survival. Like other members of the AGC protein family, p70S6K1
contains a hydrophobic motif that is C-terminal to the kinase domain, and to achieve
full activity requires phosphorylation at multiple Ser/Thr residues through a series of
phosphorylation events. Phosphorylation of p70S6K1 firstly occurs at multiple Ser
residues (Ser4ll, Ser4l17, Ser421 and Serd24) located in the intrinsically disordered
autoinhibitory domain (AID) at the C-terminus (Le et al., 2003) and the Ser371 residue
in the turn motif linking the kinase domain and hydrophilic motif (Shin et al., 2011). To
achieve full activation, p70S6K1 also requires phosphorylation at Thr389 in the
hydrophobic motif, mediated by mTORC1 (Pearson et al., 1995), and phosphoinositide
dependent kinase (PDK-1)-mediated phosphorylation at Thr229 in the activation loop
(i.e., the ‘“T-loop’) (Mora et al., 2004); however, the sequence of these events is unclear
(Wang et al., 2013). The mTORC1 has long been implicated as an upstream regulator of
p70S6K1 activity (Brown et al., 1995; Burnett et al., 1998; Isotani et al., 1999).
Interaction between mTORC1 and p70S6K1 is facilitated by raptor, which binds
directly to the TOR signalling motif on p70S6K1 (Nojima et al., 2003; Schalm &
Blenis, 2002), subsequently permitting mTORC1-mediated phosphorylation at the
Thr389 residue.

Once activated, p70S6K1 regulates protein synthesis by phosphorylating

downstream targets implicated in translation initiation. The first identified p70S6K1
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substrate was the ribosomal protein S6 (rps6), a component of the ribosomal 40S
subunit believed to play a role in assembly of the translation initiation machinery
(Banerjee et al., 1990; Price et al., 1990). The phosphorylation of rps6 by p70S6K1
occurs in a sequential fashion on multiple Ser residues (Ser236, Ser235, Ser240, Ser244
and Ser247) (Bandi et al., 1993; Krieg et al., 1988). However, the essential role of rps6
phosphorylation in regulating protein synthesis is unclear, given p70S6K1 and p70S6K2
knockout mice display normal translation of 5’-TOP (5’-tract of pyrimidine) mRNAs,
which encode for translation factors and ribosomal proteins, despite the absence of rps6
phosphorylation (Pende et al., 2004; Ruvinsky et al., 2005). Despite this apparent
paradox, p70S6K1 also positively regulates translation initiation via additional
mechanisms, including the phosphorylation of the cap-binding complex component
elF4B at Serd422, and by phosphorylating and subsequently inhibiting PDCDA4
(programmed cell death protein 4), a negative regulator of elF4A (Dorrello et al., 2006).
PDCD4 acts as a repressor of translation initiation by binding to the RNA helicase
elF4A and subsequently preventing its association with elF4G, inhibiting translation
initiation (Loh et al., 2009; Yang et al., 2003). The p70S6K1-mediated phosphorylation
of PDCD4 stimulates its release from elF4A and subsequent degradation by the
ubiquitin-proteasome system (Dorrello et al., 2006; Zargar et al., 2011), facilitating
elF4A-elFAG interaction and increased protein synthesis. In addition to regulating
translation initiation, p70S6K1 also regulates the elongation step of protein translation
via regulation of the eukaryotic elongation factor 2 kinase (eEF2K). Once activated,
eEF2K negatively regulates translation elongation via phosphorylating the eukaryotic
elongation factor 2 (eEF2) at the Thr56 residue (Wang et al., 2001). p70S6K1
inactivates the eEF2K by phosphorylating its Ser366 residue, relieving the eEF2k-
mediated repression of translation elongation (Wang et al., 2001). More recent evidence
also suggests the Ser366 phosphorylation of eEF2K may be a p70S6K1-independent,
but mMTORC1-dependent, event (Mieulet et al., 2007). In summary, p70S6K1 is a key
downstream target of mMTORCL1 with a wide variety of substrates implicated in the
regulation of translation initiation, elongation and ribosome biogenesis (see section
2.5.3). Phosphorylation of p70S6K1 at Thr389 is commonly used as a marker of
mTORC1 activity, and correlations between early post-contraction increases in
p70S6K1 phosphorylation and muscle growth following long-term training in both
rodents (Baar & Esser, 1999) and humans (Mayhew et al., 2011; Terzis et al., 2008)
highlight the potential importance of p70S6K1 in mediating load-induced muscle
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growth. Despite these observations, the relationship between p70S6K1 activation and
muscle growth is controversial, given others (Mitchell et al., 2012) have observed no
clear relationships between p70S6K1 phosphorylation and long-term muscle
hypertrophy.

2.5.2.5.2 Eukaryotic initiation factor 4E binding protein 1 (4E-BP1)

The activity of the eukaryotic initiation factor 4E binding protein 1 (4E-BP1),
which acts as a repressor of translation initiation, is also controlled by mTORC1
(Gingras et al., 1999; Ma & Blenis, 2009). When hypo-phosphorylated, 4E-BP1
strongly interacts with elF4E, consequently interfering with the binding of elF4E to
elF4G, the subsequent formation of the elF4F translation initiation complex, and
recruitment of the 40S ribosomal subunit (Mahoney et al., 2009; Richter & Sonenberg,
2005). The phosphorylation of 4E-BP1 by mTORC1 facilitates the disassociation of 4E-
BP1 from elF4E, thus relieving the inhibitory effect of 4E-BP1 on elF4E-dependent
translation initiation (Gingras et al., 1999; Ma & Blenis, 2009; Richter & Sonenberg,
2005). Although a number of rapamycin-sensitive 4E-BP1 phosphorylation sites have
been identified, mTORC1 preferentially phosphorylates 4E-BP1 on the Thr36 and
Thr45 residues (Burnett et al., 1998; Gingras et al., 1999; Yang et al., 1999). The
phosphorylation of 4E-BP1 by mTORCL therefore plays a significant role in translation
initiation and protein synthesis, although the necessity of mTORC1-mediated
phosphorylation of 4E-BP1 for increases in protein synthesis and muscle fiber
hypertrophy consequent to increased mechanical loading is not fully understood
(Goodman, 2014).

In summary, activated mTORC1 regulates translation initiation via at least
three mechanisms: 1) release of 4E-BP1 from elF4E and 2) PDCD4 from elF4A,
enabling them to bind to elF4G and form the active elF4F complex (Gordon et al.,
2013), and 3) phosphorylation of elF4B which promotes assembly of elF4A into the
elF4F complex (Park et al., 2013), with the latter two mechanisms mediated via
p70S6K1.
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2.5.3 AMPK (5’ adenosine monophosphate-activated protein kinase)
signalling
As a key physiological energy sensor, the 5’ adenosine monophosphate-

activated protein kinase (AMPK) is an important regulator of cellular energy
homeostasis that coordinates various metabolic pathways to balance energy supply and
demand, ultimately governing cellular and organ growth (Inoki et al., 2012).
Mammalian AMPK is a highly-conserved heterotrimer comprised of a catalytic a- and
regulatory - and y-subunits (Figure 2.5) (McGee & Hargreaves, 2010). Two a- (al and
a2), two B- (Bl and B2) and three y-subunits (y1, y2 and y3) have been identified in
mammalian cells, enabling 12 possible heterotrimeric combinations (Fogarty & Hardie,
2010). Three heterotrimeric complexes appear to predominate in skeletal muscle:
al/B2/y1, a2/B2/y1 and a2/B2/y3, with the latter identified as the complex primarily
activated by exercise in skeletal muscle (Wojtaszewski et al., 2005).
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Figure 2.5 Heterotrimeric structure and upstream regulation of AMPK. Adapted from
Richter and Ruderman (2009).

2.5.3.1 Upstream AMPK regulation

AMPK is activated in response to increased cellular AMP levels which arise
during cellular metabolic stress (McGee & Hargreaves, 2010), an effect antagonised by
high levels of cellular ATP (Corton et al., 1995). The binding of AMP to the CBS
(cystathionine B-synthase) region of the y-subunit allosterically activates the AMPK
complex, causing a conformational change that prevents the pseudosubstrate domain

from interacting with the a-subunit catalytic domain. This exposes the activation T-loop
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of this domain to upstream kinases, which activate AMPK via phosphorylation on
Thrl72 (Steinberg & Kemp, 2009) and is essential for kinase activity (Scott et al., 2002;
Stein et al., 2000). Additionally, the conformational change induced by AMP binding to
the AMPK vy-subunit acts to inhibit the de-phosphorylation of Thr172 by phosphatases,
particularly PP2C (protein phosphatase 2C) (Steinberg et al., 2006). These effects are
entirely substrate-mediated, in that they are caused by AMP binding to AMPK and not
to upstream kinases or phosphatases (Hardie & Sakamoto, 2006). Altogether, these
AMP-mediated effects ensure AMPK is highly sensitive to alterations in the cellular
AMP:ATP ratio (Hardie & Sakamoto, 2006; Inoki et al., 2012; McGee & Hargreaves,
2010). In many cell types, the major upstream AMPK kinase (AMPKK) is the LKB1
tumour suppressor, while there is evidence the Ca®*/calmodulin-dependent kinase
kinases (CaMKKs), particularly CAMKKJ, along with transforming growth factor B-
activated kinase 1 (TAK1), also act as AMPKKSs in some cell types (Hawley et al.,
1995; Hong et al., 2003; Momcilovic et al., 2006). The net effect of AMP binding and
the subsequent phosphorylation at Thrl72 by upstream kinases profoundly increases
AMPK activity by >100 fold (Jensen et al., 2009; Karagounis & Hawley, 2009).
Commensurate with its role as a metabolic energy sensor, AMPK is activated by a host
of factors that induce a state of cellular metabolic stress (i.e., increased AMP:ATP
ratio), including muscular contraction, hypoxia, and/or hypoglycaemia (Steinberg &
Kemp, 2009).

2.5.3.2 Downstream AMPK regulation

As a consequence of perturbations in cellular energy charge, AMPK acts to
restore cellular energy balance by activating catabolic ATP-producing pathways while
concomitantly inhibiting anabolic ATP-consuming pathways (McGee & Hargreaves,
2010) (Figure 2.6). Accordingly, AMPK is implicated in increasing lipid oxidation
(Kaushik et al., 2001; Lee et al., 2006) via phosphorylation and inactivation of acetyl-
CoA carboxylase (ACC) (Munday et al., 1988), stimulating insulin-independent glucose
uptake in skeletal muscle by both increasing glucose transporter isoform 4 (GLUT4)
gene expression via inhibition of histone deacetylase 5 (HDACS5) activity (McGee et al.,
2008a), and increasing GLUT4 content at the sarcolemma via inhibition of TBC1D1
(TBC1 domain family member 1) and TBC1D4 (TBC1 domain family member 4, also
known as AS160 [Akt substrate of 160 kDa]) (Merrill et al., 1997). Substrate delivery to
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muscle is also regulated by AMPK via phosphorylation of endothelial nitric oxide (NO)
synthase (eNOS), which alters vascular tone and subsequently increases NO production
and tissue blood flow (Chen et al., 2009; McGee & Hargreaves, 2010).
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Figure 2.6 Summary of downstream targets of AMPK.

Along with enhancing the capacity for substrate supply into muscle and
mitochondria, AMPK also controls the expression of a number of mitochondrial
enzymes, such as those involved in lipid [-oxidation (B-hydroxyacyl-CoA
dehydrogenase [B-HAD]) (Barnes & Zierath, 2005) and substrate flux into the
tricarboxylic acid (TCA) cycle (pyruvate dehydrogenase kinase 4 [PDK4]) (Jorgensen
et al., 2005), along with key enzymes in the TCA cycle (citrate synthase [CS])
(Jorgensen et al., 2007) and respiratory chain (COX [cytochrome ¢ oxidase] subunits |
and V) (Garcia-Roves et al., 2008; Jorgensen et al., 2007), which collectively enhance
substrate oxidative capacity. AMPK also modulates angiogenesis via regulation of the
vascular endothelial growth factor (VEGF) gene, which is essential for increased muscle
capillarisation and is associated with enhanced oxidative capacity (Zwetsloot et al.,
2008), an effect mediated via the peroxisome proliferator-activated receptor-y
coactivator-1 (PGC-1a) (Leick et al., 2009; Olesen et al., 2010).
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2.5.3.3 AMPK and mitochondrial biogenesis

AMPK also regulates a number of transcription factors and co-activators
mediating both nuclear and mitochondrial gene expression, including the peroxisome-
proliferator-activated receptor y (PPARY), PGC-1a, nuclear respiratory factors 1 and 2
(NRF-1/2), mitochondrial transcription factor A (Tfam) (Garcia-Roves et al., 2008; Lin
et al., 2002) and the forkhead box O1 (Fox-O1) (Jorgensen et al., 2005). Principal
among these downstream targets is PCG-1a, an inducible co-activator implicated in
mitochondrial biogenesis and promoting shifts to a more oxidative and fatigue-resistant
skeletal muscle phenotype (Lin et al., 2002; Olesen et al., 2010). PCG-1a partially
exerts these effects via the co-activation of NRF 1 and 2, which are required for the
coordinated expression of nuclear- and mitochondrial-encoded enzymes of the
respiratory chain (Kelly & Scarpulla, 2004; Olesen et al., 2010). A single bout of
endurance exercise induces rapid and sustained increases in PCG-1a mRNA and protein
content in skeletal muscle (Mathai et al., 2008). Muscle-specific overexpression of
PCG-1a in rodents induces a phenotype similar to endurance-trained muscle, including
large increases in mitochondrial density, VOoma, Shifts in fuel utilisation during
submaximal exercise, and improved endurance performance (Calvo et al., 2008; Lin et
al., 2002). Despite the marked changes in skeletal muscle phenotype induced by PCG-
lo overexpression, knockout of PCG-1a does not prevent the exercise-induced increase
in metabolic gene expression and mitochondrial biogenesis (Geng et al., 2010; Leick et
al., 2008), indicating PCG-1a is not obligatory for these adaptations. PCG-la is
regulated by a number of post-translational modifications, including phosphorylation
and deacetylation (Canto et al., 2009; Jager et al., 2007). AMPK regulates PCG-1a
directly via phosphorylation and indirectly by phosphorylating and inhibiting the
transcriptional repressor HDACS5 (histone deacetylase 5), subsequently relieving the
HDACS5-mediated inhibition of MEF2 (myocyte enhancer factor 2), a known regulator
of PCG-1a (McGee & Hargreaves, 2010). Another transcription factor implicated in
mitochondrial biogenesis, the tumour suppressor protein p53, may also be regulated
upstream by AMPK (Bartlett et al., 2014). Knockout of p53 in mouse skeletal muscle
reduces PCG-1a expression, mitochondrial content and exercise capacity (Saleem et al.,
2009), although not unlike PCG-la (Perez-Schindler et al., 2013), p53 is also
dispensable for exercise-induced mitochondrial biogenesis in mouse skeletal muscle
(Saleem et al., 2009). Paradoxically, a recently-defined PGC-1a splice variant, termed
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PGC-1a4, is induced by RE in vivo and may play a role in mediating skeletal muscle
hypertrophy via up-regulation of IGF-1 and inhibition of myostatin (Ruas et al., 2012).
Subsequent studies in humans have, however, questioned both the mode-specificity
(Ydfors et al., 2013) and role of PGC-1a splice variants in skeletal muscle hypertrophy
(Lundberg et al., 2014a).

2.5.3.4 AMPK-mediated regulation of protein synthesis

Given the role of AMPK in restoring cellular energy balance, AMPK is a key
negative regulator of protein synthesis (Inoki et al., 2012; Kimball, 2006; Mounier et
al., 2011), a process requiring a considerable amount of cellular energy. Multiple lines
of evidence suggest AMPK negatively regulatess mTORC1 and its downstream
signalling targets, thereby inhibiting MPS and potentially muscle hypertrophy (Atherton
et al., 2005; Bolster et al., 2002; Gwinn et al., 2008; Inoki et al., 2003a; Inoki et al.,
2002; Inoki et al., 2003b). Supporting the role of AMPK in limiting muscle hypertrophy
are observations that AMPK phosphorylation negatively correlates with muscle
hypertrophy (Thomson et al., 2008) and is associated with attenuated muscle
hypertrophy (Katta et al., 2012) in rodent functional overload models. Activation of
AMPK has been shown to repress mTORCL1 signalling via multiple mechanisms in
vitro, including direct phosphorylation of the tuberous sclerosis complex 2 (TSC2)
(Inoki et al., 2003b; McGee et al., 2008a) and the mTORC1-associated regulatory
protein, raptor (Gwinn et al., 2008) (Figure 2.7). Activation of TSC2 by AMPK
negatively regulates mTORCL1 via inhibition of its upstream activator Rheb,
subsequently blocking the downstream activation of regulators of protein translation
(i.e., p70S6K1 and 4E-BP1) by mTORC1 (Bolster et al., 2002; Dreyer et al., 2006;
Inoki et al., 2003b). The inhibitory effect of AMPK on Rheb is opposed by activated
Akt, which phosphorylates and inactivates TSC2, subsequently alleviating its inhibition
of mMTORC1 (Hahn-Windgassen et al., 2005; Inoki et al., 2002). There is evidence the
regulation of mMTORC1 by AMPK may be AMPK isoform-specific. For example, it
appears the AMPK al catalytic isoform is selectively responsible for limiting muscle
hypertrophy via mTORC1 inhibition (McGee et al., 2008a; Mounier et al., 2011;
Mounier et al., 2009), while AMPK o2 instead governs metabolic adaptations in skeletal
muscle (Jorgensen et al., 2004; McGee et al., 2008a; Mounier et al., 2011). Evidence in
rodent skeletal muscle suggests AMPK al is activated following chronic overload
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(McGee et al.,, 2008a), and genetic knockout of this isoform results in greater
hypertrophy (Mounier et al., 2009), supporting the isoform-specific role of AMPK in

constraining muscle growth.

N

Figure 2.7 Regulation of the mTORC1 by AMPK. Under conditions of energy stress,
activated AMPK phosphorylates TSC2, promoting its GAP activity towards the mTORC1
activator Rheb, subsequently converting active GTP-bound Rheb to inactive GDP-bound
Rheb and inactivating mTORCL1. Active AMPK also phosphorylates raptor, inhibiting
MTORCL activity. Adapted from Inoki et al. (2012).

2.5.1 Ribosome biogenesis-mediated regulation of protein synthesis

Rates of protein synthesis within the cell are determined by both translational
efficiency (i.e., rates of protein synthesis per ribosome) and translational capacity (i.e.,
amount of translational machinery per unit of tissue, including ribosomes, tRNAs, and
translational factors) (Chaillou et al., 2014). Ribosomes are supramolecular
ribonucleoprotein complexes functioning at the heart of the translational machinery to
convert mMRNA transcripts into protein (Chaillou et al., 2014). Eukaryote ribosomes are
composed of two ribosomal subunits. The small 40S subunit (comprising the 18S

ribosomal RNA [rRNA] and 33 ribosomal proteins) is responsible for mRNA decoding
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during translation initiation by aminoacyl-tRNA, whereas the large 60S subunit
(comprising the 5S, 5.8S and 28S rRNAs and 47 ribosomal proteins), responsible for
catalysing peptide bond formation during translation elongation via the
peptidyltransferase reaction. Ribosomal content, which is indicative of cellular
translational capacity, sets the upper limit of protein synthesis for the cell (ladevaia et
al., 2014). It is generally thought the stimulation of protein synthesis in the early hours
following an anabolic signal (e.g., exercise or amino acid provision) is mediated by
increased rates of translational efficiency, whereas repeated anabolic signals (i.e., weeks
to months of exercise training) stimulate ribosome biogenesis and increases
translational capacity (Chaillou et al., 2014). Ribosome biogenesis is there an important,

yet overlooked, process closely linked to the regulation of skeletal muscle hypertrophy.

2.5.1.1 Molecular regulation of ribosome biogenesis

Ribosome biogenesis is a complex, well-orchestrated process involving
transcription of the polycistrionic 45S rRNA precursor (45S pre-rRNA), processing of
the 45S pre-rRNA into several smaller rRNAs (5.8S, 18S and 28S rRNAs), assembly of
these rRNAs and other ribosomal proteins into ribosomal subunits (40S and 60S), and
nuclear export of these ribosomal subunits into the cytoplasm (Chaillou et al., 2014;
Thomson et al., 2013). The synthesis of the key components of the ribosomal subunits is
achieved via the coordinated actions of three RNA polymerases (RNA Pol-I, -11, and —
[11). The RNA Pol-I is responsible for the transcription of the 45S pre-rRNA in the
nucleolus, which is considered the rate-limiting step in ribosome biogenesis (Moss &
Stefanovsky, 1995). The 45S pre-rRNA is subsequently cleaved into the 18S, 5.8S and
28S rRNAs, which undergo post-transcriptional modifications via interactions with
small nuclear ribonucleoproteins and several protein processing factors. The RNA Pol-
Il is responsible for the transcription of ribosomal protein-encoding genes, whereas
RNA Pol-1lIl mediates the nucleoplasmic transcription of 5S rRNA and tRNAs.
Ribosomal proteins comprising the small and large ribosomal subunits are subsequently
translated in the cytoplasm, before being imported into the nucleolus where they are
assembled with their respective ribosomal subunit. Once assembled, both the 40S and
60S ribosomal subunits are then exported into the cytoplasm where they form the

mature 80S ribosome complex (Thomson et al., 2013).
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As well as controlling translational efficiency, the mTORCL1 is a key mediator
of ribosome biogenesis by regulating transcription factors for genes encoding RNA Pol-
I and -1l (ladevaia et al., 2014). The transcription of rDNA by RNA Pol-I requires the
transcription factor SL-1 (selectivity factor-1), a component of which is TIF-1A
(transcription initiation factor 1A; also known as RRN5), as well as other regulatory
factors, including POLR1B (polymerase (RNA) 1 polypeptide B). Inhibition of
mTORC1 by rapamycin inactivates TIF-1A, which impairs the transcription of the 45S
pre-rRNA by RNA Pol-1 (Mayer et al., 2004). Inhibition of mTORCL1 also inactivates
UBF (upstream binding factor) (Hannan et al., 2003), a transcription factor associated
with SL-1, while the key mTORC1 substrate p70S6K1 promotes UBF activation and
RNA Pol-1-mediated rDNA transcription (Hannan et al., 2003). The cyclins (including
cyclin-D1) and cyclin-dependent kinases (CDKs) can also regulate UBF via
phosphorylation on Ser388 and Ser484, which are required for UBF activity (Voit &
Grummt, 2001; Voit et al., 1999). In addition to regulation of RNA Pol-1, mTORC1
also associates with a number of RNA Pol-111 genes that synthesise both 5S rRNA and
tRNA (Kantidakis et al., 2010).

2.5.1.2 Ribosome biogenesis and skeletal muscle hypertrophy

Evidence gleaned from rodents (Adams et al., 2002; Chaillou et al., 2012;
Chaillou et al., 2013; Goodman et al., 2011a; Miyazaki et al., 2011; Nakada et al., 2016;
von Walden et al., 2012) suggests skeletal muscle hypertrophy following chronic
overload is accompanied by ribosome biogenesis, as evidence by increased RNA
content, 80-85% of which is comprised of rRNA (Chaillou et al., 2014). Moreover,
attenuated skeletal muscle hypertrophy in ageing rodent muscle following chronic
overload (Kirby et al., 2015) and in a model of chronic inflammatory bowel disease
(Figueiredo et al., 2016a) is associated with attenuated ribosome biogenesis. Although
limited data exists in humans (Figueiredo et al., 2015; Nader et al., 2014; Stec et al.,
2015), total RNA content and several markers of ribosome biogenesis, including UBF
MRNA, phosphorylated UBF (Ser388), the pre-45S rRNA and the mature 28S, 18S and
5.8S transcripts, are upregulated in human skeletal muscle at rest following 8 weeks of
RT (Figueiredo et al., 2015). Single bouts of RE also increase TIF-1A phosphorylation
and levels of cyclin D1 protein in human skeletal muscle (Figueiredo et al., 2015),
MRNA levels of the 45S rRNA precursor (Figueiredo et al., 2015; Nader et al., 2014;
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Stec et al., 2015), and the mature 5.8S, 18S and 28S rRNAs (Figueiredo et al., 2015), as
well as other regulators of ribosome biogenesis, including c-Myc (Nader et al., 2014). A
blunting of responses related to ribosome biogenesis in skeletal muscle has been
demonstrated in the 48 h after the application of cold-water immersion following a
single bout of RE in humans (Figueiredo et al., 2016b), an approach shown to attenuate
adaptations to long-term RT (Roberts et al., 2015). Ribosome biogenesis therefore
appears to be an important, yet overlooked, process occurring during RT-induced
skeletal muscle hypertrophy (Chaillou et al., 2014; Figueiredo et al., 2015). Further
work is required to determine the necessity of ribosome biogenesis in skeletal muscle
hypertrophy and its regulation both in human skeletal muscle following different types
of exercise training, and in situations where muscle hypertrophy might be compromised

(e.g., during concurrent training).

2.5.2 microRNA-mediated regulation of protein synthesis

Additional molecular mechanisms with the potential to regulate skeletal muscle
adaptations to exercise have recently emerged, including altered microRNA (miRNA)
expression (Zacharewicz et al., 2013). miRNAs are small (~20-30 nucleotides in
length), non-coding ribonucleic acid (RNA) species highly expressed in skeletal muscle
(Zacharewicz et al., 2013). The primary function of miRNAs is to decrease protein
levels either by repressing protein translation or promoting the degradation of target
mMRNAs, of which the latter accounts for the majority of miRNA activity (Guo et al.,
2010). Given their purported role in post-transcriptional regulation, miRNAs have
emerged as a potential regulator of exercise-induced adaptations in skeletal muscle
(Zacharewicz et al., 2013). The expression of various miRNA species in human skeletal
muscle is altered following both single bouts of exercise (Drummond et al., 2008c;
Russell et al., 2013; Zacharewicz et al., 2014) and after short-term exercise training
(Davidsen et al., 2011; Russell et al., 2013). miRNAs have been implicated in the
regulation of the IGF-1/Akt, Fox-O1, and myogenesis pathways, all known to play a
role in exercise-induced adaptations in skeletal muscle (Hitachi & Tsuchida, 2013),
although the direct impact of miRNAs on these pathways in skeletal muscle consequent
to RE is yet to be experimentally validated. The myomiRs miR-1 and miR-133a can
target members of the IGF-1/Akt pathway in vitro, including both IGF-1 and the IGF-1
receptor (Elia et al., 2009) as well as HSP70 (Kukreti et al., 2013). This suggests they

36



Chapter 2 Literature review

may play a role in regulating muscle hypertrophy, although this requires experimental
validation in vivo. Expression of both miR-1 and miR-133a is reduced during functional
overload in mice (McCarthy & Esser, 2007b), and miR-1 expression is reduced 1 h after
a single bout of RE with amino acid ingestion (Drummond et al., 2008c), whereas a
single bout of endurance exercise increases miR-1 expression (Russell et al., 2013).
Reduced post-exercise miR-1/miR-133a expression may therefore alleviate repression
of IGF-1/Akt signalling by these miRNAs. Other miRNA species, including miR-378
and miR-486, have been purported to regulate molecular pathways related to
myogenesis, protein synthesis and degradation. miR-378 has been implicated in
myogenesis by negatively regulating MyoR, a negative upstream regulator of the
transcription factor MyoD (myogenic differentiation 1) (Gagan et al., 2011). Low
responders to RE-induced lean mass gain after 12 weeks of RE training show reduced
basal miR-378 expression, whereas miR-378 expression is unchanged in those classified
as high responders (Davidsen et al., 2011). The change in miR-378 expression has also
been correlated (r* = 0.52) with lean mass gain after RE training (Davidsen et al., 2011),
suggesting maintenance of miR-378 expression may be necessary for promoting RE-
induced muscle growth. miR-486 has been linked to the regulation of skeletal muscle
mass by targeting components of the Akt pathway, including PTEN (phosphatase and
tensin homologue), an upstream inhibitor of Akt, and by negatively regulating the
transcription factor Fox-O1 (Xu et al., 2012), a mediator of ubiquitin ligase expression
and subsequently protein degradation (Sandri et al., 2004). Increased post-exercise miR-
486 expression, when repeated over time, may therefore be favourable for promoting
anabolism in skeletal muscle by alleviating PTEN-mediated repression of Akt, and
suppressing Fox-Ol1-mediated ubiquitin ligase expression. Conversely, reduced miR-
486 expression may suggest reduced inhibition of PTEN and Fox-O1, and subsequently
reduced Akt signalling and increased ubiquitin ligase expression.

Taken together, there is evidence to suggest altered post-exercise miRNA
expression may play a role in mediating exercise-induced adaptations in skeletal
muscle. Further work is required, however, to determine the functional roles of these
miRNAs in human skeletal muscle following exercise, and their subsequent effects on
skeletal muscle adaptations after prolonged training. Given that miRNAs may play a
role in regulating molecular signalling pathways related to muscle hypertrophy and/or
myogenesis (Hitachi & Tsuchida, 2013; Zacharewicz et al., 2013), together with

observations of divergent miRNA expression between single bouts of endurance

37



Adaptation to concurrent training: role of endurance training intensity

(Russell et al., 2013) and RE (Drummond et al., 2008c), suggests miRNA expression is
worthy of examination following concurrent exercise. Whether divergent miRNA
expression in skeletal muscle following concurrent exercise compared with single-mode
RE might play a role in adaptation to long-term concurrent training is currently unclear,

and has not been examined to date.

2.6 Molecular regulation of skeletal muscle protein
breakdown

A decrease in skeletal muscle fibre CSA is termed muscular atrophy. Like
muscle fibre hypertrophy, muscular atrophy is determined by the net balance of MPS,
and occurs when rates of MPB are persistently above those of synthesis (Sandri, 2013).
Muscle fibre atrophy is therefore governed by signalling cascades mediating increased
rates of MPB and/or the inhibition of MPS. Two major protein degradation systems are
known to operate in eukaryotic cells: the ubiquitin-proteasome and autophagy-
lysosomal systems (Sandri, 2013). The ubiquitin-proteasomal system is generally
responsible for the degradation of short-lived proteins, whereas the autophagy-
lysosomal system mediates breakdown of longer-lived cellular proteins (Fanzani et al.,
2012). Although increased rates of MPB may be seen as counteractive to muscle
anabolism and subsequently adaptation, ubiquitin-proteasome and/or autophagy-
lysosomal activity may be necessary to facilitate exercise-induced skeletal muscle
remodelling by removing damaged proteins and/or providing amino acid substrates for
incorporation into newly synthesised proteins (Sanchez et al., 2014a; Vainshtein &
Hood, 2015).

2.6.1 Ubiquitin-proteasomal system

The ubiquitin-proteasomal system involves the tagging of substrate proteins
with ubiquitin, an abundant 8-kDa protein, which subsequently targets the substrate
protein for degradation by the 26S proteasome (Fanzani et al., 2012). The process of
protein ubiquitination is characterised by a series of reactions. Ubiquitin is firstly
activated by an ubiquitin-activating enzyme (E1), which subsequently transfers
activated ubiquitin to the active site of an ubiquitin-conjugated enzyme (E2). Finally,

E2 binds to an E3 ligase, which is responsible for recognising and ubiquitinating the
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target substrate. The process of protein ubiquitination in skeletal muscle is mediated by
two muscle-specific E3 ubiquitin ligases; MuRF-1 (muscle RING finger-1) and
MaFbx/Atrogin-1 (muscle atrophy F-box) (Bodine et al., 2001a). Murine knockout of
MuRF-1 or MaFbx confers partial protection against muscle wasting under various
atrophic conditions, including denervation, dexamethasone treatment, and fasting
(Baehr et al., 2011; Bodine et al., 2001a; Gomes et al., 2012). Known MuRF-1 targets
include several muscle structural proteins, such as the myosin heavy chains (MyHCs),
the most abundant skeletal muscle proteins (Schulze et al., 2005). Other myofibrillar
proteins, including actin (Polge et al., 2011), titin (Centner et al., 2001; McElhinny et
al., 2002), troponin 1 (Kedar et al., 2004), myosin binding protein C, and myosin light-
chains 1 and 2 (Cohen et al., 2009), are also specifically ubiquitinated by MuRF-1.
Whereas MuRF1 possesses a wide variety of known substrates, the only confirmed
targets of Atrogin-1 are MyoD (Tintignac et al., 2005), a transcription factor mainly
involved with the myogenic program, and the translation initiation factor elF3F
(Lagirand-Cantaloube et al., 2008). Moreover, the role of Atrogin-1 in protein
degradation remains unclear, as Atrogin-1 mRNA levels do not correlate with rates of
protein degradation both in vivo (Krawiec et al., 2005) and in vitro (Dehoux et al.,
2007). The expression of MuRF-1 and Atrogin-1 are positively controlled by the Fox-O
subfamily of transcription factors, including Fox-O1 and Fox-O3a (Kamei et al., 2004;
Sandri et al., 2004). The Fox-O proteins have broad cellular roles including tumour
suppression, protein degradation, and development in several tissues, and are regulated
by phosphorylation-dependent nuclear/cytoplasmic shuttling (Calnan & Brunet, 2008;
Sanchez et al.,, 2012a). Phosphorylation of the Fox-O proteins, mediated by Akt,
stimulates their exclusion from the nucleus to the cytoplasm by 14-3-3 protein binding
(Brunet et al., 1999). Conversely, de-phosphorylated Fox-O transcription factors
translocate to the nucleus where they can act as transcription factors and promote the
expression of MuRF-1 and Atrogin-1 (Sandri et al., 2004). Indeed, increased MuRF-1
and Atrogin-1 expression following in vitro treatment of myotubes with dexamethasone
was shown to be antagonised by the simultaneous treatment of IGF-1 acting through the
PI-3K/Akt pathway (Sandri et al., 2004; Stitt et al., 2004). AMPK also positively
regulates Fox-O3a via phosphorylation at Ser413/588, residues known to activate Fox-
O3a and protein degradation (Greer et al., 2007). Thus, AMPK regulates anabolism not
only by inhibiting protein synthesis, but also by mediating protein degradation via both

the ubiquitin-proteasome and autophagy-lysosomal systems (discussed in section 2.6.2).
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2.6.2 Autophagy-lysosomal system

Autophagy is a constitutively-active and evolutionarily-conserved process for
the bulk degradation and recycling of proteins and entire organelles via the lysosomal
machinery (Klionsky, 2007). The induction of autophagy firstly involves the formation
of double-membrane vacuoles known as autophagosomes, which package and deliver
cytoplasmic material to the lysosomes for subsequent degradation (Xie & Klionsky,
2007). After autophagosome formation, the isolation membrane (or phagophore)
elongates and engulfs a portion of the cytoplasm or specific cargo, forming a double
membrane-bound autophagosome (Eskelinen & Saftig, 2009). The mature
autophagosome then fuses with lysosomal vesicles, forming an autolysosome. The
fusion of the outer autophagosomal membrane with the lysosomal membrane permits
the degradation of the inner autophagosomal membrane and its cytoplasmic contents by
lysosomal hydrolases (Eskelinen & Saftig, 2009). The degradation products are then
transported back to the cytoplasm, where they can be re-used for biosynthesis or energy
production (Eskelinen & Saftig, 2009). In skeletal muscle, autophagy is activated during
a plethora of catabolic conditions, including disuse (Brocca et al., 2012), denervation
(Zhao et al., 2007), fasting (Mammucari et al., 2007), and ageing (Wohlgemuth et al.,
2010). Autophagy is also induced by exercise in human skeletal muscle (Jamart et al.,
2012a; Jamart et al., 2012b), which may function to remove proteins and organelles
damaged by exercise itself, or to provide energy for sustained contractile activity
(Sandri, 2013). Autophagy requires Atg (autophagy-specific gene) proteins, which are
necessary for the formation of autophagosomes (Codogno, 2004). Accumulating
evidence suggests autophagy is under the antagonistic control of mTORC1 and AMPK,
which both regulate ULK1 (Unc-51-like kinase 1), a serine/threonine protein Kinase
with a key role autophagy induction (Inoki et al., 2012; Kim et al., 2011). Under
nutrient-rich conditions, mMTORC1 interacts with and phosphorylates ULK1 on Ser757
(Kim et al., 2011). This phosphorylation of ULK1 by mTORCL1 blunts ULK activity
and/or prevents its association with other co-factors including Atg13 and FIP200, which
are necessary processes for coordinating the autophagy response (Ganley et al., 2009).
During cellular energy stress, activated AMPK inhibits mMTORC1 via phosphorylation
of TSC2 and raptor (Gwinn et al., 2008; Inoki et al., 2003b), possibly disrupting the
mTORC1-ULK1 interaction and preventing the inhibitory phosphorylation of ULK1 by
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mTORC1. This allows AMPK-mediated phosphorylation of ULK1 on multiple
residues, which may also increase ULK activity (Sanchez et al., 2012a). In addition to
regulating ULK1, AMPK-mediated activation of Fox-O3a stimulates increased
expression of factors necessary for autophagosome formation, including Beclin, LC3-1I
and Gabarapll (Sanchez et al., 2012b).

2.7 Molecular basis for the specificity of training adaptation

In recent years, insight into the molecular factors mediating skeletal muscle
adaptations to divergent exercise modes has emerged (Atherton et al., 2005; Bodine et
al., 2001b; Pilegaard et al., 2003; Stitt et al., 2004). Exercise-induced adaptations in
skeletal muscle are considered the cumulative result of early molecular signalling
responses and subsequent gene expression stimulated by repeated exercise bouts,
leading to the accumulation of specific proteins over time and, subsequently, an altered
muscle phenotype (Egan et al., 2013; Fluck & Hoppeler, 2003; Perry et al., 2010). It has
been suggested resistance and endurance exercise stimulate almost distinct activation of
specific molecular signalling pathways and gene networks mediating the mode-specific
adaptations to chronic exercise training (Atherton et al., 2005; Coffey & Hawley, 2007;
Hawley, 2009). As discussed in earlier sections of this review, muscle fibre hypertrophy
induced by RE is generally considered to be mediated by the anabolic mTORC1
signalling cascade (Bodine et al., 2001b). The necessity of mTORCL1 for load-induced
skeletal muscle growth is supported by evidence that rapamycin (a selective mTORC1
inhibitor) administration prevents both muscle hypertrophy in vivo (Bodine et al.,
2001b) and the increase in MPS following a single bout of RE in humans (Drummond
et al., 2009). Conversely, adaptations induced primarily by endurance exercise,
including mitochondrial biogenesis (Baar et al., 2002; Pilegaard et al., 2003; Wu et al.,
2002), improved substrate utilisation (Holloszy & Coyle, 1984) and increased capillary
density (Saltin & Gollnick, 1983), are purportedly mediated by the AMPK and
Ca’*/calmodulin-dependent kinase 1l (CaMKII) pathways, among others, which
converge on the transcriptional co-activator PGC-1a (Baar et al., 2002; Pilegaard et al.,
2003; Wu et al., 2002).
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2.7.1 The AMPK/Akt “master switch” hypothesis

Early insight into the molecular basis for the specificity of training adaptation
came from the work of Atherton and colleagues (Atherton et al., 2005). These workers
employed a model in which isolated rat muscle was electrically stimulated at either high
(6 x 10 3-s repetitions at 100 Hz for 20 min) or low (3 h at 10 Hz) frequencies to mimic
resistance or endurance exercise, respectively. They observed selective activation of the
anabolic Akt/mTOR signalling cascade by resistance-like stimulation, with little effect
on the AMPK/PGC-1a pathway, while endurance-like stimulation caused increased
AMPK activation and PGC-la protein levels (Atherton et al., 2005). Moreover,
endurance-like stimulation inhibited Akt/mTOR and its downstream targets. Therefore,
these authors postulated selective activation of either Akt/mTOR or AMPK/PGC-1a
could explain the divergent adaptations associated with resistance and endurance
training, respectively, in a paradigm termed the “AMPK/Akt master switch” hypothesis
(Atherton et al., 2005). While this is an attractive regulatory model, the existence of
such clear divergence in humans has to date proven elusive (Camera et al., 2010; Coffey
et al., 2006a; Coffey et al., 2006b; Vissing et al., 2011; Wilkinson et al., 2008). This is
perhaps not surprising, given the ex-vivo electrical stimulation rodent model employed
by Atherton and colleagues (2005) arguably represents few similarities to contracting
human skeletal muscle during exercise. Indeed, several observations question the
simplistic notion of an AMPK/Akt “master switch” mediating training adaptation
specificity in human skeletal muscle, while highlighting the complexity of exercise-
induced molecular responses. For example, a number of human studies have not
observed notable differences in either mTORC1 or AMPK signalling in the early
recovery period following endurance and RE performed separately (Camera et al., 2010;
Coffey et al., 2006b; Vissing et al., 2011; Wilkinson et al., 2008). Several studies have
shown increased mMTORC1 activity following endurance exercise in human skeletal
muscle (Benziane et al., 2008; Mascher et al., 2007; Mascher et al., 2011), which may
reflect the putative role for mTORCL1 in regulating oxidative metabolism (Bentzinger et
al., 2008; Cunningham et al., 2007; Schieke et al., 2006), while RE can increase AMPK
phosphorylation (Coffey et al., 2009a; Coffey et al., 2006b; Dreyer et al., 2006;
Koopman et al., 2006; Vissing et al., 2011; Wilkinson et al., 2008). Regardless of the
exercise modality, other independent factors can modulate the molecular responses to

exercise, including training status (Benziane et al., 2008; Coffey et al., 2006a; Coffey et
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al., 2006b; McConell et al., 2005), age (Drummond et al., 2008a; Fry et al., 2011),
genetic factors (Raue et al., 2012; Timmons et al., 2010) and nutrient availability
(Churchley et al., 2007; Creer et al., 2005; Deldicque et al., 2005; Yeo et al., 2010). The
molecular factors mediating the specificity of training adaptation are clearly more
complex than dictated by a simplistic “master switch” model (Atherton et al., 2005),

and further work is required to more completely define the mechanisms responsible.

2.7.2 Molecular basis for the specificity of training adaptation in human
skeletal muscle

2.7.2.1 Exercise mode-specific divergences in early signalling responses
following single bouts of exercise

Several studies have investigated the signalling mechanisms underlying the
specificity training adaptation in human skeletal muscle (Camera et al., 2010; Moller et
al., 2013; Vissing et al., 2011; Wilkinson et al., 2008). Camera and colleagues (2010)
determined the early time course of post-exercise signalling responses after prolonged
cycling (60 min at 70% VOazpeax) compared to high-intensity RE (8 x 5 leg-extension
repetitions at 80% 1-RM [one-repetition maximum]). Despite clear divergence in the
duration and intensity of the contractile stimulus, no significant differences were noted
in early translational signalling responses (i.e., Akt/mTOR/p70S6K1 phosphorylation)
in the 60-min post-exercise period, while only endurance exercise promoted the
activation of signalling proteins involved in glucose uptake and glycogen synthesis
(Camera et al., 2010). It was therefore concluded resistance and endurance exercise
were equally capable of stimulating translation-initiation signalling, including mTOR
and p70S6K1 phosphorylation, at least during early recovery. Divergent AMPK
responses were however observed between conditions, with AMPK Thrl72
phosphorylation increased above baseline at all time-points after cycling exercise,
whereas RE did not increase AMPK phosphorylation during the 1 h post-exercise
period (Camera et al., 2010).

To limit the potentially confounding effects of training status on molecular
responses to exercise (see section 2.8.2.2), Vissing and colleagues (2011) compared
signalling responses to single bouts of resistance and endurance exercise in subjects
accustomed to either exercise mode after 10 weeks of prior training. The major finding
of that study was components of the mTORC1 cascade (i.e., mTORC1, p70S6K1 and
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AS160 [Akt substrate of 160 kDa]) responded preferentially to RE and not to
prolonged, low-intensity endurance exercise, whereas AMPK was not differentially
activated following either exercise mode (Vissing et al., 2011). Activation of mTORC1
and its downstream targets were not associated with the concomitant activation of Akt,
supporting previous observations of the discordance between Akt activation and
mTORC1 signalling (Goodman et al., 2010; Hornberger et al., 2006). It therefore
appears that in training-accustomed individuals, mTORCL1 signalling becomes more
exercise modality-specific and is preferentially activated following resistance, but not
endurance exercise.

A subsequent study (Moller et al., 2013) expanded on the work of Vissing et al.
(2011) and investigated additional molecular targets that may be differentially regulated
by resistance and endurance exercise. In particular, signalling cascades activated by
inflammation and cellular stress (i.e., NF-xB [nuclear factor kappa-light-chain-enhancer
of activated B cells] and the mitogen-activated protein kinases [MAPK] ERK
[extracellular signal-regulated kinase] 1/2 and p38) and myokines (i.e., interleukin [IL]
1B, IL6, IL8 and TNFa [tumor necrosis factor alpha]) were investigated. The NF-xB,
ERK 1/2 and p38 have been suggested to link inflammatory responses to the regulation
of protein synthesis via the TSC1/2 complex. ERK 1/2 and p38 purportedly impact
upon protein synthesis by phosphorylating TSC2 (Ma et al., 2005) and raptor (Wu et al.,
2011), respectively. Additionally, the IKK [inhibitor of nuclear factor kappa-B kinase
subunit beta] -mediated phosphorylation of TSC1 disrupts the TSC1/TSC2 complex,
leading to MTORC1 activation (Lee et al., 2007; Lee et al., 2008). Interestingly, IKK[3
was found to be preferentially activated following RE in a manner mirroring the
phosphorylation of mTORC1. However, this was not associated with concomitant
phosphorylation of TSC1 at either Ser511 or Ser487, the latter of which may have been
due to technical limitations. The link between IKKB and mTORCI1 activation was
therefore unclear; however, the authors could not completely rule out the IKKp-
mediated phosphorylation of TSC1 at Ser487 as a potential mechanism. Moreover,
neither p38 nor ERK 1/2 were activated in response to resistance or endurance exercise,
which was in agreement with previous evidence from highly-trained strength and
endurance athletes (Coffey et al., 2006b). It was therefore suggested the activation of
IKKp, which occurred exclusively following RE in training-accustomed individuals,
might be an upstream signal mediating the specificity of training adaptation via
mTORC1 activation.
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2.7.2.2 Exercise mode-specific divergences in synthesis of specific myocellular
protein pools

In addition to potential divergences in early post-exercise signalling responses,
it is conceivable that divergent exercise modalities stimulate distinct increases in the
synthesis of specific myocellular protein pools, which accumulate over time to generate
the chronic mode-specific phenotypes. Using a unilateral training model, Wilkinson and
colleagues (2008) showed RE performed in the untrained state stimulated almost
equivalent increases in myofibrillar and mitochondrial protein synthesis, whereas this
balance was shifted towards synthesising only myofibrillar proteins after 10 weeks of
RE training. On the other hand, endurance exercise increased mitochondrial protein
synthesis equally both before and after training, with no detectable increases in
myofibrillar protein synthesis (Wilkinson et al., 2008). However, the differential
stimulation of fractional protein synthesis pools was not associated with clear
divergences in activation of various components of the translation-initiation machinery.
The only notable between-mode differences seen were that RE resulted in a more
prolonged p70S6K1 phosphorylation response and a later phosphorylation of rps6 and
elF4E (Wilkinson et al., 2008). Thus, while divergent exercise modes clearly have the
capacity to differentially stimulate specific myocellular protein pools, which become
more refined with training, these changes are not necessarily associated with detectable
differences in phosphorylation of the translation initiation machinery. Given rates of
protein synthesis are increased regardless of the exercise modality; it is perhaps
conceivable the translational machinery might also be similarly activated. However, the
upstream signals responsible for firstly decoding the mode-specific exercise signal and
then mediating the specific increases in fractional rates of protein synthesis remain to be
determined.

2.7.2.3 Critical stimuli mediating the specificity of training adaptation

As previously discussed (see section 2.2), skeletal muscle adaptations to
exercise are generally accepted to be specific to the modality of exercise performed,
which is in turn related to the intensity and duration of the contractile stimulus (Hawley,
2009). For example, traditional continuous-style endurance exercise involves low-
intensity, long-duration contractile activity, whereas typical RE is characterised by

relatively high-intensity, short-duration muscular contractions. However, endurance-like
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molecular responses and adaptations are induced in human skeletal muscle by single
bouts of repeated-sprints (Serpiello et al., 2012) and low-volume HIT (Gibala et al.,
2006; Gibala et al., 2009), both of which are characterised by relatively high-intensity,
short-duration contractions resembling those of RE. These observations raise questions
about the upstream signals dictating the divergent adaptations induced in skeletal
muscle by resistance and endurance exercise. The critical factors explaining this
apparent paradox appear to be divergences in both the mechanical loading and
metabolic stress experienced by skeletal muscle during contraction. For example, during
30-second “all-out” sprint interval training (SIT), the pedalling resistance experienced
by the individual is typically ~7.5% of body mass (Burgomaster et al., 2008), whereas
the average 1-RM leg press can equate to ~170% of body mass (Baar, 2009; Ruiz et al.,
2008). Thus, despite the apparently similar work-to-rest ratio between SIT and heavy
RE, the mechanical load imparted to the active muscle is vastly different, and appears to
be a key mediator of the subsequent adaptations induced in skeletal muscle following

repeated training.

2.8 Molecular basis for the concurrent interference effect

Although the molecular signalling mechanisms regulating the specificity of
training adaptation are incompletely understood, there appear to be multiple signalling
responses induced by endurance exercise capable of inhibiting MPS and stimulating
MPB (Figure 2.8). Given muscle fibre hypertrophy requires a positive net balance of
MPS above MPB (Atherton & Smith, 2012), the repeated antagonism of these responses
by endurance exercise might contribute to limiting fibre hypertrophy following
concurrent training (Baar, 2006; Hawley, 2009; Nader, 2006).

Perhaps the most well-characterised such mechanism involves the purported
antagonism between the AMPK and mTORC1 signalling cascades (Inoki et al., 2012;
Kimball, 2006; Mounier et al., 2011), considered to be predominantly involved in
endurance and RT adaptation (Baar, 2006; Coffey & Hawley, 2007), respectively (see
section 2.5.2.4). Multiple lines of evidence suggest AMPK activation exerts an
inhibitory effect on mTORC1 and its downstream signalling targets, thereby negatively
regulating MPS and hypertrophy (Atherton et al., 2005; Bolster et al., 2002; Gwinn et
al., 2008; Inoki et al., 2003a; Inoki et al., 2002; Inoki et al., 2003b) (further discussed in
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section 2.5.3.4). Accumulating in vitro evidence also suggests, in addition to
suppressing protein synthesis, AMPK activation stimulates protein degradation via both
the ubiquitin-proteasome and autophagy-lysosomal systems (Sanchez et al., 20123;
Sanchez et al., 2012b) (further discussed in sections 2.6.1 and 2.6.2). AMPK activation
promotes Fox-O-dependent transcription of Atrogin-1 and MuRF-1 (Nakashima &
Yakabe, 2007; Sanchez et al., 2012b; Tong et al., 2009) and disrupts the inhibitory
effect of mMTORC1 on ULK1 while increasing ULK1 activity, leading to autophagy
induction (Jung et al., 2009; Sanchez et al., 2012b). Therefore, the activation of AMPK
by endurance exercise potentially mediates interference to skeletal muscle anabolism
via down-regulating MPS and concomitantly up-regulating MPB (Coffey & Hawley,
2007).

Protein synthesis is also regulated in the elongation phase of protein
translation, which is mediated by elongation factors and is the most energy-consuming
stage of protein synthesis (Weigl, 2012). The eukaryotic elongation factor 2 (eEF2) is a
critical component of the translational machinery involved in translocation of the
ribosome along the mMRNA (Kapp & Lorsch, 2004). The eEF2 is phosphorylated (i.e.,
inactivated) by eEF2 kinase (eEF2K) (Browne & Proud, 2002), which is activated by
signalling pathways responsive to increased energy demand or reduced energy supply,
such as the AMPK and CaMK pathways, both of which are activated following
endurance exercise (Rose et al., 2007; Rose et al., 2006). Conversely, signalling related
to RE (i.e., mTORC1 and p70S6K activation) inhibits eEF2K activity in vitro, thus
releasing its inhibition of eEF2 and increasing translation and protein synthesis rates
(Browne et al., 2004; Browne & Proud, 2004; Wang et al., 2001). The activation of
eEF2K by endurance exercise is therefore a candidate inhibitor of MPS and, potentially,
muscle fibre hypertrophy during concurrent training.

Another upstream inhibitor of mTORC1 and protein synthesis is REDD1
(regulated in DNA damage and development 1) (Kimball et al., 2008; Sofer et al.,
2005). REDD1 is activated by a number of metabolic stressors including ATP depletion
(Sofer et al., 2005) and hypoxia (Brugarolas et al., 2004; DeYoung et al., 2008; Favier
et al., 2010), and is induced by endurance exercise in rat skeletal muscle (Murakami et
al., 2011). When activated, REDD1 inhibits mTORC1 indirectly by releasing the
inhibition of TSC2 caused by 14-3-3 protein binding (DeYoung et al., 2008; Favier et
al., 2010). Overexpression of REDD1 in rodent skeletal muscle has been shown to

cause a 10% reduction in muscle fibre size in rodent skeletal muscle (Favier et al.,
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2010), and REDD1 expression is associated with muscle atrophy in diabetic mice
(Hulmi et al., 2012). The expression of REDD1 mRNA is reduced 3 h following low-
intensity RE and blood flow restriction, concomitant with increased mTORC1 mRNA
expression (Drummond et al., 2008b). Thus, activation of REDD1 by endurance
exercise may be an additional mechanism responsible for inhibiting anabolic responses
induced by RE, and subsequently hypertrophy during concurrent training.

The sirtuin (SIRT) deacetylase family of proteins are sensitive to metabolic
perturbations including increased NAD™ and lactate concentrations, and are activated by
endurance exercise in skeletal muscle (Philp et al.,, 2011a). Of the SIRT family
expressed in skeletal muscle, SIRT1 has been implicated as a potential regulator of
mitochondrial biogenesis, in part because it can regulate the activity of AMPK and
PGC-1a (Philp & Schenk, 2013). Of potential relevance to concurrent training, SIRT1
negatively regulates mTORCL in vitro (Ghosh et al., 2010). Activated SIRT1 interacts
with and subsequently activates TSC2, thereby down-regulating mTORCL1 activity
(Ghosh et al., 2010). Increased SIRT1 activity induced by endurance exercise is
therefore another potential mechanism by which the mTORC1 pathway and protein
synthesis might be suppressed following concurrent exercise.

Collectively, there appears to be multiple signalling responses induced by
endurance exercise with the capacity to inhibit components of the translation initiation
or elongation machinery, and subsequently rates of protein synthesis. It is important to
consider, however, that many of these putative interference mechanisms have been
described in cell culture or animal models, and often during non-physiological
conditions, which may have limited relevance to human skeletal muscle during exercise
(Hamilton & Philp, 2013). Many of these mechanisms are poorly characterised in
skeletal muscle, let alone in response to exercise, and further work is required to
confirm their relevance to training adaptations in human skeletal muscle. Indeed, few
studies have investigated whether these mechanisms appear to operate in humans
following concurrent exercise, and therefore potentially contribute to compromised fibre

hypertrophy following concurrent training.
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Figure 2.8 Putative molecular mechanisms by which endurance exercise potentially a)
inhibits signalling regulating protein synthesis and b) up-regulates pathways mediating
protein breakdown, subsequently limiting muscle fibre hypertrophy following concurrent
training (Fyfe et al., 2014). CaMKII, calcium/calmodulin-dependent kinase Il; AMPK,
adenosine monophosphate-activated protein kinase; SIRTL, sirtuin deacetylase 1; HIF-1a,
hypoxia-inducible factor-al; eEF2K, eukaryotic elongation factor 2 kinase; TSC2,
tuberous sclerosis complex 2; REDD1, regulated in DNA development and damage 1;
eEF2, eukaryotic elongation factor 2; Rheb, Ras homologue enriched in brain; mTORCI,
mechanistic target of rapamycin complex 1; p70S6K1, 70 kDa ribosomal s6 protein
subunit kinase 1; 4E-BP1, el4FE binding protein 1; Fox-O3a, forkhead-box O3a; MuRF-
1, muscle ring-finger 1; MaFbx, muscle-atrophy f-box (atrogin 1); ULK-1, Unc-51-like
kinase 1; 1, increased/greater; |, decreased/less.
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2.8.1 Evidence for molecular interference in human skeletal muscle
2.8.1.1 Molecular interference following a single bout of concurrent exercise

A number of human studies have examined molecular responses in skeletal
muscle following single bouts of concurrent exercise (Apro et al., 2015; Apro et al.,
2013; Carrithers et al., 2007; Coffey et al., 2009a; Coffey et al., 2009b; Donges et al.,
2012; Fernandez-Gonzalo et al., 2013; Lundberg et al., 2012; Lundberg et al., 2014b;
Pugh et al., 2015; Wang et al., 2011) (see Table 2.1 for summary). Most studies have
examined skeletal muscle molecular responses in the early post-exercise recovery
period (i.e., 15 min to 4 h), and investigated whether these responses are altered with
concurrent compared with single-mode exercise (Apro et al., 2015; Apro et al., 2013,
Carrithers et al., 2007; Coffey et al., 2009a; Coffey et al., 2009b; Donges et al., 2012;
Lundberg et al., 2012; Pugh et al., 2015; Wang et al., 2011). This approach has provided
insight into the existence of ‘molecular interference’ in humans, and has been used to
extrapolate the potential impact of the particular concurrent exercise protocol on chronic
training adaptation. Despite numerous efforts to detect molecular interference with
concurrent exercise, current evidence is equivocal with regards to the existence of this
phenomenon in humans. For example, while some studies have concluded that
concurrent training promotes interference of anabolic post-exercise molecular responses
in skeletal muscle (Coffey et al., 2009a; Coffey et al., 2009b), others have found that
neither protein synthesis rates (Carrithers et al., 2007; Donges et al., 2012) nor
mTORC1 signalling (Apro et al., 2015; Apro et al., 2013; Pugh et al., 2015) are
different compared with RE alone. There is also evidence concurrent exercise
‘potentiates’ early adaptive responses to exercise compared to single-mode exercise
(Lundberg et al., 2012; Wang et al.,, 2011). For example, the addition of RE
immediately following endurance exercise reportedly augments signalling related to
mitochondrial biogenesis (Wang et al., 2011), while performing RE six-hours after
endurance exercise enhances mTOR and p70S6K1 phosphorylation (Lundberg et al.,
2012) compared with RE alone. Current data therefore provide limited evidence for
molecular interference in human skeletal muscle following a single bout of concurrent
exercise, and little mechanistic insight into the concurrent training effect. However, as
discussed subsequently (see section 2.8.2), the limitations of existing studies must be
considered when interpreting evidence with regards to the molecular interference

phenomenon in humans. Additionally, given the multitude of variables associated with
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concurrent training (e.g., resistance/endurance training modality, volume and intensity
of exercise, length of between-mode recovery, nutritional and training status of
participants), it is difficult to generalise the findings of existing studies outside of the
particular design employed. Further work is therefore needed to examine the role of
these additional variables in the concurrent interference effect, while addressing the

limitations of current evidence.
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Table 2.1 Summary of current evidence regarding molecular interference following a single bout of concurrent resistance and endurance exercise in

humans.
Sample Participant Exercise protocols Results
Study size training Study design . Recovery . . Conclusions
Endurance Resistance Protein . Protein
status . . between . Gene expression .
exercise exercise modes phosphorylation synthesis
Carrithers | 12 Undertaking | Unilateral 90 min Unilateral leg 30 min N/A N/A Myofibrillar | CE does not suppress
etal. (6 M, 6 | 1-2 bouts of | cross-over. All | unilateral press and leg FSR not post-RE myofibrillar
(2007) F) AE and RE participants cycling at extension (3 x different protein synthesis rates
x/wk performed 60% Wpeak 10 repetitions between the | independent of muscle
unilateral AE at 80% 1-RM AE+RE and | glycogen levels
followed by + one set to the RE legs
bilateral RE failure)
performed on
both legs
Coffeyet | 8M Undertaking | Randomised 30 min 8x5leg 15 min 1 p-Akt when RE 1 MuRF-1 N/A CE does not promote
al. (2009h) regular cross-over. All | continuous | extension followed AE. No mRNA when AE optimal early signalling
concurrent participants cycling at repetitions at significant order followed RE. responses associated
training (>1 | performed AE | 70% VOzpeak 80% 1-RM effect was noted for | Reverse order with each mode of
y) and RE in p-TSC- resulted in | IGF- exercise
alternate 2/mTOR/p70S6K1 | 1 mMRNA
orders expression
Coffeyet | 6M Undertaking | Randomised 10 x 6- 8 x5 leg 15 min Initial RE 1 p- 1 MuRF-1 N/A Repeated sprints
al. (2009a) regular cross-over. All | second extension p70S6K1 and p- mRNA when diminished the anabolic
concurrent participants maximal repetitions at rps6 but this | sprints followed response to RE by
training (>3 | performed cycling 80% 1-RM when RE followed | RE. | IGF-1 attenuating anabolic
x/wk) both AE and ergometer repeated sprints. T mMRNA from rest and enhancing
RE in alternate | sprints p-Akt with when independent of catabolic responses in
orders against 0.75 RE followed AE. order early recovery
Nm torque’ Changes in p-
Lkg? (49 TSC2, p-mTOR
sec passive and p-AMPK
rest between modest and
efforts) independent of
order
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Sample Participant Exercise protocols Results
Study size training Study design . Recovery . . Conclusions
status Endurance Resistance between Protein Gene ex - Protein
. - . pression .
exercise exercise modes phosphorylation synthesis
Wang et 10 Not Randomised 60 min Six setsof leg | 15 min 1 p-mTOR and TPGC-1la and N/A Addition of RE after an
al. (7 M, 3 | undertaking | cross-over. All | continuous | press at 70, 75, p70S6K1, | p-eEF2 | PDK-4 mRNA AE bout 1
(2011) F) any participants cycling at 80, 80, 75, after AE+RE with AE+RE mitochondrial
programmed | performed 65% VOomax | 70% 1-RM compared to AE. compared to AE biogenesis and
exercise for | both AE alone | (3 min rest Participants Similar 1 in p-Akt, | alone substrate metabolism
>6 months (trial 1) and allowed encouraged to and AMPK in signalling and may be a
AE followed after 30 complete AE+RE and AE. novel method for
by RE (trial 2) | min) maximal No p-CaMKII after enhancing aerobic
repetitions as each protocol. capacity
possible up to Heterogenous p-
15 p38 MAPK
response
Lundberg | 9 M Undertaking | Unilateral 40 min Unilateral leg 6h 1 p-mTOR, p- 1 PGC-1a, N/A Completing RE 6 h
et al. AE 2-3 x/wk | cross-over. All | continuous | press and leg p70S6K1, with VEGF, Atrogin-1 after AE did not
(2012) and/or RE 1- | participants unilateral extension (2 x AE+RE compared | mRNA with compromise mTOR-
2 x/wk for performed cycling at 7 repetitions of to RE. p-rps6 and AE+RE related signalling after
>ly unilateral AE | 70% of each exercise, p-eEF2 unchanged | compared to RE leg press and leg
followed by W max- 90 sec rest over time for both at PRE and 15 extension exercise
bilateral RE6 | Workload between sets) legs, trend for T p- | min post. |
hours post-AE | then performed on rpsé with AE+RE Myostatin levels
increased by | both legs in AE+RE
~20 W for compared to RE
cycling to at PRE and 15
exhaustion min post. MuRF-

1 mRNA similar
across legs
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Sample Participant Exercise protocols Results
Study size training Study design . Recovery . . Conclusions
status Endurance Resistance between Protein Gene ex - Protein
. . . pression .
exercise exercise modes phosphorylation synthesis
Dongeset | 8 M Sedentary Repeated 40 min 8x8leg None 1 p-Aktat1hpost | MyoG and MyoD | Myofibrillar | CE is as effective as
al. (2012) middle-aged | measures. All | continuous | extension at in CE compared to | expression 1 4 h FSR during | either isolated mode in
men (no participants cycling at 70% 1-RM RE and AE. No post RE. MyoG 1 | 4 hr recovery | 1 myofibrillar and
regular completed 3 55% of change in p-mTOR, | greater than AE 1 1.8 and mitochondrial FSR in
activity trials in a Woeak p-p70S6K1, p- andCEatlh 2.2-fold for | sedentary middle-aged
involving randomised AMP, p-MAPK post and greater RE and CE men despite 50% less
>30 min/wk | order: 1) RE and p-4E-BP1 at than AE at 4 h trials, training volume of each
for 1y prior | only, 2) AE any time point. 1 p- | post. T MyoD respectively. | modality
to study) only and 3) ASl160at1and4h | mRNA greater 1
RE+AE post for RE. 1 p- thanCEat1lh Myofibrillar
combined rpsé at 1 hin RE post, and AE at4 | FSR for
(50% volume compared to CE h post. No change | CE/RE both
of each and AE in myostatin significantly
isolated mMRNA greater than
session) AE which
remained
unchanged.
Aproetal. | 10M Undertaking | Randomised 30 min 10 sets of leg 15 min 1 p-mTOR and p- 1 PGCla mRNA | N/A Endurance exercise
(2013) AE 1-2 cross-over. All | cycling at press (4 x 8-10 p70S6K1 and | p- | after RE+AE performed subsequent
x/week and participants 70% @ 85% 1-RM, eEF2 regardless of | compared to AE to RE does not blunt
RE 2-3 x/wk | performed RE | VO,max. 4x10-12 @ condition. | p- mTORC1-related
for >6 followed by 75% 1-RM, 2 AMPK and p-ACC signalling
months AE, or RE sets to fatigue regardless of
alone at 65% 1-RM) condition
Apro et 8 M Undertaking | Randomised 5x 4 min 10 sets of leg None Prior AE 1 AMPK | 1 MuRF-1 and No between- | Prior high-intensity AE
al.(2015) AE 1-2 cross-over. All | cycling at press (4 x 8-10 activity, with no Atrogin-1 mRNA | trial 1 AMPK but does not
x/week and participants 85% @ 80% 1-RM, between-trial post-exercise for | differences interference with
RE 2-3 x/wk | performed AE | VOjmax. 4x10-12 @ differences in p- AE+RE vs. RE in mixed mTOR signalling,
for >6 followed by 70% 1-RM, 2 mTOR, p-Akt, p- muscle FSR | p70S6K1 activity or
months RE, or RE sets to fatigue 4E-BP1, p-eEF2, p- mixed muscle FSR
alone at 60% 1-RM) p70S6K1 or after subsequent RE.
p70S6K activity

after RE with or
without prior AE
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Sample Participant Exercise protocols Results
Study size training Study design . Recovery . . Conclusions
status Endurance Resistance between Protein Gene ex - Protein
. - . pression .
exercise exercise modes phosphorylation synthesis
Pughetal. | 10 M No Randomised 10x (I min | 4x8leg None 1 p-mTOR for tMuRF-1 and N/A Performing high-
(2015) structured cross-over. All | at 90% extension RE+AE vs. RE, Atrogin-1 and | intensity AE after RE 1
training for participants HRmax, 1 repetitions at with no change in MyoD and MyoG p-mTOR compared
12 months performed RE | min at 50 70% 1-RM p-p70S6K1, rps6, mRNA for with RE, but 1 markers
prior to alone or RE W) eEF2 or 4E-BP1 RE+AE vs. RE. 1 of protein degradation.
study followed by PGC-1a total and
AE splice variant
mRNA (ex-la
and ex-1a) after
RE+AE vs. RE
Fernandez | 10 M Engaged in Unilateral 40 min Unilateral leg 6h 1 p-p70S6K1 for 1T MuRF-ImRNA | N/A CE 1 p-p70S6K1 and
-Gonzalo recreational | cross-over. All | continuous | press and leg AE+RE in for AE+RE in MuRF-1/Atrogin-1
et al. skiing and participants unilateral extension (2 x untrained, but not untrained, but not mMRNA vs. RE in
(2013) team sports performed cycling at 7 repetitions of trained. No trained. 1 untrained, but not
3-5 h/wk. unilateral AE | 70% of each exercise, between-leg or pre- | Atrogin-ImRNA trained states.
No followed by W max- 90 sec rest post training for AE+RE in
structured bilateral RE 6 | Workload between sets) differences in p- untrained and |
RE training | hours post- then performed on mTOR, p-rps6, p- Atrogin-ImRNA
in the past AE, before increased by | both legs eEF2 for AE+RE in
year and after 5wk | ~20 W for trained
training cycling to
exhaustion

AE, aerobic exercise; RE, resistance exercise; CE, concurrent exercise; 1-RM, one-repetition maximum; FSR, fractional synthesis rate; 1, increased/greater; |, decreased/less; p,
phosphorylation/phosphorylated; W, watts; VO2peak, peak oxygen consumption; VO2max, maximal oxygen consumption Wpeak/Wmax, peak power output; N/A, data not available;
TSC2, tuberous sclerosis complex 2; mTORC1, mechanistic target of rapamycin complex 1; p70S6K1, 70 kDa ribosomal s6 protein subunit kinase 1; MuRF-1, muscle ring-finger 1;
MRNA, messenger RNA; Nm, newton-metres; IGF-1, insulin-like growth factor 1; rps6, ribosomal protein s6; VEGF, vascular endothelial growth factor ; AMPK, adenosine

monophosphate-activated protein kinase; eEF2, eukaryotic elongation factor 2; CaMKII, calcium/calmodulin-dependent kinase Il; MAPK, mitogen-activated protein kinase; AS160, Akt-

substrate of 160 kDa; MyoG, myogenin; MyoD, myogenic differentiation 1; ACC, acetyl-CoA carboxylase; PRE, pre-RE; PGCla, peroxisome proliferator-activated receptor-y

coactivator-1a; PDK, pyruvate dehydrogenase kinase 4.
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2.8.1.2 Molecular interference following short-term concurrent training

While limited data exists on molecular responses to single bouts of concurrent
exercise, even less information exists regarding the effects of concurrent training on
molecular responses to exercise and/or adaptations in skeletal muscle following a period
of training (de Souza et al., 2013; Fernandez-Gonzalo et al., 2013; Lundberg et al.,
2013). Using a unilateral training model, Lundberg et al. (Lundberg et al., 2013)
examined the effect of five weeks of concurrent training vs. RT alone on muscle fibre
cross-sectional area (CSA), isokinetic/isometric strength and basal expression of
selected regulatory genes (i.e., myostatin, MuRF-1, MaFbx, PGC-la and VEGF
[vascular endothelial growth factor]). Greater quadriceps femoris hypertrophy was
observed when RE was preceded by aerobic exercise, compared to RE alone, although
no between-limb difference in isometric strength were noted (Lundberg et al., 2013). No
differences in the basal expression of selected genes were observed after training. In a
subsequent study (Fernandez-Gonzalo et al., 2013), molecular responses in skeletal
muscle were examined following concurrent exercise bouts performed before and after
the five-week training period of the previous study (Lundberg et al., 2013). Before
training, concurrent exercise induced greater post-exercise p70S6K1 phosphorylation
and expression of MuRF-1 and Atrogin-1 mRNA compared with RE alone; however,
these differences were abolished after training (Fernandez-Gonzalo et al., 2013).
Another investigation examined basal phosphorylation and content of selected proteins
regulating MPS following eight weeks of concurrent compared with single-mode
endurance or RT (de Souza et al., 2013). Despite no between-group differences in
measures of muscle strength or quadriceps CSA after training, an increase in basal Akt
and AMPK phosphorylation was found for the resistance- and endurance-only groups,
respectively, while the concurrent training group showed increased p70S6K1 protein
content (de Souza et al., 2013). However, given the exercise protocols employed in
these short-term studies were insufficient to cause any interference effect to muscle
hypertrophy or strength (de Souza et al., 2013; Lundberg et al., 2013), the interpretation
of the observed molecular adaptations in skeletal muscle is difficult. Further work is
required to evaluate the effect of long-term concurrent training on skeletal muscle
anabolic responses and adaptations to concurrent exercise to provide greater insight into

the molecular factors potentially mediating the concurrent training effect.
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2.8.2 Limitations of existing molecular concurrent training evidence

There is currently insufficient evidence of molecular interference occurring in
human skeletal muscle following a single bout of concurrent exercise to explain the
attenuated hypertrophy and strength response following concurrent training. However, it
Is unclear whether this is a consequence of a lack of the proposed mechanisms operating
in human skeletal muscle, and/or the limitations of existing evidence, which are briefly

discussed below.

2.8.2.1 Relationship between molecular responses to single bouts of exercise and
chronic training adaptations

Most molecular concurrent training studies provide a brief ‘snapshot’ of the
adaptive events occurring in close proximity to single bouts of concurrent exercise
(Apro et al., 2015; Apro et al., 2013; Carrithers et al., 2007; Coffey et al., 2009a; Coffey
et al., 2009b; Donges et al., 2012; Fernandez-Gonzalo et al., 2013; Lundberg et al.,
2012; Lundberg et al., 2014b; Pugh et al., 2015; Wang et al., 2011). Many questions
remain, however, with regards to the long-term molecular regulation of skeletal muscle
adaptations and interference with concurrent training. Firstly, there is limited data
indicating a direct coupling between molecular responses to single bouts of exercise and
the long-term phenotypic adaptations associated with chronic exercise training (Hawley,
2009; Mitchell et al., 2014). It is therefore unclear whether skeletal muscle molecular
responses in the hours following single bouts of concurrent exercise provide a valid
indication of the adaptive phenotype, and potential interference, which might be
induced if training was repeated long-term. Indeed, the efficacy of the molecular
markers commonly used to gauge the anabolic response to exercise and nutritional
stimuli has been questioned (Atherton et al., 2010; Phillips et al., 2013), while even
rates of MPS following a single bout of RE do not correlate with muscle hypertrophy
after 16 weeks of RT (Mitchell et al., 2014). Only four human studies have directly
measured protein synthesis rates following single bouts of concurrent exercise (Apro et
al., 2015; Camera et al., 2015; Carrithers et al., 2007; Donges et al., 2012), while others
have instead utilised proxy markers of MPS and/or MPB (Apro et al., 2013; Coffey et
al., 2009a; Coffey et al., 2009b; Fernandez-Gonzalo et al., 2013; Lundberg et al., 2012;
Pugh et al., 2015; Wang et al., 2011). Importantly however, a direct coupling between

mTORC1 signalling and protein synthesis rates does not always exist in humans
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(Atherton et al., 2010), and rates of protein synthesis can be saturated at approximately
30% of the maximal phosphorylation of p70S6K1 in rodents (Crozier et al., 2005).
Given these apparent discordances, any minor interference to anabolic signalling
responses following single bouts of concurrent exercise may not reflect any potential
interference to protein synthesis, and subsequently chronic muscle hypertrophy. Studies
extrapolating the anabolic response and potential interference effect from early
signalling responses alone must therefore be interpreted with caution. Nevertheless,
p70S6K1 phosphorylation following a single bout of RE correlates well (r = 0.82 to
0.99) with chronic hypertrophy in both rodents (Baar & Esser, 1999) and humans
(Mayhew et al., 2011; Terzis et al., 2008), supporting this as a proxy marker for chronic
hypertrophy and potentially interference with concurrent training. Regardless of the
methods used to gauge the post-exercise anabolic response, most concurrent exercise
studies have been characterised by limited post-exercise time courses. For example,
most existing studies have examined early molecular responses up to 6 h post-exercise,
whereas mTORCL1 signalling can be sustained for up to 24 h post-exercise (Deldicque et
al., 2008; Drummond et al., 2011). These studies may therefore have overlooked any
potential effects of concurrent exercise on mTORCL signalling occurring later than 6 h
post-exercise. Further work employing extended post-exercise time-courses is required
to determine whether mTORC1 signalling is altered by concurrent exercise during the

later recovery period.

2.8.2.2 Effect of training status on early molecular responses to exercise

In addition to the exercise modality, the adaptive state of skeletal muscle
appears to impact upon molecular responses to single bouts of exercise (Benziane et al.,
2008; Coffey et al., 2006a; Coffey et al., 2006b; McConell et al., 2005; Yu et al., 2003).
Both short periods of exercise training (Benziane et al., 2008; McConell et al., 2005;
Wilkinson et al., 2008), and years of training in a single exercise modality (Coffey et
al., 2006a; Coffey et al., 2006b; Yu et al., 2003), modulate early molecular responses to
single bouts of exercise. Merely ten days of endurance training can attenuate AMPK
responses to prolonged and sub-maximal intermittent endurance exercise completed at
the same absolute pre-training workload (Benziane et al., 2008; McConell et al., 2005).
Moreover, while there are little divergences in early mTORCL1 signalling responses to

single bouts of resistance and endurance exercise in relatively untrained subjects
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(Camera et al., 2010; Vissing et al., 2011; Wilkinson et al., 2008), the mTORC1
pathway can be preferentially induced by resistance, but not endurance exercise, in
training-accustomed individuals (Vissing et al.,, 2011). Additionally, while RE
performed in the untrained state elicits comparable increases in rates of both
myofibrillar and mitochondrial protein synthesis, these responses become more refined
following training, whereby only myofibrillar protein synthesis rates are increased in
response to RE (Wilkinson et al., 2008). Data from highly strength- or endurance-
trained athletes (Coffey et al., 2006a; Coffey et al., 2006b) also supports the notion the
skeletal muscle phenotype, rather than the mode of exercise per se, can influence the
molecular responses to divergent exercise modes. For example, highly-trained
endurance cyclists lacked the ability to induce AMPK activation in skeletal muscle
following continuous sub-maximal exercise in their habitual discipline (i.e., endurance
exercise), while AMPK was activated after exercise in their non-habitual discipline (i.e.,
RE) (Coffey et al., 2006b). Similarly, an identical endurance training bout performed at
the same relative workload was sufficient to activate AMPK in highly-trained
powerlifters exhibiting extreme resistance-trained phenotypes (Coffey et al., 2006b).
These observations suggest the novelty of the exercise stimulus and associated stressors,
not merely the exercise stimulus per se, influences early molecular responses to
exercise. It therefore appears likely long-term concurrent training would modulate early
post-exercise exercise responses (and potentially any interference effect) in skeletal
muscle over time, whereby the early molecular profile to unaccustomed exercise bouts
may represent a generalised, unrefined adaptive response (Mahoney & Tarnopolsky,
2005; Wilkinson et al., 2008). In this case, evidence regarding molecular responses to
single bouts of concurrent exercise in relatively untrained subjects should be interpreted
with caution. While most molecular concurrent training studies have utilised
participants who were recreationally undertaking both resistance and endurance training
(Apro et al., 2015; Apro et al., 2013; Carrithers et al., 2007; Coffey et al., 2009a; Coffey
et al., 2009b; Lundberg et al., 2012), some have used sedentary participants (Donges et
al., 2012; Pugh et al., 2015; Wang et al., 2011) or participants not accustomed to both
exercise modalities (Lundberg et al., 2012). Observations that early concurrent exercise
bouts promote cumulative effects on protein synthesis and/or mitochondrial biogenesis
signalling (Donges et al., 2012; Lundberg et al., 2012; Wang et al., 2011) may therefore
be more reflective of the unfamiliarity to the exercise bout (Atherton & Smith, 2012)

rather than suggesting enhanced potential for chronic adaptation. Moreover, often
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overlooked is that the original concurrent training study by Hickson (1980) showed no
detectable interference effect until the eighth week of training, suggesting any
interference effect may not manifest until a certain training status is attained. Taken
together, these results suggest participant training status is an independent influence on
exercise-induced molecular responses in skeletal muscle, and potentially the
interference effect, and must be taken into consideration when interpreting existing
concurrent training evidence. Future work examining the existence of molecular
interference should employ participants who are accustomed to both exercise modes to
account for the potentially confounding effects of training status on early post-exercise
molecular responses to exercise (Coffey et al., 2006a; Coffey et al., 2006b). Moreover,
this further exemplifies the need for longer-term (>8 weeks) training studies examining
the potential modulation of interference following periods of concurrent training.

2.8.2.3 Effect of nutrient availability on early molecular responses to exercise

It has become increasingly clear nutrient availability exerts a profound effect
on the adaptive responses to exercise training in human skeletal muscle (Beelen et al.,
2010; Hawley et al., 2011). For example, the availability of muscle glycogen has been
reported to modulate early molecular responses to both endurance and RE in a divergent
manner (Cochran et al., 2010; Creer et al., 2005; Yeo et al., 2010). Low carbohydrate
availability in close proximity to endurance exercise appears to augment early signalling
responses governing skeletal muscle mitochondrial biogenesis and metabolic adaptation
(Cochran et al., 2010; Psilander et al., 2012; Yeo et al., 2010), while commencing RE
with low muscle glycogen may compromise post-exercise Akt signalling (Creer et al.,
2005). Any potential negative effect of low muscle glycogen on anabolic responses in
skeletal muscle was, however, recently questioned by a study showing no effect of
muscle glycogen depletion on anabolic responses to RE (Camera et al., 2012). Low
muscle glycogen is associated with fatigue development (Hulston et al., 2010;
Ortenblad et al., 2013) and increased AMPK activity (Derave et al., 2000), which might
inhibit anabolic responses induced by RE (Creer et al., 2005; Thomson et al., 2008). As
aforementioned (see section 2.5.2.3), amino acids can independently stimulate
mTORC1 activation and subsequently increase protein synthesis rates (Blomstrand et
al., 2006; Deldicque et al., 2005; Rennie et al., 2006), while branched-chain amino acid
provision reduces post-RE increases in Atrogin-1 mRNA and MuRF-1 protein
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(Borgenvik et al., 2012). Nutrient availability is therefore a potent modulator of
molecular responses to exercise and skeletal muscle adaptations following chronic
exercise training (Beelen et al., 2010; Hawley et al., 2011) and must be considered when
interpreting the concurrent training literature.

Most existing molecular concurrent training studies have employed designs
whereby participants performed exercise in the fasted state (Apro et al., 2013; Carrithers
et al., 2007; Coffey et al., 2009a; Coffey et al., 2009b; Wang et al., 2011), or were not
provided with nutrients upon cessation of exercise (Lundberg et al., 2012), presumably
to control for the independent effects of nutrient availability on molecular responses
within skeletal muscle (Hawley et al., 2011). Performing exercise in the fasted state
undoubtedly presents a heightened metabolic challenge within the muscle milieu,
presumably increasing energy-sensing kinase activity (e.g., AMPK and eEF2k) with the
capacity to suppress protein synthesis (Atherton et al., 2005; Thomson et al., 2008), and
promote autophagy (Jamart et al.,, 2013). The ability of amino acid ingestion to
independently stimulate activation of anabolic signalling responses (Blomstrand et al.,
2006; Deldicque et al., 2005; Rennie et al., 2006) suggests adequate nutrient availability
may be essential for attenuating any potential negative impact of endurance exercise and
the associated molecular responses on protein synthesis (Coffey et al., 2011). It is well
established that ingestion of sufficient protein in the early recovery period following RE
is required to maximise MPS and subsequently muscle hypertrophy (Areta et al., 2013;
Hawley et al., 2011). Recent evidence also suggests protein ingestion following
concurrent exercise is sufficient to maximise rates of MPS compared with placebo
(Camera et al., 2015). Further, as muscle hypertrophy is an energetically-demanding
process, a positive energy balance may also be required to support increases in muscle
mass (Lambert et al., 2004). Although empirical evidence for this premise is lacking,
endurance exercise nevertheless likely disrupts this balance via continual substrate
depletion and/or amino acid oxidation (Blomstrand & Saltin, 1999). The potentially
confounding effects of altering nutrient availability on molecular responses to exercise
should therefore also be considered when interpreting the concurrent training literature.
Additionally, further work is required to fully elucidate the importance of nutrient
availability on modulating interference during concurrent training (Perez-Schindler et
al., 2015).
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2.9 The role of concurrent training variables in the
interference effect

Given the multitude of potential training variables that may be manipulated in a
concurrent training regime, the roles of many of these variables in the interference effect
remain incompletely resolved. Specific concurrent training variables might exacerbate
molecular interference, either directly by increasing the activity of proteins acting to
inhibit MPS and/or stimulate MPB, or indirectly by compromising the ‘quality’ of the
RE stimulus itself (e.g., via residual fatigue or substrate depletion) (Figure 2.9).
Improving knowledge of the contribution of these variables to the interference effect is
therefore critical to inform their prescription for maximising the simultaneous
development of muscle mass, strength and endurance. Existing evidence has
nevertheless begun to shed light on the potential roles of specific training variables in

the concurrent interference effect.
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Figure 2.9 Conceptual framework for the potential role of individual concurrent training
variables (a) in exacerbating the interference effect, either by compromising the RE
stimulus itself via exacerbating residual fatigue and/or substrate depletion (b), or by
attenuating the anabolic response to RE (c), subsequently limiting muscle fibre
hypertrophy (Fyfe et al., 2014). Proximity, length of recovery allowed between concurrent
exercise bouts (i.e, T proximity = | recovery length); AE, aerobic exercise; RE, RE;
MTORC1, mechanistic target of rapamycin complex 1; AMPK, adenosine
monophosphate-activated protein kinase; eEF2K, eukaryotic elongation factor 2 kinase;
MuRF-1, muscle ring-finger 1; MaFbx, muscle-atrophy f-box (Atrogin-1); 1,
increased/greater; |, decreased/less.

63



Adaptation to concurrent training: role of endurance training intensity

2.9.1 Within-session exercise order

A common and time-efficient concurrent training approach is to perform
divergent exercise bouts together within a single exercise session. The order in which
these exercise modes are performed may potentially modulate interference. However,
minimal work has been done to ascertain whether an order-effect dependent interference
effect exists when concurrently training (Cadore et al., 2012a; Cadore et al., 2012b;
Cadore et al., 2012c; Chtara et al., 2008; Collins & Snow, 1993; Gravelle & Blessing,
2000). From a first-principles perspective, it would appear that if substrate depletion
and/or residual fatigue (Craig et al., 1991; Leveritt et al., 1999) from prior endurance
training bouts compromise performance during subsequent RE, then undertaking RE
prior to endurance exercise may alleviate these negative residual effects. However,
given metabolic signalling responses to endurance exercise that may inhibit protein
synthesis (e.g., AMPK activation) are generally relatively transient (<3 h) (Lee-Young
et al., 2008; Wojtaszewski et al., 2003) compared with anabolic responses (i.e., mMTOR
and p70S6K1 phosphorylation) to RE (>24 h) (Deldicque et al., 2008; Drummond et al.,
2011), performing RE after endurance exercise may allow these anabolic responses to
proceed unimpeded during early recovery. Nevertheless, current performance-based
evidence suggests the effect of within-session exercise order on the interference effect
may be limited (Chtara et al., 2008; Collins & Snow, 1993; Gravelle & Blessing, 2000),
although performing RE prior to endurance exercise appears to augment neuromuscular
and cardiorespiratory adaptations in the elderly (Cadore et al., 2012a; Cadore et al.,
2012c). In youth soccer players, performing soccer-specific endurance training prior to
RT resulted in greater effect sizes for gains in 1-RM half-squat and various isokinetic
strength measures compared with the alternate exercise order (Enright et al., 2015).
However, the group performing endurance prior to RT also had an increased duration of
between-mode recovery (120 min vs. 30-45 min), as well as different patterns of
nutrient provision in close proximity to exercise. Whether these factors may have
contributed to the divergent between-group adaptations observed was therefore unclear.

Two similar molecular-based studies (Coffey et al., 2009a; Coffey et al.,
2009b) addressed the question of concurrent exercise order by examining early post-
exercise signalling responses and gene expression in skeletal muscle after consecutive
endurance and RE sessions completed in an alternating order (i.e., resistance prior to

endurance exercise, and vice versa). The initial study (Coffey et al., 2009b) employed
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consecutive leg extension exercise (8 x 5 repetitions at 80% 1-RM) and continuous
cycling (30 min at 70% VOzpeax) and noted a greater increase in MuRF-1 mRNA when
cycling followed RE, while the reverse order caused increased phosphorylation of Akt
and decreased IGF-1 [insulin-like growth factor 1] mRNA expression (Coffey et al.,
2009b). No significant order effect was noted for TSC-2/mTOR/p70S6K1 activation
and for the modest increases in PGC-1oo mRNA expression. Taken together, the results
provided little evidence for any order-effect dependent molecular interference, while the
authors suggested concurrent exercise did not promote optimal early signalling
responses associated with each exercise mode (Coffey et al., 2009b). However, the lack
of a single-exercise mode condition within this design (Coffey et al., 2009b) makes it
difficult to speculate on the magnitude of any potential interference relative to RE alone.
A subsequent study from the same group (Coffey et al., 2009a) incorporated an identical
RE session as the first (Coffey et al., 2009b), but instead combined this with a repeated-
sprint cycling protocol (10 x 6-s sprints) performed either before or after RE. These
workers reported concurrent repeated-sprint and RE promotes interference by
attenuating translation initiation signalling (i.e., p70S6K1 and its downstream target,
rps6 [ribosomal protein s6]), and increasing the mRNA abundance of mediators of MPB
(i.e., MuRF-1). Divergent p70S6K1 phosphorylation responses were noted between
exercise modes and with alternate exercise orders. Specifically, initial RE promoted
increased p70S6K1 activation, while this response was attenuated when RE was
performed after repeated sprints (Coffey et al., 2009a). These authors concluded
performing repeated-sprint exercise in close proximity to RE attenuated anabolic
signalling and increased catabolic activity, which likely represents interference to
pathways governing RT-related adaptation (Coffey et al., 2009a). Consequently, it was
recommended both exercise modes be performed with a significant intervening recovery
period to minimise any interference effect, and RT precede repeated sprints if

performed within the same session.

2.9.2 Between-mode recovery length

Given performing concurrent exercise bouts in close proximity may represent a
sub-optimal training scenario (Coffey et al., 2009a; Coffey et al., 2009b), the recovery
length allowed between undertaking concurrent exercise sessions is another important

practical consideration. Potentially, residual fatigue and/or substrate (i.e., muscle
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glycogen) depletion from endurance training bouts may impact negatively upon both
force/power production (Craig et al., 1991; Leveritt et al., 1999) and anabolic signalling
responses (Creer et al., 2005) to subsequent RE, respectively. For example, following a
bout of endurance exercise, force production of the exercised musculature is reduced for
at least 6 hours (Bentley et al., 2000; Bentley et al., 1998; Leveritt & Abernethy, 1999;
Sporer & Wenger, 2003), returning to baseline by 24 hours post-exercise (Bentley et al.,
1998). Compromised force/power production during RE would theoretically limit
activation of higher-threshold (i.e., type 11x) motor units and fibres (Henneman, 1957;
Sale, 1987) most susceptible to load-induced hypertrophy (Tesch, 1988). Indeed, the
phosphorylation of p70S6K1 (Koopman et al., 2006; Tannerstedt et al., 2009) and
mTORC1 (Parkington et al., 2003) following RE is more pronounced in type Il
compared to type | muscle fibres. Residual fatigue from prior endurance exercise also
reduces the volume of work performed during subsequent RE (de Souza et al., 2007;
Sporer & Wenger, 2003; Tan et al., 2014), presumably limiting the potential for muscle
hypertrophy. Finally, the transient activation of various proteins by endurance exercise
that inhibit MPS (e.g., AMPK and eEF2k) (Rose et al., 2009a; Thomson et al., 2008)
and mediate MPB (e.g., MaFbx and MuRF-1) suggests commencing RE in closer
proximity to endurance exercise may further compromise the anabolic response to RE.
Allowing adequate recovery between concurrent exercise sessions may therefore
attenuate any negative residual effects from endurance exercise on subsequent training
bouts, consequently alleviating any interference. This approach also provides
opportunity for carbohydrate and/or amino acid ingestion, essential to replenish muscle
glycogen stores (Jentjens & Jeukendrup, 2003) and counteract the detrimental impact of
endurance exercise and associated molecular responses on protein synthesis (Atherton et
al., 2005; Atherton & Rennie, 2006; Thomson et al., 2008), respectively.

The concept of between-mode recovery has been significantly under-
researched in the concurrent training literature (Alves et al., 2015; Sale et al., 1990;
Wilson et al., 2012). In their meta-analysis of concurrent training literature, Wilson and
colleagues (Wilson et al., 2012) noted a trend (non-statistically significant) towards
greater hypertrophy gains in concurrent training studies when resistance and endurance
training were performed on separate days compared with on the same day. Early work
by Sale and colleagues (1990) found 8 weeks of same-day concurrent training resulted
in lower 1-RM leg press strength gain, but not muscle fibre hypertrophy (i.e., knee

flexor and extensor CSA), compared with alternate-day concurrent training. Another
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investigation (Alves et al., 2015) compared the effects of 8 weeks of concurrent training
performed either on the same day or alternate days in prepubescent children. Alternate
day concurrent training resulted in greater improvements in 1 kg medicine ball throw
distance, VOamax, and CMJ height, whereas same-day training promoted better
improvements in 3 kg medicine ball throw and standing long jump distance. Despite
these mixed between-group results, it was suggested concurrent training performed on
separate days was optimal for enhancing explosive strength development and VOamay in
prepubescent children (Alves et al., 2015).

Most existing molecular concurrent training studies have employed designs
whereby concurrent resistance and endurance training bouts are performed in succession
following only a brief recovery period (e.g., 15-30 min) (Carrithers et al., 2007; Coffey
et al.,, 2009a; Coffey et al., 2009b; Donges et al., 2012; Wang et al., 2011). These
studies therefore provide little mechanistic insight into the effect of extended between-
mode recoveries on both force/power production during RE and post-exercise anabolic
responses in skeletal muscle. Work by Lundberg et al. (2012) examined early molecular
responses to RE (2 x 7 bilateral leg press and leg extension repetitions) performed 6
hours after aerobic exercise (40 min of continuous unilateral cycling at 70% Wnax [peak
power output]) compared to that seen after RE alone. These authors noted divergent
exercise modes performed after a significant intervening recovery period in the fed state
resulted in elevated anabolic signalling (i.e., increased mTORC1 and p70S6K1
phosphorylation) and lowered myostatin gene expression compared to RE alone. The
addition of RE also increased early post-exercise PGC-1a. mRNA abundance, while
prior endurance exercise did not compromise force and power production during RE. It
was therefore concluded divergent exercise modes can be successfully performed on the
same day without compromising performance or the molecular responses mediating
protein synthesis and mitochondrial biogenesis (Lundberg et al., 2012). However,
whether shorter recovery lengths would have exacerbated any putative molecular
interference is unclear. Further work is therefore required to determine the role of
between-mode recovery in concurrent interference, in addition to recovery strategies
that may be employed during this period. Such information may help to develop
practical training recommendations for the structuring of concurrent resistance and
endurance exercise sessions to support maximal simultaneous development of resistance

and endurance training adaptation.
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2.9.3 Endurance training volume

The possibility exists the total volume of endurance exercise may be a critical
factor in mediating interference during concurrent training (Jones et al., 2013;
Ronnestad et al., 2012; Wilson et al., 2012). A role for volume-dependent interference
is supported by studies reporting no interference with smaller endurance training
frequencies (<2 sessions per week) (Glowacki et al., 2004; Hakkinen et al., 2003;
McCarthy et al., 2002), while others have observed attenuated maximal strength with
larger endurance training volumes (>3 sessions per week) (Bell et al., 2000; Hennessy
& Watson, 1994; Hickson, 1980; Jones et al., 2013; Kraemer et al., 1995). Greater
attenuation of strength and hypertrophy (estimated via limb girth) has been shown to
occur with greater frequencies of concurrent endurance exercise (3 days per week for
each mode) compared to when endurance exercise was performed once per week (Jones
et al., 2013). Nevertheless, it remains to be determined whether the total weekly
endurance training volume, or the training frequency per se, is the more critical factor
mediating concurrent interference. If endurance exercise volume is key, low-volume
HIT protocols (Burgomaster et al., 2008; Metcalfe et al., 2012) might confer benefit
when incorporated into a concurrent training regimen by limiting any potential volume-
dependent interference effect, while also offering similar metabolic and performance
benefits to traditional endurance exercise (Burgomaster et al., 2008; Gibala et al., 2012).
Further work in this area is required to inform the manipulation of concurrent endurance
training volumes and/or intensities in order to minimise their potentially negative

impact on RT adaptations.

2.9.4 Endurance training modality

The endurance training modality employed in a concurrent training regime may
also modulate interference following long-term concurrent training (Leveritt et al.,
1999; Wilson et al., 2012). Interestingly, the majority of concurrent training studies
reporting an interference effect have incorporated running, and less often cycling, as the
endurance training modality (Leveritt et al., 1999; Wilson et al., 2012). It remains
unclear what might account for any mode-specific interference effect, although it has
been suggested this may relate to the similarity between cycling and many strength
outcome measures (Gergley, 2009; Wilson et al., 2012), and/or the greater eccentric
muscle damage induced by running compared to cycling (Wilson et al., 2012). Whether
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running exercise has the capacity to induce greater catabolic molecular activity in
skeletal muscle and/or exacerbate residual neuromuscular fatigue in contrast to cycling,
which may in turn exacerbate interference, is currently unclear. Relatively little is
known regarding the impact of running exercise on early post-exercise adaptive
responses in skeletal muscle compared to cycling. Indeed, no studies performed to date
have examined the molecular responses in skeletal muscle to concurrent exercise
incorporating running as the endurance training modality. Given the majority of team-
sport athletes (e.g., Australian football, soccer, rugby etc.) employ running as the
predominant endurance training modality, and the anecdotal popularity of running in
recreational concurrent training regimes, further work is required to examine the
potential consequences of the endurance exercise modality on molecular interference

and subsequent long-term adaptations to concurrent training.

2.9.5 Endurance training intensity

Another practical consideration is the intensity of endurance training employed
in a concurrent training regime. Recently there has been increased interest in the
efficacy of HIT compared with MICT for improving cardiometabolic risk factors and
indices of aerobic exercise performance, including VOomax- As VOomax IS considered a
key component of endurance performance (Coyle, 1999) and is a strong predictor of
mortality (Blair et al., 1996), interventions promoting greater increases in VOjmax are
therefore of critical importance for optimising positive health and performance
outcomes to exercise programs. A number of studies have demonstrated greater
improvement in VOamax following HIT compared with work-matched MICT (Gormley
et al., 2008; Grieco et al., 2013; Helgerud et al., 2007; Tjonna et al., 2008; Wisloff et al.,
2007), although this finding is non-universal (Edge et al., 2006; Edge et al., 2005)
(Table 2.2).
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Table 2.2 Summary of current evidence regarding the efficacy of high-intensity interval training (HIT) compared with traditional moderate-
intensity continuous training (MICT) for improving indices of aerobic exercise performance and metabolic health.

Participant . . Exercise protocols
. L Intervention Exercise .
Study Sample size | training duration modality | 4T MICT Work- Results Conclusions
status matched ?
Edge et al. 20F Active in 3 d/wk for 5 Cycling 4-10 * 2 min | 12-30 min, Yes Graded exercise test e Similar 1 in VOzpeak
(2005) various wk intervals/1 85-95% LT o Vozpeak: 1 12% for HIT and and LT for HIT vs.
recreational min passive 1 10% for MICT MICT when work-
team sports recovery, e LT:1 8% for HIT and 1 matched
120-140% 10% for MICT e Larger 1 in RSA
LT RSA test performance for HIT
e Greater 1 in total work for vs. MICT
HIT (13%) vs. MICT
(8.5%)
e Lesswork (ES, 1.25) and
power (ES, 1.9) decrement
for HIT vs. MICT
e 1 Peak power for HIT (7%)
and MICT (4.7%)
Edge et al. 16 F Active in 3 d/wk for 5 Cycling 4-10 * 2 min | 12-30 min, Yes Graded exercise test e Similar 1 in VOzpeak
(2006) various wk intervals/1 85-95% LT o VOzpeaki 1 14% for HIT and and LT for HIT vs.
recreational min passive 1 12.6% for MICT MICT when work-
team sports recovery, e LT:17% for HIT and 1 matched
120-140% 10.8% for MICT e Training intensity may
LT be a critical stimulus

Muscle buffer capacity (Bm
in vitro) 1 25% for HIT, no
change (2%) for MICT

for improving muscle
buffer capacity
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Participant

Exercise protocols

. L Intervention Exercise .
Study Sample size | training . ) Work- Results Conclusions
status duration modality | HIT MICT matched 2

Helgerud et 40 M Moderately- | 3 d/wk for 8 Running | 15/15 LSD Yes e VOym 1 for 15/15(5.5%) | High-intensity training (90-

al. (2007) trained wk 47*15sat | 70% and 4*4 min (7.2%) groups, | 95% HRmax) improved
90-95% HRmax for but not for LSD and LT VO,max More than lower-
HRmax/15s | 45 min e All training groups similarly | intensity MICT training
at 70% 1 running economy (7.5- (70-85% HRmax)
HRmax 11.7%)

) e Velocity at LT 1 similarly in

4 x4 min LT all groups (average 9.6%)
4x4minat | 85% e No change in LT for any
90-95% HRmax for training group when
HRmax/15s | 24.25 min expressed as % VOomax
at 70%
HRmax

Tjonnaetal. | 13M,15F | Metabolic 3d/wk for 16 | Walking/ | 4 x4 minat | 70% Yes ® VOgpea 1 more for HIT (35%) | HIT more effective than

(2008) syndrome wk running 90% HRmax for compared with MICT (16%) MICT in reversing

patients HRmax/3 47 min e Similar | in waist features of the metabolic

min at 70% circumference for HIT (5 cm) | Syndrome
HRmax and MICT (6 cm)

e 1 Insulin sensitivity (HOMA
index) for HIT (115%) vs.
MICT (| 14.2%)

e 46% (HIT) and 37% ( MICT)
of participants no longer
diagnosed with metabolic
syndrome after training
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Participant

Exercise protocols

. L Intervention | Exercise .
Study Sample size | training - : Work- Results Conclusions
status duration modality | HIT MICT matched 2
Wisloffetal. | 20M, 7F Heart failure | 3 d/wk for 12 | Walking | 4x4 minat | 70-75% Yes ® VOgpeax T more for HIT (46%) | HIT is more effective than
(2007) patients wk 90-95% HRmax for compared with MICT (14%) | MICT for improving
(age: 75.5 = HRmax/3 47 min e Anaerobic threshold (% aerobic capacity, left
11.1y) min at 50- Vozpeak) improved more in ventricular remodelling,
70% HRmax MICT than HIT and endothelial function in
o Improved work economy for | elderly patients with
HIT but not MICT chronic heart failure
Gormley etal. | 61 M/F Healthy (age | 3-4 d/wk for 6 | Cycling Near- Moderate Yes VOjpeak T more for near- Higher training intensities
(2008) range: 18-44 | wk maximal intensity maximal intensity (20.6%), elicit greater improvements
Y) intensity (50% HRR, compared with vigorous (14.3%) | in VOypes than lower
5x (5 minat | 45-60 min) and moderate (10%) intensities training intensities over a
90-100% 4-6 wk period in healthy,
HRR, 5 min | Vigorous young adults
at 50% intensity
HRR) (75% HRR,
40 min)
Grieco et al. 19M, 26 F Healthy 3-4 d/wk for 6 | Cycling Maximal Moderate Yes o VOzpeak 1 for vigorous e Higher-intensity
(2013) (age: 22.2+ | wk intensity intensity (15.4%) and maximal exercise more effective
3.9y) 5x (5minat | (50% HRR, (14.2%) intensities, but not than volume-matched
90-100% 45-60 min) moderate intensity (5.8%) lower-intensity
HRR, 5 min e No change in markers of exercise for increasing
at 50% Vigorous insulin sensitivity or insulin VOspea
HRR) intensity resistance after training e No relationship
(75% HRR, between exercise
40 min) intensity and insulin
sensitivity
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Participant . . Exercise protocols
. . Intervention Exercise .
Study Sample size | training duration modality | HIT MICT Work- Results Conclusions
status matched ?
Berger et al. 11M,12F Healthy 3-4 diwk for 6 | Cycling | HI LO Yes e Similar 1 in VO_peq for HI Continuous moderate-
(2006) untrained wk 20x (I min | 30 min at (~20%) and LO (~21%) intensity exercise as
(no regular at 90% 50% e Similar 1 in VO, on-kinetics | effective as hig.h-intensity
exercise for VOzpear: 1 VOzpeax at onset of moderate- and exercise for 1 VOzpeax and
2y prior to min passive severe-intensity step VO, on-kinetics are likely
study) recovery) exercise for HI and LO to improve exercise
tolerance in untrained
CON populations
No exercise

HIT, high-intensity interval training; MICT, moderate-intensity continuous training; VOzpeax, maximal oxygen consumption; VO,, 0xygen consumption; RSA, repeated-sprint ability; HI,
high-intensity; LO, low-intensity; CON, control; HRR, heart rate reserve; LT, lactate threshold; ES, effect size; LSD, long slow distance training.
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A recent meta-analysis on studies comparing HIT with MICT exercise in
patients with lifestyle-induced cardiometabolic disease (Weston et al., 2014a) concluded
the average training-induced improvement in VOppeac Values for the included studies
were 19.4% and 10.3% for HIT and MICT, respectively. Taken together, these data
suggest HIT is a potent endurance training modality for improving VOomax across a
variety of populations, including both healthy individuals and those presenting with
cardiometabolic risk factors.

Perceived enjoyment of exercise has important implications for long-term
adherence to exercise programs. The capacity for exercise interventions to promote
perceptions of enjoyment should therefore be considered in addition to its efficacy for
promoting positive health and performance outcomes. To this end, it was shown that
ratings of perceived enjoyment, as measured by the Physical Activity Enjoyment Scale,
were higher after HIT running (6 x 3 min at 90% VOjmax interspersed with 3 min at
50% VOzmax) compared with MICT running (50 min at 70% VO,ma) (Bartlett et al.,
2011). This occurred despite ratings of perceived exertion also being higher during and
after the high-intensity interval protocol. Given these protocols were matched for
duration, distance run, average intensity, oxygen consumption, and energy expenditure,
the observed divergences in perceived enjoyment between exercise protocols likely
reflects the varied activity profile rather than any differences in exercise duration
(Bartlett et al., 2011). Thus, on a work- and duration-matched basis, it appears HIT may
be more favourable compared with MICT with regards to perceived exercise enjoyment,
which may translate to better long-term exercise adherence.

In addition to performance outcomes, HIT has emerged as a potent stimulus for
inducing signalling in skeletal muscle related to mitochondrial biogenesis (e.g., AMPK
phosphorylation and PGC-1a gene expression) compared with MICT (Bartlett et al.,
2012; Burgomaster et al., 2008; Gibala et al., 2012; Gibala et al., 2009; Little et al.,
2011a; Little et al., 2011b; Little et al., 2010; Psilander et al., 2012). Therefore, HIT
may represent a time-efficient strategy for promoting mitochondrial biogenesis and
associated improvements in oxidative capacity and metabolic health. This high-intensity
approach is also favoured in conditioning programs tailored for enhancing anaerobic
capacity and/or repeated sprint ability (Edge et al., 2005; Helgerud et al., 2011). Despite
the relevance of HIT for health and performance outcomes (Gibala et al., 2012), little is
currently known regarding the effects of incorporating HIT in a concurrent training

regime on molecular interference and subsequent adaptation to long-term concurrent
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training. Studies independently examining the effect of endurance exercise intensity on
concurrent interference are indeed scarce (Silva et al., 2012). One study suggested no
role for endurance exercise intensity on interference in physically-active females (Silva
et al., 2012); however, training volume and frequency were comparably low and may
have limited any potential interference effect seen with higher training volumes (Jones
et al., 2013; Ronnestad et al., 2012; Wilson et al., 2012). Moreover, the endurance
training protocols employed (Silva et al., 2012) were matched for total exercise
duration, and not total work, making it difficult to deduce any potential influence of
training intensity in mediating any effect on training-induced maximal strength
outcomes. Further work is therefore required to delineate the potential roles of
endurance training intensity on interference to maximal strength, power and
hypertrophy outcomes during concurrent training. Most existing molecular concurrent
training research has employed low-to-moderate intensity endurance exercise protocols
(e.g., 30-60 min at 65-70% VOazmax, 40-90 min at 55-70% Wna) (Apro et al., 2013;
Carrithers et al., 2007; Coffey et al., 2009b; Donges et al., 2012; Lundberg et al., 2012;
Wang et al., 2011), while none have directly examined the effect of endurance exercise
intensity on early molecular and chronic performance interference. Coffey and
colleagues (2009a) observed that repeated maximal 6-s cycling sprints attenuated
anabolic post-exercise responses when performed concurrently with RE (Coffey et al.,
2009a), and possibly more so than in a previous study employing moderate-intensity
continuous cycling (Coffey et al., 2009b). However, little is known regarding the role of
more practical HIT models, such as those involving longer work intervals interspersed
with periods of active and passive recovery (Bartlett et al., 2011), on chronic training
adaptations when performed concurrently with RE. Two studies have recently shed
further light on the impact of HIT on early molecular responses to concurrent compared
with RE alone (Apro et al., 2015; Pugh et al., 2015). In a comprehensive study (Apro et
al., 2015), performing HIT immediately prior to RE increased post-exercise AMPK
activity; however, it did not interfere with mTORC1 signalling responses, rates of
mixed MPS, or p70S6K1 kinase activity. A separate study also showed performing HIT
immediately after RE also does not interfere with mTORCL1 signalling responses up to 6
h post-exercise in untrained individuals (Pugh et al., 2015). However, both of these
studies (Apro et al., 2015; Pugh et al., 2015) noted concurrent HIT and RE exacerbated
the expression of MuRF-1 and Atrogin-1 mRNA, potentially indicating increased rates

of protein degradation. Further work is however required to determine the influence of
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HIT on molecular responses to concurrent exercise when compared to MICT, and
particularly the impact of these protocols on long-term adaptations to maximal strength,
power, and body composition, to elucidate the role of endurance training intensity in
mediating the interference phenomenon.

From a molecular perspective, higher-intensity endurance exercise (i.e., HIT)
may be expected to exacerbate early molecular interference when compared with lower-
intensity (i.e., continuous) endurance exercise. For example, selected negative
regulators of protein synthesis, such as AMPK and 4E-BP1, are up-regulated by
endurance exercise in an intensity-dependent manner (Chen et al., 2000; Rose et al.,
2009b; Rose et al., 2006). Moreover, the AMPK-al catalytic isoform, which
purportedly plays a selective role in mTORCL inhibition (McGee et al., 2008a; Mounier
et al., 2009), may be preferentially activated at higher (Chen et al., 2000), but not lower
(Wojtaszewski et al., 2002), endurance exercise intensities. Higher-intensity endurance
exercise also appears to inhibit subsequent force production (Bentley et al., 2000;
Leveritt & Abernethy, 1999), while lower-intensity continuous exercise may cause less
residual fatigue (Leveritt et al., 2000). Finally, higher exercise intensities are associated
with increased glycogen depletion occurring predominantly in type Il muscle fibres
(Gollnick et al., 1974), which may exacerbate residual fatigue (Hulston et al., 2010) and
increase inhibitory AMPK activity (Derave et al., 2000). Whether the capacity of
higher-intensity exercise to cause greater metabolic perturbation in type Il muscle fibres
(Gollnick et al., 1974; Thomson et al., 1979) plays any role in potentially blunting
anabolic responses within these fibres following subsequent RE remains to be
determined.

Notwithstanding the relevance of high-intensity exercise for improving
markers of aerobic exercise performance and metabolic health, in addition to its
implications for exercise enjoyment and adherence, little attention has been paid to the
incorporation of divergent endurance training intensities into concurrent training
programs. Only a single study has to date incorporated concurrent training groups
performing endurance exercise of different endurance training intensities (Silva et al.,
2012). It is therefore unclear whether HIT represents a more favourable exercise
strategy compared with MICT, from the perspective of inducing positive adaptations to
exercise performance and metabolic health when incorporated into concurrent training

programs.
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2.10 Conclusion and future directions

While considerable performance-based evidence exists for the concurrent
interference effect, limited data is available regarding both the molecular bases and the
role of specific training variables in this phenomenon. Findings from existing research
are complicated by the multitude of potential concurrent training variables and the
numerous independent factors capable of influencing early post-exercise molecular
responses in human skeletal muscle. There is substantial difficulty, therefore, in
deducing practical training recommendations from existing research for minimising
interference during concurrent training. Given the growing evidence base for the
potency of HIT for improving markers of metabolic health and performance compared
with traditional MICT, endurance training intensity is a particularly important and
under-researched training variable in the concurrent training literature. Whether the
intensity of endurance training incorporated into a concurrent training regime is an
important mediating factor for any chronic interference effect is therefore currently
unknown. Despite much recent interest, a molecular basis for the phenomenon of
attenuated RT adaptations with concurrent training remains elusive. While considerable
advances have been made with regards to our understanding of the molecular factors
mediating training adaptation in skeletal muscle, these complex processes are
incompletely resolved. The possibility remains that current analytical techniques solely
encompassing measures of intramuscular signalling and/or protein synthesis with poor
temporal resolution has limited our understanding of the factors mediating exercise-
induced adaptation in skeletal muscle. Recent information has emerged regarding the
epigenetic regulation of both transcriptional and translational processes (e.g., by
miRNAS) likely to provide further insight into exercise-induced training adaptation, and
potentially the concurrent interference phenomenon. There is also growing evidence
that increases in translational capacity (i.e., ribosome biogenesis) accompany muscle
hypertrophy consequent to RT, and markers of ribosome biogenesis are attenuated in
situations where muscle mass might be compromised (e.g., in ageing or with chronic
inflammation). However, to date the majority of concurrent training literature has
focused solely on the hypothesis that attenuated muscle hypertrophy may be mediated
via post-exercise attenuation of translation initiation signalling (i.e., mTORC1
signalling) and rates of MPS. The effects of concurrent exercise compared with single-

mode RE on both skeletal muscle miRNA expression and ribosome biogenesis therefore
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remains unknown. In summary, further work is required to elucidate the roles of various
concurrent training variables in the interference effect to inform practical
recommendations for minimising interference following long-term concurrent training.
There is also a need to investigate novel molecular mechanisms implicated in skeletal
muscle adaptation to exercise in the context of concurrent training, particularly in
training-accustomed individuals, to provide further mechanistic insight into the

interference effect.
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3.1 Linking statement

As outlined in Chapter 2, evidence gleaned from experiments in rodent skeletal
muscle and in vitro suggests activation of the AMPK pathway, among others, can
inhibit the activity of the mTORC1 pathway. Work conducted in humans has attempted
to elucidate whether inhibition of mTORC1 signalling following concurrent exercise
might explain attenuated muscle hypertrophy responses with concurrent training.
Human studies have, however, failed to observe any interference to mTORCL signalling
or rates of MPS with concurrent training compared with RE performed alone. Despite
these observations, as discussed in Chapter 2, the potential role of individual training
variables in mediating any interference effect to early molecular responses after
concurrent exercise has received little attention in the literature. Given the potency of
HIT for improving performance and markers of metabolic health compared with
traditional MICT, along with its potential for long-term exercise adherence, endurance
training intensity is a particularly important, yet overlooked, practical consideration
with concurrent training. Most studies investigated early molecular responses to
concurrent training have employed MICT, with only two recent studies (Apro et al.,
2015; Pugh et al., 2015) incorporating HIT. However, to fully elucidate the potential
role of endurance training intensity in modulating any interference effect following
concurrent exercise, direct comparisons between concurrent exercise bouts
incorporating divergent endurance exercise intensities are necessary. Moreover, novel
potential mediators of exercise-induced adaptations in skeletal muscle, including
microRNAs, are of great interest and have not yet been investigated in the context of
concurrent exercise. The aim of the following chapter was therefore to investigate the
potential role of endurance training intensity in mediating interference to mTORC1
signalling, and the expression of miRNAs in skeletal muscle purported to regulate

pathways involved with protein synthesis and/or myogenesis.
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3.2 Introduction

Incorporating both resistance (RE) and endurance exercise into a periodised
training program is termed concurrent training (Leveritt et al., 1999). Compared with
undertaking RE alone, concurrent training attenuates skeletal muscle hypertrophy and
maximal strength development in some (Bell et al., 2000; Chtara et al., 2008; Dudley &
Djamil, 1985; Hickson, 1980; Kraemer et al., 1995), but not all (Balabinis et al., 2003,
Lundberg et al., 2013; McCarthy et al., 2002; Sillanpaa et al., 2009; Silva et al., 2012),
studies. Given that skeletal muscle mass plays an important role in overall metabolic
health (Wolfe, 2006), and many athletes require elements of strength and muscle
hypertrophy, concomitantly with a high aerobic capacity (Helgerud et al., 2011),
minimizing interference during concurrent training has implications for optimizing both
health and performance outcomes.

The mechanistic target of rapamycin complex 1 (mTORC1) is a key mediator
of load-induced increases in muscle protein synthesis (MPS) (Bodine et al., 2001b;
Drummond et al., 2009). The activity of mMTORCL1 is antagonised by activation of the 5’
adenosine monophosphate-activated protein kinase (AMPK), which acts to restore
perturbations in cellular energy balance by inhibiting anabolic cellular processes, such
as protein synthesis, and stimulating catabolism (Kimball, 2006). Given that AMPK,
acting primarily through the peroxisome proliferator-activated gamma receptor co-
activator la (PGC-1a), has been associated with many skeletal muscle adaptations to
chronic endurance training (Olesen et al., 2010), the interference effect with concurrent
training may be partly explained by AMPK-mediated inhibition of the mTORC1
signalling pathway. However, several human studies have shown that concurrent
exercise does not compromise either post-exercise mTORCL signalling or rates of MPS
(Apro et al., 2015; Apro et al., 2013; Carrithers et al., 2007; Donges et al., 2012; Pugh et
al., 2015), or even potentiates these responses (Lundberg et al., 2012), relative to RE
performed alone. Whether these putative interference mechanisms explain the
attenuated skeletal muscle adaptations reported following concurrent training in humans
(Bell et al., 2000; Kraemer et al., 1995; Wilson et al., 2012) remains unclear.

Additional molecular mechanisms with the potential to regulate skeletal muscle
adaptations to exercise have recently emerged, including altered microRNA (miRNA)
expression (Zacharewicz et al., 2013). miRNAs are small (~20-30 nucleotides in

length), non-coding ribonucleic acid (RNA) species that are highly expressed in skeletal
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muscle (Zacharewicz et al., 2013). The primary function of miRNASs is to decrease
protein levels either by repressing gene translation or promoting the degradation of
target mRNAs, of which the latter accounts for the majority of miRNA activity (Guo et
al., 2010). Given their purported role in post-transcriptional regulation, miRNAs have
emerged as a potential regulator of exercise-induced adaptations in skeletal muscle
(Zacharewicz et al., 2013). The expression of various miRNA species in human skeletal
muscle is altered following both single bouts of exercise (Drummond et al., 2008c;
Russell et al., 2013; Zacharewicz et al., 2014) and after short-term exercise training
(Davidsen et al., 2011; Russell et al., 2013). miRNAs have been implicated in the
regulation of the IGF-1/Akt, Fox-O1, and myogenesis pathways, all known to play a
role in RE-induced adaptations in skeletal muscle (Hitachi & Tsuchida, 2013), although
the direct impact of miRNAs on these pathways in response to RE is yet to be
experimentally validated. In addition, whether miRNAs are differentially regulated
following concurrent exercise, compared with single-mode RE, is currently unknown.
From a practical standpoint, elucidation of the roles of specific training
variables (e.g., training intensity, volume, and modality) is required to inform exercise
prescription guidelines for minimizing potential interference during concurrent training
(Fyfe et al., 2014). One important practical consideration is the intensity of endurance
training employed in a concurrent training program. Recent evidence suggests that high-
intensity interval training (HIT) is more effective in improving VO2pax (Gormley et al.,
2008; Grieco et al., 2013; Tjonna et al., 2008; Wisloff et al., 2007) and metabolic health
markers (Tjonna et al., 2008; Wisloff et al., 2007), compared with moderate-intensity
continuous training (MICT), while also being more enjoyable (Bartlett et al., 2011).
However, most studies investigating the early molecular responses to concurrent
exercise in humans have employed MICT (e.g., 30-90 min at 65-70% VOymax OF 55-
70% Whax) (Carrithers et al., 2007; Coffey et al., 2009b; Donges et al., 2012; Lundberg
et al.,, 2012; Wang et al., 2011). Whether the intensity of endurance exercise, when
performed concurrently with RE, is important in mediating any potential interference
effect on post-exercise anabolic responses in skeletal muscle is unknown. There are
several potential mechanisms by which higher-intensity endurance exercise may
exacerbate molecular interference during concurrent training, compared to lower-
intensity endurance exercise. For example, endurance exercise activates putative
inhibitors of MPS, including AMPK and 4E-BP1 (elF4E binding protein 1), in an

intensity-dependent manner, with higher relative exercise intensities associated with
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greater AMPK and 4E-BP1 activation (Rose et al., 2009b). Higher-intensity endurance
exercise also induces greater muscle glycogen depletion (Gollnick et al., 1974), which is
associated with increased AMPK activity (Derave et al., 2000). Taken together, these
factors suggest that performing higher-intensity endurance exercise concurrently with
RE may be sub-optimal with regards to promoting anabolic responses in skeletal muscle
following concurrent exercise. The effect of concurrent exercise incorporating divergent
endurance training intensities on early post-exercise anabolic responses in skeletal
muscle has not been directly compared.

The aim of this study was to compare the effects of a single bout of concurrent
exercise, incorporating either HIT or work-matched MICT cycling, on mTORC1
signalling and miRNA expression in human skeletal muscle, compared with RE
performed alone. Between-trial comparisons were made to determine i) the effects of
prior endurance exercise on these responses before commencing subsequent RE, ii)
whether prior endurance exercise altered mTORCL1 signalling and miRNA expression
after subsequent RE, compared with RE performed alone, and iii) if these responses
were different when RE was performed after HIT compared with MICT. It was
hypothesised that, compared with MICT, HIT would further i) increase glycogen
depletion and AMPK activity (indexed by AMPK a-subunit and AMPK substrate
acetyl-CoA carboxylase [ACC] phosphorylation) prior to subsequent RE, ii) attenuate
mTORC1 signalling after subsequent RE, and iii) alter the post-exercise expression of

miRNAs linked to the regulation of skeletal muscle adaptations to RE.

3.3 Methodology

3.3.1 Participants

Eleven males participating in regular physical activity incorporating both
resistance and endurance exercise (>30 min, 3-5 times per week) were initially recruited
for this investigation; however, three participants withdrew due to circumstances
unrelated to the study. Eight participants (mean + SD: age, 27 £ 4 y; height, 178.3 £ 6.1
cm; body mass, 83.7 + 13.7 kg; peak oxygen uptake [VOazpeax], 45.7 9 mL-kg™*-min;
unilateral 1RM leg press, 173.6 = 37.1 kg [left leg], 176.4 = 33.7 kg [right leg])
therefore completed this study. Power calculations using G*Power 3.1 software

83



Adaptation to concurrent training: role of endurance training intensity

indicated a sample size of 9 participants was necessary to detect a moderate effect (d =
0.50) for between-trial differences in protein phosphorylation (Coffey et al., 2009b)
whereby a = 0.05 and B = 0.2. After being fully informed of study procedures
(Appendix A) and screening for possible exclusion criteria (Appendices C and F),
participants provided written informed consent (Appendix D). All procedures were

approved by the Victoria University Human Research Ethics Committee.

3.3.2 Experimental design

This study followed a within-subject, repeated-measures design. After
familiarisation and preliminary testing, participants completed three experimental trials
in a randomised order. Each trial was separated by ~1 week and participants were asked
to maintain habitual diet and exercise habits during this period. Experimental trials
were: 1) RE performed alone (RE trial), 2) HIT cycling followed by RE (HIT+RE trial)
or 3) work-matched MICT cycling followed by RE (MICT+RE trial).

3.3.3 Preliminary testing

Preliminary testing was undertaken at least 1 week prior to the first
experimental trial to determine the lactate threshold (LT), VOgpeak and one-repetition
maximum (1RM) strength. Preliminary testing data was used to standardise relative
exercise intensities during experimental trials with respect to the LT and 1RM.
Endurance exercise intensities were standardised relative to the LT rather than VOgpes,
as physiological responses are more consistent, independent of training status, when
exercise is undertaken at an intensity relative to LT, compared to VOapeax (Baldwin et
al., 2000).

3.3.3.1 Graded exercise test (GXT)

The participants” LT and peak power output (Wpeax) Were determined during a
graded exercise test (GXT) to volitional exhaustion on an electromagnetically-braked
cycle ergometer (Lode, Groningen, The Netherlands). Prior to the GXT, a venous
catheter was inserted into an antecubital forearm vein for subsequent blood sampling.
The GXT comprised 4-min work stages interspersed with 30 s of passive recovery.

Participants were required to maintain a pedalling cadence of 70 rpm during each work
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stage. The initial workload was set at 60, 90 or 120 W (to limit the number of stages to a
maximum of 10, as determined during familiarisation), and increased by 30 W for each
subsequent stage until volitional exhaustion, defined as an inability to maintain a
cadence >60 rpm. Venous blood samples (~1 mL) were obtained at rest, and
immediately following completion of each work stage. Whole-blood samples were
immediately analysed in duplicate for lactate concentration using an automated analyser
(YSI 2300 STAT, Yellow Springs, OH). The lactate threshold was defined as the first
workload that elicited a >1 mM increase in venous blood lactate concentration (Coyle et
al., 1984) and was calculated using Lactate-E version 2.0 software (Newell et al., 2007).

The Wiea Was determined as previously described (Hawley & Noakes, 1992).

3.3.3.2 Peak oxygen uptake (VOzpeax) test

Immediately following the GXT, a 5-min active recovery was initiated at 20
W, after which participants cycled to volitional exhaustion at a workload corresponding
to 105% of the Wpeak achieved during the GXT. Participants were instructed to
accelerate to a cadence of 90-100 rpm upon a 5-s countdown, and the test was
terminated when a cadence >60 rpm was no longer possible. Expired gases were
sampled every 15 s during this test component using automated gas analysers (Moxus
Modular VO, System, AEl Technologies, Pittsburgh, PA). A similar protocol has
previously been reported to elicit VOzpeax Values no different to that determined during a
ramp incremental test performed 5 min previously (Rossiter et al., 2006). The gas
analysers and pneumotach were calibrated prior to each test using known gas
concentrations (21.0% O, and 0.04% CO,, 16.0% O, and 4.0% CO,) and a 3-L
calibration syringe, respectively. The individual VOpeax Was defined as the highest two

consecutive 15-s values achieved during the test.

3.3.3.3 Maximal strength (1RM) testing

Maximal strength was determined during a series of one-repetition maximum
(1RM) unilateral leg press attempts using a plate-loaded 45° incline leg press (Hammer
Strength Linear, Schiller Park, IL). After a standardised warm-up (5 and 3 repetitions
for each leg at 50 and 70% estimated 1RM, respectively), single repetitions of
increasing load were attempted for each leg until the maximal load possible for one

repetition was determined. The test commenced with the dominant leg, and a one-
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minute recovery was allowed before the other leg performed the equivalent 1RM
attempt. Three minutes of recovery was allowed between 1RM attempts for the same
leg. Participants completed each repetition with the heel placed at the bottom edge of
the foot plate, and with a range of motion of 90° knee flexion/extension.

3.3.4 Exercise and dietary control

For 24 h prior to each experimental trial, participants were asked to refrain
from strenuous and/or structured physical activity and were provided with a
standardised diet. The daily energy intake (~149 kJ-kg™; ~36 kcal-kg™) comprised ~5.1
g-kg? carbohydrate, ~1.3 g-kg™* protein, and ~1.2 g-kg® fat. The percentage
contribution of each macronutrient to the daily energy intake was 62% carbohydrate,
12% protein and 26% fat. On the morning of each experimental trial, a standardised
breakfast (~13 kJ-kg™; ~3.1 kcal-kg™®) providing ~0.7 g-kg™ carbohydrate, ~0.1 g-kg™
protein and < 0.01 g-kg™ fat was ingested 90 min before the initial muscle biopsy. The
percentage contribution of each macronutrient to the breakfast energy intake was 85%
carbohydrate, 13% protein and 2% fat.

3.3.5 Experimental trial overview

On the morning of an experimental trial (Figure 3.1), participants reported to
the laboratory at ~7:00 AM after a 10-12 h fast. A venous catheter was then inserted
into an antecubital forearm vein for subsequent blood sampling, and a resting blood
sample was obtained. Participants then ingested the standardised breakfast (described
previously). For the RE trial, participants then rested quietly in the laboratory for 90
min before a resting biopsy was obtained and the RE protocol commenced (described
subsequently). For the HIT+RE and MICT+RE trials, participants performed identical
procedures as the RE trial, however either the HIT or work-matched MICT protocol
(both described subsequently) was completed 15 min prior to RE. After completion of
RE, participants rested quietly in the laboratory for 3 h, and additional vastus lateralis

biopsies were obtained 1 h and 3 h after completion of RE.
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(A) RE TRIAL
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Figure 3.1 Experimental trial timelines for Study 1. For the RE trial (A), participants
completed the RE protocol alone. For the HIT+RE (B) and MICT+RE (C) trials, RE was
performed after 15-min recovery from either the HIT or work-matched MICT cycling.
Muscle biopsies were obtained from the vastus lateralis immediately before RE, either
without (PRE) or with (POST) prior endurance exercise, and 1 h and 3 h after completion
of RE. HIT, high-intensity interval training; LT, lactate threshold; MICT, moderate-
intensity continuous training; 1-RM, one-repetition maximum.

3.3.5.1 Cycling exercise

After a standardised warm-up (5 min at 75 W), participants commenced a bout
of either HIT (10 x 2 min at 120 % LT interspersed with 1 min of passive recovery) or
work- and duration-matched MICT (30 min at 80% LT) (Edge et al., 2006) (see Figure
1) on an electromagnetically-braked cycle ergometer (Velotron, Racer-Mate, Seattle,
WA). Heart rate (Polar FT1, Kempele, Finland) and rating of perceived exertion (RPE)
(Borg, 1970) were obtained at regular intervals throughout exercise. Cycling was
performed in the seated position and at a fixed cadence of 80 and 100 rpm for MICT
and HIT, respectively. Following completion of endurance exercise, participants rested

passively for 15 min before undertaking RE.

3.3.5.2 Resistance exercise

After a standardised warm-up (5 and 3 repetitions at 50% and 60% 1RM,
respectively) participants completed 8 x 5 unilateral leg press repetitions on each leg at

80% of the 1RM. The biopsied leg first completed each set, and 1-min recovery was
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allowed before the opposing leg completed the equivalent set. Three minutes of
recovery was allowed between sets for the same leg. Participants completed each
repetition with the heel placed at the bottom edge of the foot plate, and with a range of
motion of 90° knee flexion/extension. All participants successfully completed the
identical resistance exercise protocol for each experimental trial, which was not
influenced by prior HIT or MICT.

3.3.5.3 Blood sampling

Venous blood samples (~1 mL) were obtained at rest, immediately pre-cycling
and after 10, 16, 22, 28 and 34 min of cycling. Additional blood samples were drawn
after 2, 5, 10 and 15 min recovery from cycling, immediately following completion of
RE, and after 2, 5, 10, 30, 60, 120 and 180 min of recovery from RE. Blood samples
were aliqouted into a microtube (~1 mL) and immediately analysed for glucose and

lactate concentrations using an automated analyser (YSI 2300, Yellow Springs, OH).

3.3.5.4 Muscle sampling

Muscle biopsies were obtained from the middle-portion of the vastus lateralis
using the Bergstrom technique (Bergstrom, 1962) modified with suction (Evans et al.,
1982). After administration of local anaesthesia (1% Xylocaine), three small incisions
(~6 mm, ~1 cm apart) were made to the anaesthetised skin in preparation for a series of
muscle biopsies. Biopsies were obtained immediately before RE (PRE), and 1 hand 3 h
after RE. To minimise the number of biopsy samples taken from participants, the initial
resting biopsy obtained from the RE trial was used as a basal reference for changes in
signalling responses and gene expression for each trial (Donges et al., 2012). This
approach allowed insight into the influence of prior HIT and MICT on responses within
skeletal muscle before subsequent RE. All within-trial biopsies were obtained from the
same leg, which was alternated for the subsequent trials. Muscle samples were blotted
on filter paper to remove excess blood, immediately frozen in liquid nitrogen, and

stored at —80°C until subsequent analysis.
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3.3.6 Western blotting

Approximately 15 mg of muscle tissue was homogenised in ice-cold lysis
buffer (137 mM NaCl, 2.7 mM KCI, 1 mM MgCl,, 20 mM Tris, 1 mM EDTA, 1%
Triton X-100, 10% Glycerol, 5 mM Na pyrophosphate, 1 mM NaF, 1ug/mL Leupeptin,
1 mM PMSF, 1pg/mL Aprotinin, 1 mM NasVO3z;, 1 mM DTT, 1 mM Benzamidine).
Samples were rotated end-over-end for 1 h at 4°C, centrifuged at 15,000 g for 10 min at
4°C and the supernatant collected. After determination of protein concentration
(Bradford assay), the lysate was re-suspended in 2xLaemmli buffer (1.5 M Tris-HCI,
4% SDS, 20% Glycerol, 1.5% Bromophenol blue), and stored at -80°C until subsequent
analysis. Depending on the protein target, either 15 or 20 pg of protein was separated by
SDS-PAGE using either 6, 8, or 12% acrylamide gels in a 1x running buffer (25 mM
Tris, 192 mM Glycine, 0.1% SDS), and then transferred to polyvinylidine fluoride
(PVDF) membranes (Bio-Rad laboratories, Hercules, CA) using a wet transfer for 90
min in 1 x transfer buffer (25 mM Tris, 192 mM Glycine, 0.1% SDS, 20% Methanol).
After transfer, membranes were blocked for 1 h at room temperature with 7.5% skim
milk in 1XTBST (200 mM Tris, 1.5 M NaCl, 0.05% Tween 20), washed with 1xTBST
(5%5 min), and incubated with primary antibody solution (5% BSA [Bovine Serum
Albumin], 0.05% Na Azide in 1xTBST) overnight at 4°C. Primary antibodies for
monoclonal p-mTOR*™3 (1:1000; #5536), p-p70S6K ™3 (1:1000; #9234), p-4E-
BP1T"376 (1:1000; #2855), p-AMPK™?2 (1:1000; #2535), p-rps6>*2*%%* (1:750;
#4856), p-GSK-3a/p%*® (1:1000; #9331), and polyclonal p-eEF2"™® (1:1000; #2331)
and p-ACC>* (1:1000, #3661) were from Cell Signalling Technology (Danvers, MA).
The following morning, membranes were washed again with 1x TBST and incubated
with a secondary antibody (Perkin Elmer, Waltham, MA, #NEF812001EA; 1:5000 or
1:10000 in 5% skim milk and1x TBST) for 1 h at room temperature. After washing
again with 1xTBST, proteins were detected with chemiluminescence (Clarity™
Western ECL Substrate, Bio-Rad Laboratories, Hercules, CA) using a VersaDoc™
4000 MP imaging system (Bio-Rad laboratories, Hercules, CA and quantified via
densitometry (Image Lab 5.0, Bio-Rad laboratories, Hercules, CA). All sample
timepoints for each participant were run on the same gel and normalised to both an
internal pooled sample present on each gel and the total protein content of each lane
using a modified Coomassie staining protocol (Welinder & Ekblad, 2011). Briefly, after

imaging, membranes were washed in 1xTBST, stained with 0.1% Brilliant Blue R-350
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(Sigma Aldrich, St. Louis, MO) in 1:1 methanol/water solution for 2 min, de-stained in
1:5:4 ethanol/acetic acid/water solution for 1 min, rinsed briefly with water, and then

air-dried for ~1 h prior to imaging.

3.3.7 Real-time quantitative PCR (qPCR)

3.3.7.1 RNA extraction

Total RNA was extracted from approximately 20 mg of muscle tissue using
TRIzol® reagent (Ambion Inc., Austin, TX) according to the manufacturer’s protocol.
Muscle samples were homogenised in 500 pL of TRIzol® reagent using a MagNA Lyser
(Roche Diagnostics, Indianapolis, IN) for 20 s at 5500 rpm. After resting for 5 min on
ice, 50 puL of 1-bromo-3-chloropropane (BCP) was added and the tube inverted for 30 s,
before resting for 10 min at room temperature. The homogenate was centrifuged for 15
min at 13,000 rpm and the upper clear phase collected. Then, 300 uL of isopropanol
was added to the tube and inverted briefly to mix, before being stored overnight at -
20°C to precipitate the RNA. After overnight incubation, the solution was centrifuged
for 60 min at 13,000 rpm to pellet the RNA. The RNA pellet was washed twice by
centrifuging in 75% ethanol for 15 min at 13,000 rpm, allowed to air-dry, and then
dissolved in 15 uL of nuclease-free water (NFW) (Ambion Inc., Austin, TX). The
quantity and quality of RNA was subsequently determined using a spectrophotometer
(NanoDrop ND-1000, Thermo Scientific, Wilmington, DE). The purity of RNA was
assessed using the ratio between the absorbance at 260 nm and absorbance at 280 nm
(mean = SD; 2.15 = 0.37), and the ratio between the absorbance at 260 nm and
absorbance at 230 nm (1.32 £ 0.51).

3.3.7.2 Reverse transcription

For mRNA analysis, first-strand cDNA was generated from 1 ug RNA in 20
uL reaction buffer using the high-capacity cDNA reverse transcriptase (RT) Kit
(Applied Biosystems, Australia) according to manufacturer’s protocol, with each
reaction comprising 2 pL of 10x RT buffer, 0.8 uL of dNTP mix (100 mM), 2 uL of
10x random primers, 1 pL of MultiScribe™ Reverse Transcriptase, 1 pL of RNase
inhibitor, 3.2 uL of NFW and 10 uL of RNA sample (diluted to 100 ng/uL). Reverse
transcription was then performed with the following conditions: 10 min at 25°C to
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anneal primers, 120 min at 37°C for the extension phase, and 5 min at 85°C. Following
reverse transcription, samples were DNase-treated (Life Technologies, Carlsbad, CA)
and cDNA was stored at -20°C until further analysis.

For miRNA analysis, first-strand cDNA was generated from 50 ng RNA in 15
uL reaction buffer with the TagMan® miRNA RT kit (#4366596, Applied Biosystems,
Australia) and TagMan® miRNA-specific stem-loop primers (500 ng) (#4427975,
Applied Biosystems, Australia) using a modified multiplex protocol (Le Carre et al.,
2014). Briefly, miRNA-specific primers were pooled and diluted in NFW to obtain a
final dilution of 0.05x% each. Then, 6 uL of pooled primer solution was added to the
reaction mix containing 0.3 uL of 2100 mM dNTP, 3 uL of enzyme (50 U/uL), 1.5 pL of
10x RT buffer, 0.19 puL of RNase inhibitor (20 U/uL) and 50 ng of RNA sample.
Reverse transcription was then performed with the following conditions: 30 min at 16°C
to anneal primers, 30 min at 42°C for the extension phase, and 5 min at 85°C. The

cDNA was then stored at -20°C until further analysis.

3.3.7.3 Real-time quantitative PCR (qPCR)

Real-time PCR was performed using a Realplex? Mastercycler PCR system
(Eppendorf, Hamburg, Germany) to measure mRNA levels of MuRF-1, Atrogin-1, Fox-
O1, myostatin, TSC2, Rheb, PGC-1a, and the reference genes cyclophilin, TBP,
GAPDH and B2M. Each PCR reaction was performed in duplicate using a robotic
pipetting machine (Epmotion 2100, Eppendorf, Hamburg, Germany) in a final reaction
volume of 10 uL containing 5 uL of 2x SYBR green (Bio-Rad Laboratories, Hercules,
CA), 0.6 uL of PCR primers (diluted to 15 pM; Sigma Aldrich, St. Louis, MO), 0.4 uL
of NFW and 4 pL of cDNA sample (diluted to 5 ng/uL). Conditions for the PCR
reactions were: 3 min at 95°C, 40 cycles of 15 s at 95°C/1 min at 60°C, one cycle of 15
s at 95°C/15 s at 60°C, and a ramp for 20 min to 95°C. Each plate was briefly
centrifuged before loading into the PCR machine. To compensate for variations in input
RNA amounts and efficiency of the reverse transcription, mRNA data were quantified
using the 24“T method (Livak & Schmittgen, 2001) and normalised to the geometric
mean (Vandesompele et al., 2002) of the two most stable housekeeping genes analysed
(cyclophilin and TBP), determined as previously described (Mane et al., 2008). Details
of PCR primers used for all mRNA targets are shown in Table 3.1. Standard and
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melting curves were performed for all primers to confirm both primer efficiency and
single product amplification, respectively.

A Stratagene MX3000 PCR system (Agilent Technologies, Santa Clara, CA)
was used to measure the relative expression levels of miR-1, miR-133a, miR-378, miR-
473 and RNU48. Each PCR reaction was performed in triplicate in a final reaction
volume of 20 pL containing 7.5 pL of 2x TagMan® Universal PCR Master Mix, no
UNG (#4440040, Applied Biosystems, Australia), 0.5 puL of 1x TagMan® Small RNA
Assay (20x; #4427975, Applied Biosystems, Australia), 0.4 uL of NFW and 4 pL of
cDNA sample (diluted to 5 ng/uL). Conditions for the PCR reactions were 10 min at
95°C, followed by 40 cycles of 15 s at 95°C, and 1 min at 60°C. Each plate was briefly
centrifuged before loading into the PCR machine. To compensate for variations in input
RNA amounts and efficiency of the reverse transcription, miRNA data were normalised
to RNU48 expression. Details of PCR primers used for all miRNA targets are shown in
Table 3.2. Standard curves were performed for all miRNA targets to confirm primer

efficiency.
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Table 3.1 Details of PCR primers used for Study 1 mRNA analysis

Gene Forward sequence Reverse sequence NCBI reference sequence
MuRF-1 5’-CCTGAGAGCCATTGACTTTGG-3’ 5-CTTCCCTTCTGTGGACTCTTCCT-3’ NM_032588.3
Atrogin-1 5’-GCAGCTGAACAACATTCAGATCAC-3’ 5’-CAGCCTCTGCATGATGTTCAGT-3’ NM_058229.3
Fox-O1 5-TTGTTACATAGTCAGCTTG-3’ 5-TCACTTTCCTGCCCAACCAG-3’ NM_002015.3
Myostatin 5’-CCAGGAGAAGATGGGCTGAA-3’ 5’-CAAGACCAAAATCCCTTCTGGAT-3’ NM_005259
TSC2 5’-CCGCAGCATCAGTGTGTC-3’ 5-CACTGGTGAGGGACGTCTG-3’ NM_000548

Rheb S-TTTTTGGAATCTTCTGCTAAAGAAA-3’ 5’-AAGACTTGCCTTGTGAAGCTG-3’ NM_005614
PGC-1a 5’-GGCAGAAGGCAATTGAAGAG-3’ 5’-TCAAAACGGTCCCTCAGTTC-3’ NM_013261.3
TBP 5’-CAGTGACCCAGCAGCATCACT-3’ 5’-AGGCCAAGCCCTGAGCGTAA-3’ M55654.1
Cyclophilin 5’-GTCAACCCCACCGTGTTCTTC-3’ 5-TTTCTGCTGTCTTTGGGACCTTG-3’ XM_011508410.1
GAPDH 5-AAAGCCTGCCGGTGACTAAC-3’ 5’-CGCCCAATACGACCAAATCAGA-3’ NM_001256799.2
B2M 5-TGCTGTCTCCATGTTTGATGTATCT-3’ 5’-TCTCTGCTCCCCACCTCTAAGT-3’ NM_004048.2

MuRF-1, muscle RING-finger 1; Fox-O1, forkhead-box O1; TSC2, tuberous sclerosis complex 2; Rheb, ras homologue enriched in brain; PGC-1a, peroxisome proliferator
activated receptor gamma co-activator 1 alpha; TBP, TATA binding protein; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; p2M, beta-2 microglobulin
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Table 3.2 Details of PCR primers used for Study 1 microRNA analysis

Target Assay name Product ID
miR-1 hsa-miR-1 002222
miR-133a hsa-miR-133a-3p 002246
miR-378 hsa-miR-378 002243
miR-486 hsa-miR-486-5p 001278
RNU48 RNU48 001006

3.3.8 Muscle glycogen content

Approximately 2-3 mg of freeze-dried muscle tissue was powdered and
dissected free of all visible non-muscle tissue. Powdered muscle tissue was then
extracted with 250 uL of 2M HCI, incubated at 95°C for 2 h (agitated gently every 20
min), and then neutralised with 750 puL of 0.66M NaOH. Glycogen content was
subsequently assayed in triplicate via enzymatic analysis with flourometric detection

(Harris et al., 1974). Muscle glycogen values are expressed as mmol-kg™ dry weight.

3.3.9 Statistical analyses

The effect of trial on outcomes was evaluated via a two-way (trial x time)
analysis of variance with repeated-measures (RM-ANOVA) (SPSS, Version 21, IBM
Corporation, New York, NY). A magnitude-based approach to inferences using the
standardised difference (effect size, ES), was also used as previously described
(Hopkins et al., 2009). The magnitude of effects were defined according to thresholds
suggested by Hopkins (Hopkins et al., 2009), whereby <0.2 = trivial, 0.2-0.6 = small,
0.6-1.2 = moderate, 1.2-2.0 = large, 2.0-4.0 = very large and >4.0 = extremely large
effects. Lacking information on the smallest meaningful effect for changes in protein
phosphorylation and gene expression, the threshold for the smallest worthwhile effect
was defined as an ES of 0.4, rather than the conventional threshold of 0.2. Magnitude-
based inferences about effects were made by qualifying the effects with probabilities
that reflected the uncertainty in the magnitude of the true effect (Batterham & Hopkins,
2005); 25-75%, ‘possibly’; 75-95%, ‘likely’; 95-99.5%, ‘very likely’; >99.5%, ‘most
likely’. Effects deemed at least 75% ‘likely’ to be substantial (according to the overlap

between the uncertainty in the magnitude of the true effect and the smallest worthwhile
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change (Batterham & Hopkins, 2005)) were reported. Exact P values were also
determined for each comparison, derived from paired (for within-trial comparisons) or
unpaired (for between-trial comparisons) t-tests, with a Bonferroni correction applied to
correct for multiple comparisons (SPSS, Version 21, IBM Corporation, New York,
NY). Physiological (blood lactate, blood glucose, heart rate) and psychological (rating
of perceived exertion [RPE]) responses to exercise are reported as mean values = SD,
whereas molecular (protein signalling, mMRNA and microRNA expression) and muscle
glycogen data were log-transformed before analysis to reduce non-uniformity of error
(Hopkins et al., 2009) and reported as mean between-condition percentage differences
190 % confidence limit (CL).

3.4 Results! 2

3.4.1 Physiological and psychological responses to exercise

3.4.1.1 Heart rate and rating of perceived exertion (RPE) responses

Both heart rate (mean = SD, 171 + 9 and 135 + 12 beats-min™, respectively)
and rating of perceived exertion (RPE) during cycling (16 + 2 and 12 £ 2 AU,
respectively) were higher during HIT compared with MICT (P < 0.05; Table 3.3).

3.4.1.2 Venous blood lactate and glucose responses

Venous blood lactate levels were higher for HIT compared with MICT at all
time points during cycling and recovery from cycling (P < 0.05; Table 3.3). Blood
lactate was also higher for HIT+RE at 10, 30 and 60 min post-RE compared with RE
(Table 3.4; P < 0.05). Venous blood glucose was higher for HIT compared with MICT
only after 34 min of cycling, and at 2, 5 and 10 min of recovery from cycling (P < 0.05;
Table 3.3).

1 All raw data for this Chapter is available in Appendix K.
2 Extended within- and between-trial comparison data for this Chapter are presented in Appendices M and
N, respectively.
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Table 3.3 Physiological and psychological (RPE) responses to HIT and work-matched MICT protocols for Study 1.

Time (min)
Rest Pre 10 16 22 28 34 +2 +5 +10 +15

Lactate (mmol-L™)

HIT 06+02 08+02 28+10# 43+x15* O53+17*# 57+19* 61+20*# O58+18*# 56+22# 49+22# 41+20#

MICT 06+02 09+02 16+04# 21+06 23+0.7 24+06 24+0.7 22+0.6 20+0.6 16+0.4 14+0.2
Glucose (mmol-L™)

HIT 44+07 43%19 34+12 3.7+0.7 41+01 43+05 46+05# 50+08# 48+05# 46+x06# 4305

MICT 44+03 46=x10 36+06 34+03 35+04 3.7+04 38+0.6 40+04 40%05 40+05 40+05
Heart rate (beats-min™)

HIT - 63+12  160+9*#  168+7*# 173+ 9*# 176 £ 9 *# 178 £ 8 *# - - - -

MICT - 62 +10 123+9*  133+12* 139+13* 141+12* 141+12* - - - -
RPE (AU)

HIT - 6+0 1424 15+2*# 16 +£2*# 17+2%# 18+ 1*# - - - -

MICT - 6+0 101> 11+2* 12+2* 12+2* 13+2* - - - -

& Values are means + SD. HIT, = high-intensity interval training cycling; MICT, continuous cycling; RPE, rating of perceived exertion. *, P < 0.05 vs. rest; #, P < 0.05 vs. MICT at same time

point.



L6

Chapter 3 Skeletal muscle mTORCL signalling and microRNA expression with concurrent exercise

Table 3.4 Venous blood lactate and glucose responses following resistance exercise performed alone (RE) and when performed after either HIT
(HIT+RE) or work-matched MICT (MICT+RE) for Study 1.

Time (min)
End +2 +5 +10 +30 +60 +120 +180

Lactate (mmol-L™)

RE 1.7+£0.7 1.7+£0.8 15+0.6 12+04 0.8+0.2 0.6+0.2 0.6+0.2 05+0.2

HIT+RE 2209 2309 21+0.8 1.7+07% 1.1+04 % 09+041% 0.7+04 0.6+0.1

MICT+RE 1717 1.7+0.7 15+0.3 1.4+04 09+0.2 0.8+0.2 0.7+0.1 06+0.1
Glucose (mmol-L™)

RE 44+0.3 41+06 4.4+0.2 43+0.3 43+0.3 44+0.6 44+0.3 45+0.2

HIT+RE 41+04 42+0.3 42+0.2 41+£04 42+0.3 42+0.3 43+0.3 43+0.3

MICT+RE 43+0.3 43+0.3 42+04 42+04 44+0.2 43+0.2 43+0.3 44+0.2

Values are means = SD. RE, resistance exercise; HIT+RE, = high-intensity interval training cycling and resistance exercise; MICT+RE, continuous cycling and
resistance exercise. *, P < 0.05 vs. rest; , P < 0.05 vs. RE at same time point.
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3.4.2 Muscle glycogen content

There was a main effect of time for changes in muscle glycogen content (P <
0.001). Muscle glycogen content was unchanged across time following RE (Figure 3.2);
however, it was reduced at POST for both HIT+RE (mean difference +90% CL, 50
+23%; ES +90% CL, -2.91 +£1.86; P = 0.022) and MICT+RE (40 £11%; ES, -2.10
+0.76; P = 0.004) compared with PRE. Post-RE, muscle glycogen content was also
lower at for HIT+RE and MICT+RE at +1 h (62 £15%; ES, -4.01 +1.56; P = 0.002 and
43 £19%; ES, -2.36 £1.38; P = 0.014, respectively) and +3 h (45 +11%; ES, -2.46
+0.80; P = 0.001 and 31 £18%; ES, -1.55 £1.07; P = 0.033, respectively) compared
with RE. Muscle glycogen content was also lower for HIT+RE compared with
MICT+RE at +1 h (33 £22%; ES, -1.65 £1.32; P = 0.034).

EEN RE

B HIT+RE

—1 MICT+RE
600

Ta ta
400—; Ta o
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Muscle glycogen (mmol-kg'ldry mass)

o 2

| T
PRE POST +1h +3h

Figure 3.2 Muscle glycogen content of the vastus lateralis before (PRE), 1L h (+1 h)and 3 h
(+3 h) after a bout of resistance exercise (RE), and when RE was preceded (POST) by
either high-intensity interval training (HIT; HIT+RE) or moderate-intensity continuous
training (MICT; MICT+RE). Data shown are means + SD. T = P < 0.05 vs. RE at same
time point, # = P < 0.05 vs. MICT+RE at same time point. Substantially greater at same
time pointvs. a=RT, ¢ = MICT+RT.

3.4.3 Signalling responses

p-AMPK ™72 Following RE, the phosphorylation of AMPK™? \as
increased compared with PRE at +1 h (137 £162%; ES, 1.12 +0.83; P = 0.033) and +3 h
(201 +£143%; ES, 1.43 £0.60; P = 0.002; Figure 3.3A). Compared with PRE, there were
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likely moderate effects for elevated AMPK phosphorylation at POST for HIT+RE (107
+163%; ES, 0.94 +0.94; P = 0.144) and MICT+RE (118 +160%; ES, 1.01 +0.88; P =
0.074). A likely moderate effect was also seen for higher AMPK phosphorylation at +1
h for MICT+RE compared with RE (59 +61%; ES, 0.61 +0.48; P = 0.085). There were
no differences in AMPK phosphorylation between HIT+RE and MICT+RE at any time
point.

p-ACC>"". There were main effects of time (P < 0.001), trial (P = 0.002), and
an interaction effect (P < 0.001), for ACC®>*"® phosphorylation. Compared with PRE,
the phosphorylation of ACC® was lower for RE at +1 h (60 +24%; ES, -1.15 +0.70; P
= 0.017; Figure 3.3B) and +3 h (82 %28%; ES, -2.15 +1.53; P = 0.040). ACC
phosphorylation was higher at POST compared with PRE for both HIT+RE (530
+145%; ES, 2.29 £0.28; P <0.001) and MICT+RE (451 +£274%; ES, 2.13 £0.60; P =
0.002). Post-RE, ACC phosphorylation was higher for HIT+RE compared with RE both
+1 h (133 £96%; ES, 1.06 +0.50; P = 0.038) and +3 h (458 £215%; ES, 2.14 £0.47; P =
0.043). Moreover, ACC phosphorylation was higher for HIT+RE compared with
MICT+RE at +1 h (161 +218%; ES, 1.19 +0.95; P = 0.046) and +3 h (161 £121%; ES,
1.20 +£0.56; P = 0.005).
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Figure 3.3 Phosphorylation of AMPK ™72 (A) and ACC*"™ (B) before (PRE), 1 h and 3 h
after a bout of resistance exercise (RE), and when RE was preceded (POST) by either
high-intensity interval training (HIT; HIT+RE) or moderate-intensity continuous training
(MICT; MICT+RE). Data shown are means + SD and expressed relative to the PRE value
for the RE trial. * =P < 0.05 vs. PRE, T =P < 0.05 vs. RE at same time point, # = P <0.05

vs. MICT+RE at same time point. Substantially greater at same time point vs. a = RT, ¢ =
MICT+RT.
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p-mTOR>*™ " There was a main effect of trial for mTORS?*®
phosphorylation (P = 0.035). The phosphorylation of mTOR®"2448
time by RE; however, it was higher at POST for HIT+RE compared with both PRE
(105 £34%; ES, 0.84 +£0.19; P = 0.011; Figure 3.4A) and MICT+RE (44 +21%; ES,
0.67 +0.44; P = 0.014). At +1 h, mTOR phosphorylation was higher for HIT+RE
compared with MICT+RE (128 %67%; ES, 0.83 +0.29; P = 0.003). mTOR
phosphorylation was also likely moderately higher at +3 h for HIT+RE compared with
both RE (91 +84%; ES, 0.75 +0.49; P = 0.148) and MICT+RE (138 £285%; ES, 1.01

+1.18; P = 0.150).

was unchanged over

p-p70S6K™38  There was a main effect of time for p70SE6K ™38
phosphorylation (P = 0.001). RE increased p70S6K ™% phosphorylation above PRE
values at +1 h (171 £95%; ES, 1.39 £0.48; P = 0.002; Figure 3.4B) and +3 h (65 £56%;
ES, 0.70 +0.47; P = 0.025). At POST, likely moderate elevations in p70S6K
phosphorylation were noted for HIT+RE (77 £55%; ES, 0.80 +0.43; P = 0.154) and
MICT+RE (60 £67%; ES, 0.66 +0.57; P = 0.178) compared with PRE. There were no
differences in p70S6K phosphorylation between HIT+RE and MICT+RE at any time
point.

p-rps6>*2% There was a main effect of time for changes in rps6>¢2*>/2%
phosphorylation (P = 0.030). RE increased rps6°¢?**2% phosphorylation above PRE
values at +1 h (215 +155%; ES, 1.21 +0.50; P = 0.029; Figure 3.4C) and + 3 h (203
+226%; ES, 1.17 £0.73; P = 0.018). At POST, rps6 phosphorylation was higher for
HIT+RE compared with PRE (153 £116%; ES, 0.98 +0.47; P = 0.023). There were no
differences in rps6 phosphorylation between HIT+RE and MICT+RE at any time point.

p-eEF2™®, The phosphorylation status of eEF2"™*® was unchanged over time
by RE (Figure 3.4D). However, likely large reductions in eEF2 phosphorylation were
noted at POST for both HIT+RE (-34 +33%; ES, -1.72 +1.98; P = 0.144) and
MICT+RE (-37 £23%; ES, -1.87 +1.47; P = 0.035) compared with PRE. Moreover,
compared with RE, likely moderate decreases in eEF2 phosphorylation were noted at +1
h for both HIT+RE (-16 £10%; ES, -0.71 £0.49; P = 0.050) and MICT+RE (-21 £24%;
ES, -0.99 £1.22; P = 0.179). There were no differences in eEF2 phosphorylation
between HIT+RE and MICT+RE at any time point.
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Figure 3.4 Phosphorylation of mTOR"* (A), p70S6K ™% (B), rps6>2*2% (C), eEF2""*
(D), GSK-3p*™ (E) and 4E-BP1™% (F) before (PRE), 1 h and 3 h after a bout of
resistance exercise (RE), and when RE was preceded (POST) by either high-intensity
interval training (HIT; HIT+RE) or moderate-intensity continuous training (MICT,;
MICT+RE). Data shown are means + SD and expressed relative to the PRE value for the
RE trial. * =P < 0.05 vs. PRE, t =P < 0.05 vs. RE at same time point, # = P < 0.05 vs.
MICT+RE at same time point. Substantially greater at same time point vs. a = RT, ¢ =
MICT+RT.
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p-GSK-3p>". There was a main effect of time for GSK-3p°" phosphorylation
(P = 0.021). RE increased GSK-3p>* phosphorylation above PRE values at + 1 h (130
+87%; ES, 0.70 £0.31; P = 0.002; Figure 3.4E), returning to baseline at +3 h. There

were no between-trial differences in GSK-3p phosphorylation at any time point.

p-4E-BP1""%7 The phosphorylation status of 4E-BP1™3%*" was unchanged

across time by RE and was not different between trials at any time point (Figure 3.4F).
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Figure 3.5 Representative western blots for the phosphorylation (p-) of signalling proteins
before (PRE), 1 h and 3 h after a bout of resistance exercise (RE), and when RE was
preceded by either high-intensity interval training (HIT; HIT+RE) or moderate-intensity
continuous training (MICT; MICT+RE).
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3.4.4 mRNA responses

MuRF-1 mRNA. There was a main effect of time for MuRF-1 mRNA
expression (P = 0.048). MuRF-1 expression was not altered by RE at +3 h compared
with PRE (Figure 3.6A); however, there were likely small elevations in MuRF-1
expression at +3 h for both HIT+RE (585 +684 %; ES, 0.52 +0.64; P = 0.170) and
MICT+RE (535 £464%); ES, 0.33 £0.20; P = 0.016) compared with RE. There were no
differences in MuRF-1 expression between HIT+RE and MICT+RE at any time point.

Atrogin-1 mRNA. Atrogin-1 mRNA expression was not altered by RE at +3 h
compared with PRE (Figure 3.6B), and was not different between trials at any time

point.

Fox-O1 mRNA. Fox-O1 mRNA expression was unaltered by RE at +3 h
compared with PRE (Figure 3.6C). There was a possibly small increase in Fox-O1
MRNA expression at +3 h for HIT+RT compared with MICT+RT (62 £58 %; ES, 0.34
+0.25; P = 0.036).

Myostatin mRNA. Myostatin mRNA expression was unaltered by RE at +3 h

compared with PRE (Figure 3.6D). At POST, myostatin expression was greater for
HIT+RE compared with MICT+RE (53 £18 %; ES, 0.60 +0.30; P = 0.044).
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Figure 3.6 mRNA expression of MuRF-1 (A), Atrogin-1 (B), Fox-O1 (3C) and myostatin
(D) relative to cyclophillin and TBP expression before (PRE), 1 h and 3 h after a bout of
resistance exercise (RE), and when RE was preceded (POST) by either high-intensity
interval training (HIT; HIT+RE) or moderate-intensity continuous training (MICT;
MICT+RE). Data shown are means + SD and expressed relative to the PRE value for the
RE trial. T = P <0.05 vs. RE at same time point, # = P < 0.05 vs. MICT+RE at same time
point. Substantially greater at same time point vs. a=RT, ¢ = MICT+RT.

PGC-1a mRNA. There was a main effect of time for PGC-la mRNA
expression (P = 0.016). PGC-1a expression was unchanged after RE (Figure 3.7A);
however, there were likely small increases in PGC-1a expression at +3 h for both
HIT+RE (788 £878%; ES, 0.54 +0.54; P = 0.098) and MICT+RE (604 +403%; ES,
0.59 +0.42; P = 0.033) compared with RE. There were no differences in PGC-1a
expression between HIT+RE and MICT+RE at any time point.

Rheb/TSC2 mRNA. mRNA expression of Rheb or TSC2 was not altered by

RE, and was not different between trials at any time point (Figures 3.7B and 3.7C).

104



Chapter 3 Skeletal muscle mTORCL signalling and microRNA expression with concurrent exercise

N RE
B N HT+RE
I MICT+RE
4—

=)

s 2

o ~ 3_

< o)

T ¥

o~ I

~ N

%: -~

: :

€

- [S

- 5

1¢) 2

® [vd

o

PRE POST +3h +3h
4

=)

<

o)

X

T

N

[od

€

N

O

)]

|_

PRE POST +3h

Figure 3.7 mRNA expression of PGC-1a (A), Rheb (B) and TSC2 (C) relative to
cyclophillin and TBP expression before (PRE), 1 h and 3 h after a bout of resistance
exercise (RE), and when RE was preceded (POST) by either high-intensity interval
training (HIT; HIT+RE) or moderate-intensity continuous training (MICT; MICT+RE).
Data shown are means + SD and expressed relative to the PRE value for the RE trial. t =
P < 0.05 vs. RE at same time point, # = P < 0.05 vs. MICT+RE at same time point.
Substantially greater at same time point vs. a = RT.

3.4.5 microRNA responses

miR-1. There was a main effect of time for miR-1 expression (P = 0.043).
However, miR-1 expression was not altered by RE, and was not substantially different

between trials at any time point (Figure 3.8A).

miR-133a. There was a main effect of time for miR-133a expression (P =
0.035). RE decreased miR-133a expression relative to PRE at +3 h (27 £14%; ES, -0.38
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+0.23; P = 0.026; Figure 3.8B). For the HIT+RE trial, miR-133a expression was lower
at POST compared with PRE (-40 +13%; ES, -0.63 +£0.27; P = 0.014), and there were
likely small-to-moderate reductions in miR-133a expression at +1 h compared with both
RE (-35 £28%; ES, -0.53 £0.50; P = 0.068) and MICT+RE (-43 +30%; ES, -0.68 +0.61;
P = 0.053). There were no between-condition differences in miR-133a expression at +3
h.

miR-378. RE did not alter miR-378 expression relative to PRE (Figure 3.8C).
However, there were likely moderate reductions in miR-378 expression at +1 h for
HIT+RE compared with both RE (-37 +26%; ES, -0.79 +0.70; P = 0.052) and
MICT+RE (-42 £28%; ES, -0.94 +0.81; P = 0.046). There were no between-condition
differences in miR-378 expression at +3 h.

miR-486. There was a main effect of trial for miR-486 expression (P = 0.048).
RE did not alter miR-486 expression relative to PRE (Figure 3.8D). However, miR-486
expression was reduced at +1 h for HIT+RE compared with both RE (-36 +17%; ES, -
1.02 +£0.59; P = 0.040) and MICT+RE (38 +15%; ES, -1.10 £0.56; P = 0.015). There

were no between-condition differences in miR-486 expression at +3 h.
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Figure 3.8 Expression levels of miR-1 (A), miR-133a (B), miR-378 (C) and miR-486 (D)
relative to RNU48 expression immediately before (PRE), +1 h and +3 h following
resistance exercise (RE), and when RE was preceded (POST) by either HIT (HIT+RE) or
moderate-intensity continuous training (MICT+RE). Data shown are means + SD and
expressed relative to the PRE value for the RE trial. * = P < 0.05 vs. PRE, T = P < 0.05 vs.
RE at same time point, # = P < 0.05 vs. MICT+RE at same time point. Substantially
greater at same time point vs. a = RT, ¢ = MICT+RT.

3.5 Discussion

The aim of this study was to compare the effects of concurrent exercise
incorporating either HIT or MICT on anabolic and catabolic molecular responses in
skeletal muscle, compared with RE performed alone. The major findings were that i)
prior HIT and MICT induced similar muscle glycogen depletion and increased ACC
phosphorylation prior to commencing a subsequent RE bout; ii) despite these residual
effects, mTORC1 signalling was generally not compromised during early recovery from

concurrent exercise compared with RE alone; iii) concurrent exercise incorporating HIT
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and MICT similarly increased MuRF-1 mRNA expression compared with RE alone;
and iv) prior HIT, but not MICT, reduced the expression of miRNAs implicated in
exercise-induced skeletal muscle adaptations after subsequent RE, compared with RE
performed alone.

Interference to mMTORCL1 signalling has previously been investigated as a
mechanism contributing to attenuated RE adaptations during concurrent training in
humans (Apro et al., 2015; Apro et al., 2013; Donges et al., 2012; Lundberg et al., 2012;
Pugh et al., 2015). However, whether higher endurance exercise intensities, previously
shown to further increase AMPK activity in skeletal muscle compared with lower-
intensity endurance exercise (Rose et al.,, 2009b), are associated with greater
interference to mTORC1 signalling following concurrent exercise has not been
examined. In the present study, the RE-induced phosphorylation responses of several
mTORC1 pathway intermediates were generally not compromised when RE was
performed after either HIT or MICT. For example, the phosphorylation of p70S6K,
which reportedly correlates with load-induced hypertrophy in both rodent (Baar &
Esser, 1999) and human (Terzis et al., 2008) models, was similar between conditions at
1 h post-RE. Few differences in post-exercise signalling responses were observed
between concurrent exercise and single-mode RE, although eEF2 phosphorylation was
lower at +1 h for HIT+RE compared with RE alone, and mTOR phosphorylation was
lower at +1 h for MICT+RE compared with HIT+RE and RE alone. These observations
align with others showing that mTORCL1 signalling and rates of MPS following a single
bout of concurrent exercise are not attenuated compared with RE performed alone
(Apro et al., 2013; Donges et al., 2012; Lundberg et al., 2012). For example, performing
30 min of cycling at 70% VOomax 15 min after RE does not compromise the post-
exercise phosphorylation of mTOR, p70S6K and eEF2 compared with RE performed
alone (Apro et al., 2013). Moreover, rates of MPS following RE are not compromised
by the addition of either 20 min of MICT cycling at 55% peak aerobic power (Donges
et al., 2012) or 90 min at 60% peak aerobic power (Carrithers et al., 2007). These data
add support to the notion that concurrent exercise appears not to interfere with
mTORC1 signalling compared with single-mode RE, at least within the early post-
exercise recovery period (<3 h).

Rather than inhibit anabolic responses, the endurance exercise protocols in the
present study were themselves clearly sufficient to promote mTORC1 signalling. The

HIT protocol was particularly effective for increasing mTOR and rps6 phosphorylation
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compared with MICT, whereas both protocols similarly increased p70S6K
phosphorylation at POST. These data align with evidence that endurance exercise is
sufficient to induce anabolic responses in skeletal muscle, including increased mTORC1
signalling and rates of MPS, at least in relatively training-unaccustomed individuals (Di
Donato et al., 2014; Mascher et al., 2011). For example, mTOR/p70S6K
phosphorylation and rates of mixed MPS are increased following 1 h of cycling at 65-
70% VOomax (Mascher et al., 2011), and high- (60% Wy for 30 min), but not low-
(30% Wpax for 60 min) intensity continuous cycling induces sustained (24-28 h post-
exercise) increases in myofibrillar MPS (Di Donato et al., 2014). The importance of
training status in dictating the specificity of early post-exercise responses must also be
considered when interpreting these data. For example, mTOR phosphorylation is
preferentially increased following RE, but not endurance exercise, in training-
accustomed individuals (Vissing et al., 2011). Similarly, both myofibrillar and
mitochondrial MPS are similarly increased by resistance and endurance exercise in a
training-unaccustomed state, whereas RE preferentially stimulates increased
myofibrillar MPS after training (Wilkinson et al., 2008). It therefore appears likely that
concurrent exercise modulates early post-exercise molecular responses over time,
potentially progressing towards an attenuation of anabolic responses with concurrent
exercise compared with single-mode RE. Indeed, the greater increase in p70S6K
phosphorylation observed after a single bout of concurrent exercise compared with
single-mode RE is abolished after five weeks of training (Fernandez-Gonzalo et al.,
2013). The participants in the present study were not accustomed to the specific exercise
protocols employed during the experimental trials, which may have influenced the
ability of endurance exercise to modulate anabolic responses in skeletal muscle. Further
work is required to determine the influence of training status and the potential
progression of interference to anabolic responses and adaptations in human skeletal
muscle with concurrent training.

In agreement with others (Coffey et al., 2009a; Coffey et al., 2009b; Lundberg
et al., 2012; Pugh et al., 2015) the RE protocol employed in the present study was

RSer2448

insufficient to modulate mTO phosphorylation in the early post-exercise

recovery period, It is possible the lack of altered mTOR3*?448

phosphorylation may have
been due to a lack of metabolic stress induced in skeletal muscle by the RE protocol,
and/or that RE sets were not taken to the point of concentric failure. Resistance exercise

sets were low in volume (i.e., 5 repetitions per set) and not taken to failure in the present
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study to maximise the divergence between the endurance and RE stimuli (i.e., low-
force, high metabolic stress vs. high-force, low metabolic stress). Despite the lack of
altered mTOR®*?*® phosphorylation, the RE protocol in the present study was
sufficient to induce signalling downstream of mTORC1, including increased p70S6K
and rps6 phosphorylation. There is evidence that downstream targets of mTORCL1 (e.g.,
p70S6K and 4E-BP1) may be activated in skeletal muscle in the absence of mMTORCL1
activation (Liu et al., 2013). This observation is in agreement with the present data and
suggests these targets may have been activated via mTORC1-independent mechanisms.

Muscle glycogen depletion, a modulator of AMPK activity (Yeo et al., 2010),
has been suggested as a potential mechanism by which endurance exercise may
attenuate anabolic responses in skeletal muscle following RE. While early work (Creer
et al., 2005) suggested Akt phosphorylation was attenuated in human skeletal muscle
when RE was performed in a glycogen-depleted state, more recent evidence suggests
that muscle glycogen availability does not modulate mTORCL1 signalling or rates of
MPS following RE (Camera et al., 2012). The HIT and MICT protocols in the present
study induced similar muscle glycogen depletion, so that glycogen content was
comparably reduced at POST for the HIT+RE and MICT+RE trials compared with
PRE. Although it was initially hypothesised HIT would induce greater glycogen
depletion, based on intensity-dependent glycogen depletion during continuous exercise
(Gollnick et al., 1974), the present findings align with previous work showing similar
muscle glycogen depletion, at least at the whole-muscle level, following constant or
variable-intensity cycling (Suriano et al., 2010) and running (Bartlett et al., 2012)
matched for total work. Mirroring these responses were the comparable increases in
ACC phosphorylation at POST with prior HIT or MICT, which may suggest similar
increases in AMPK activity (Park et al., 2002). This is in agreement with Bartlett et al.
(Bartlett et al., 2012) who observed similarly increased AMPK phosphorylation
following work-matched HIT and MICT running. Although HIT and MICT induced
similar glycogen depletion at POST, muscle glycogen content was ~33% lower at +1 h
for HIT+RE compared with MICT+RE. A similar pattern was noted for ACC
phosphorylation, which was similarly elevated at +1 h and +3 h (~161%) for HIT+RE
compared with MICT+RE. Nevertheless, the present data supports the notion that
muscle glycogen availability, at least in the ranges reported here, does not modulate
exercise-induced mTORCL signalling in human skeletal muscle and does not appear to

mediate any interference effect within the time course examined.
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In agreement with some (Coffey et al., 2009a; Dreyer et al., 2006; Koopman et
al., 2006), but not all (Apro et al., 2013; Camera et al., 2010) studies, increased AMPK
phosphorylation was observed following RE. Potentially, the training status of the
participants in the present study may have influenced these results, as AMPK
phosphorylation has been shown to be increased by RE in participants un-accustomed to
the specific exercise protocol (Coffey et al., 2006b; Dreyer et al., 2006), yet AMPK
activity is unchanged after RE in resistance-trained subjects (Apro et al., 2015). Despite
the increased AMPK phosphorylation induced by RE, this was not associated with
increases in ACC phosphorylation, a downstream target of AMPK and a marker of its
activity (Ha et al., 1994; Park et al., 2002), which instead decreased over time for the
RE trial. There appears, therefore, to be an apparent disconnect between the AMPK and
ACC phosphorylation responses for the RE trial, for which there appears to be no clear
explanation. Dissociations between AMPK and ACC phosphorylation have been
reported in human skeletal muscle with increases in exercise intensity (Chen et al.,
2003) and during prolonged, submaximal exercise (Wojtaszewski et al., 2002).
Nevertheless, given that ACC phosphorylation may provide a better indication of
AMPK activity compared with AMPK phosphorylation (Park et al., 2002), we have
primarily used the ACC phosphorylation responses when interpreting the effects of the
exercise protocols on AMPK activity.

In addition to altering post-exercise responses governing MPS, another
mechanism by which concurrent exercise might mediate the interference effect is by
exacerbating rates of protein degradation (Apro et al., 2015). MuRF-1 and Atrogin-1 are
E3 ubiquitin ligases implicated in the tagging and subsequent degradation of contractile
proteins via the ubiquitin proteasome system (Bodine et al., 2001a). In the present
study, RE had little effect on either MuRF-1 or Atrogin-1 gene expression relative to
baseline. However, relative to RE alone, MuRF-1 mRNA abundance was similarly
increased at +3 h when RE was performed after HIT or MICT. While data regarding
ubiquitin ligase expression after concurrent exercise incorporating divergent endurance
training intensities is scarce, increased MuRF-1 mRNA expression has been shown in
separate studies when RE is preceded by either HIT (Apro et al., 2015; Pugh et al.,
2015) or MICT cycling (Lundberg et al., 2014b). The present data lend support to the
notion that concurrent exercise increases the expression of markers of protein
degradation compared with single-mode RE, and extends current knowledge by

suggesting this response is unrelated to the endurance exercise intensity employed. The
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significance of increased MuRF-1 expression following concurrent exercise is unclear,
however, given that increased post-exercise ubiquitin ligase activity may be necessary
to facilitate skeletal muscle remodelling by removing damaged proteins and/or
providing amino acid substrates for incorporation into newly synthesised proteins
(Sanchez et al., 2014b).

Additional molecular mechanisms implicated in the regulation of exercise-
induced skeletal muscle adaptations were also investigated. miRNAs have been
associated with the regulation of skeletal muscle mass (Hitachi & Tsuchida, 2013), and
their expression levels are altered following both single bouts of exercise (Drummond et
al., 2008c; Russell et al., 2013; Zacharewicz et al., 2014) and short-term exercise
training (Davidsen et al., 2011; Russell et al., 2013). However, no studies have
investigated whether miRNA expression is altered following concurrent compared with
single-mode RE. The myomiRs miR-1 and miR-133a can target members of the IGF-
1/Akt pathway in vitro, including IGF-1 (Elia et al., 2009), the IGF-1 receptor (Elia et
al., 2009) as well as HSP70 (Kukreti et al., 2013). This suggests they may play a role in
regulating muscle hypertrophy, although this requires experimental validation in vivo.
Expression of both miR-1 and miR-133a is reduced during functional overload in mice
(McCarthy & Esser, 2007b), and miR-1 expression is reduced 1 h after a single bout of
RE with amino acid ingestion (Drummond et al., 2008c), whereas a single bout of
endurance exercise increases miR-1 expression (Russell et al., 2013). Nonetheless,
contrary to previous observations (Drummond et al., 2008c), RE was insufficient to
alter miR-1 expression and there were no differences in this response following either
HIT+RE or MICT+RE. When performed alone, RE decreased miR-133a expression at
+3 h compared with baseline, while prior HIT further reduced miR-133a expression at
PRE and at +1 h compared with RE. These observations suggest that concurrent
HIT+RE may promote a more favourable post-exercise anabolic response compared
with RE alone by reducing miR-133a expression, thereby alleviating any potential miR-
133a-mediated repression of members of the IGF-1/Akt signalling pathway.

Increased expression of miR-378 has been implicated in myogenesis in C2C12
cells by repressing MyoR, a negative upstream regulator of the transcription factor
MyoD (Gagan et al., 2011). Low responders to RE-induced lean mass gain after 12
weeks of RE training show reduced basal miR-378 expression, whereas miR-378
expression is unchanged in those classified as high responders (Davidsen et al., 2011).

The change in miR-378 expression has also been correlated (r* = 0.52) with lean mass

112



Chapter 3 Skeletal muscle mTORCL signalling and microRNA expression with concurrent exercise

gain after RE training (Davidsen et al., 2011), which suggests maintenance of miR-378
expression may be necessary for promoting RE-induced muscle growth. Concurrent
exercise incorporating HIT, but not MICT, reduced miR-378 expression at +1 h relative
to that induced by RE alone. However, whether this early post-exercise reduction in
miR-378 expression displays a similar relationship with lean mass gain following short-
term training, as do changes in basal miR-378 expression (Davidsen et al., 2011),
remains to be determined.

miR-486 has been linked to the regulation of skeletal muscle mass by targeting
components of the Akt pathway, including PTEN (phosphatase and tensin homologue),
an upstream inhibitor of Akt, and by negatively regulating the transcription factor Fox-
O1 (Xu et al., 2012), a mediator of ubiquitin ligase expression and subsequently protein
degradation (Sandri et al., 2004). Increased post-exercise miR-486 expression, when
repeated over time, may therefore be favourable for promoting anabolism in skeletal
muscle by alleviating PTEN-mediated repression of Akt, and suppressing Fox-O1-
mediated ubiquitin ligase expression. In the present study, miR-486 expression was
decreased at +1 h for the HIT+RE trial compared with RE alone, potentially suggesting
reduced miR-486-mediated inhibition of PTEN and Fox-O1. Whether this early post-
exercise response translates into downstream effects on PTEN and Fox-O1 protein
levels is, however, difficult to determine within the time course of the present study. We
observed increased, rather than decreased, Fox-O1 mRNA expression for the HIT+RT
trial compared with MICT+RT. This still does not discount the possibility that miR-486
may mediate its effects by either degrading Fox-O1 mRNA at a later timepoint, or by
repressing its translation. Further work using extended time courses is required to
investigate whether these early post-exercise changes in miRNA expression with
concurrent exercise are associated with changes in predicted target mRNA and/or
protein levels. Taken together, these data suggest concurrent exercise incorporating
HIT, but not MICT, alters the post-exercise expression of miRNAs purported to play a
role in exercise-induced adaptations in skeletal muscle. However, further work is
required to determine the functional roles of these miRNAs in human skeletal muscle
with exercise, and their subsequent effects on skeletal muscle adaptations after

prolonged training.

113



Adaptation to concurrent training: role of endurance training intensity

3.5.1 Limitations

As reported in similar studies investigating molecular interference with
concurrent training (Apro et al.,, 2013; Coffey et al., 2009a; Coffey et al., 2009b;
Fernandez-Gonzalo et al., 2013; Lundberg et al., 2012; Lundberg et al., 2014b; Pugh et
al., 2015), the phosphorylation of components of the mTORCL1 pathway was used as a
proxy for the activation of protein synthesis. However, a direct coupling between
MTORCL signalling and protein synthesis rates does not always exist (Atherton et al.,
2010), nor does greater phosphorylation of mMTOR pathway intermediates always equal
a greater protein synthesis response (Crozier et al., 2005). Even functional measures,
such as rates of MPS after a single bout of RE, do not correlate with muscle
hypertrophy after 16 weeks of RE (Mitchell et al., 2014). Further work is required to
define the molecular events that mediate chronic phenotypic adaptations to training, and
potentially their progression during a training program. Such information is likely to
also provide further mechanistic insight into the concurrent interference effect (Fyfe et
al., 2014).

All muscle analyses reported herein were conducted using mixed whole-
muscle homogenate, which may have masked any fibre-type specific differences in
muscle glycogen content, signalling responses and gene expression (Murphy & Lamb,
2013). Indeed, whilst the HIT and MICT protocols induced similar whole-muscle
glycogen depletion and markers of AMPK activity, there might be fibre-type specific
differences in these responses (Suriano et al., 2010). Thus, whether the prior endurance
exercise protocols altered signalling responses and/or gene expression in a fibre-type
specific manner following subsequent RE remains to be determined.

A pre-exercise feeding protocol was employed in an attempt to mimic typical
exercise/nutritional scenarios by not performing exercise in a fasted state, an approach
used previously in similar studies (Fernandez-Gonzalo et al., 2013; Lundberg et al.,
2012; Lundberg et al., 2014b; Pugh et al., 2015). This feeding protocol was purposely
low in protein content (~0.1 g-kg™), thereby limiting the potential impact of amino acid
provision on inducing anabolic signalling responses. While this feeding approach may
better mimic typical training scenarios, it may limit the ability to compare the present
results to previous studies examining molecular responses in skeletal muscle to
concurrent exercise performed in the fasted state (Apro et al., 2015; Apro et al., 2013;
Coffey et al., 2009a; Coffey et al., 2009b; Donges et al., 2012).
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3.5.2 Conclusions

This is the first investigation to directly compare the effects of HIT and work-
matched MICT on mTORC1 signalling and miRNA expression in human skeletal
muscle when performed concurrently with RE. It was shown that although HIT and
MICT similarly reduce muscle glycogen content and increased markers of AMPK
activity prior to a subsequent RE bout, post-exercise mTORC1 signalling is generally
not compromised compared with RE performed alone. However, concurrent exercise
incorporating HIT or MICT similarly increased MuRF-1 expression relative to single-
mode RE, potentially indicating increased rates of protein degradation. Concurrent
exercise incorporating HIT, but not MICT, also reduced the post-exercise expression of
miRNAs linked to the regulation of skeletal muscle hypertrophy. Taken together, the
present results suggest that HIT is a potent stimulus for inducing anabolic responses in
skeletal muscle after concurrent exercise, including increased mTOR and rps6
phosphorylation, and for altering the expression of miRNAs implicated in adaptations to
RE, at least in relatively training-unaccustomed subjects. Further work is required to
link the modulation of these early post-exercise anabolic responses to phenotypic
training adaptations, as well as the efficacy of incorporating either HIT or MICT into

long-term concurrent training programs.
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Chapter 4 Interference with concurrent training incorporating divergent endurance training intensities

4.1 Linking statement

Chapter 3 (Study 1) investigated the early molecular events in skeletal muscle
after single bouts of concurrent exercise, incorporating either HIT or MICT as the
endurance exercise modality, compared with RE undertaken alone. It is clear from these
data, which supports other recent evidence, that early post-exercise translation initiation
signalling (i.e., mTORCL1 signalling) is not compromised when RE is combined with
endurance exercise. These data also highlight the ability of endurance exercise to
promote anabolic signalling responses in skeletal muscle, and corroborate earlier
evidence showing little divergences in AMPK or mTORCL1 signalling to single bouts of
either endurance or RE performed separately. Nevertheless, there is limited evidence for
any substantial relationship between the phosphorylation of signalling proteins
following early exercise bouts, or even direct measures of MPS, and long-term training
adaptations such as muscle hypertrophy or maximal strength gain. This suggests that
examining early molecular responses to single bouts of exercise, particularly in
relatively untrained individuals, may provide limited insight into long-term adaptation
and indeed interference with concurrent training. Longer-term training studies are
therefore required to more definitively evaluate the effects of altering concurrent
training variables on long-term training adaptations. These data will help to elucidate
whether there is a role for different training variables, including endurance training
intensity, in mediating any interference effect during concurrent training. The aim of the
following chapter was therefore to elucidate whether concurrent training incorporating
HIT or work-matched MICT modulates interference to RT adaptations when compared

with an identical RT paradigm performed alone.
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4.2 Introduction

Simultaneously incorporating both endurance and resistance training (RT) into
a periodised exercise program is termed concurrent training. Compared with RT alone,
concurrent training has been reported to attenuate training-induced improvements in
maximal strength, power, and skeletal muscle hypertrophy in most (Bell et al., 2000;
Craig et al., 1991; Hennessy & Watson, 1994; Hickson, 1980; Kraemer et al., 1995), but
not all (Balabinis et al., 2003; McCarthy et al., 2002), studies. The equivocal nature of
this interference effect can possibly be attributed to between-study variations in the
prescription of individual training variables, which may modulate the degree of
interference seen with concurrent training (Fyfe et al., 2014).

Two training variables likely to be important in mediating the interference
effect are endurance training intensity and/or volume (Fyfe et al., 2014; Wilson et al.,
2012). Endurance training intensity is a particularly relevant practical consideration,
given that high-intensity interval training (HIT) can be more effective for enhancing
aerobic capacity (Milanovic et al., 2015), and reducing cardiometabolic risk factors
(Tjonna et al., 2008; Wisloff et al., 2007), compared with traditional moderate-intensity
continuous training (MICT). Evidence also suggests that HIT protocols involving brief
work intervals (~2-4 min) interspersed with periods of active or passive recovery (~1-3
min) are perceived as more enjoyable compared with MICT (Bartlett et al., 2011), and
are well-tolerated in clinical populations (Tjonna et al., 2008; Wisloff et al., 2007).
Thus, HIT represents an attractive exercise strategy for improving aerobic capacity and
cardiometabolic risk factors compared with MICT across a variety of populations, and
with promising implications for exercise adherence.

Despite the efficacy of HIT for promoting positive health and performance
outcomes (Milanovic et al., 2015; Tjonna et al., 2008; Wisloff et al., 2007), there is
currently limited information on the effects of incorporating HIT compared with MICT
into concurrent training programs. Indeed, studies independently examining the
potential role of endurance training intensity upon interference during concurrent
training are scarce (Silva et al., 2012). One study (Silva et al., 2012) simultaneously
investigated the effects of endurance training intensity (i.e., continuous vs. interval
training) and modality (i.e., cycling vs. running) on neuromuscular adaptations to eleven

weeks of concurrent training in physically-active females. No differences for
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improvements in one-repetition maximum (1-RM) leg press strength were found
between training groups performing either RT only (52.6%) or concurrent training
incorporating either continuous cycling (39.1%), continuous running (41.1%), or
interval running (46.8%). However, the endurance training protocols used were only
matched for total exercise duration, and not total work, making it difficult to deduce any
potential influence of training intensity in mediating any effect on training-induced
maximal strength outcomes (Silva et al., 2012). Further work is therefore required to
delineate the potential roles of endurance training intensity on interference to maximal
strength, power and hypertrophy outcomes during concurrent training.

Concurrent endurance training may interfere with RT adaptations by either i)
compromising subsequent RT performance via exacerbating residual fatigue and/or
substrate depletion, or ii) attenuating post-exercise anabolic responses that govern
increases in rates of muscle protein synthesis and subsequent muscle fibre hypertrophy
(Fyfe et al., 2014). A single bout of high-intensity endurance exercise reduces force
generating capacity of the exercised musculature for at least six hours post-exercise
(Bentley et al., 2000), with lower-intensity training reported to elicit less residual
fatigue (de Souza et al., 2007; Leveritt et al., 2000). Prior endurance exercise also
compromises subsequent RT performance by reducing maximal strength or limiting RT
volume (de Souza et al., 2007; Tan et al., 2014), an effect exacerbated after higher-
intensity interval compared with lower-intensity continuous endurance exercise (de
Souza et al., 2007). Higher exercise intensities are also associated with further increases
in the activity of kinases purported to limit muscle protein synthesis, including AMPK
(5” adenosine monophosphate-activated protein kinase) (Rose et al., 2009b). Whether
these factors render HIT a suitable endurance training strategy to employ during
concurrent training, compared with MICT, with respect to modulating interference to
RT adaptations is therefore unclear.

Given the efficacy of HIT compared with traditional MICT for improving
aerobic capacity and metabolic health markers, the aim of this study was to determine
the effect of eight weeks of concurrent training incorporating either HIT or MICT on
maximal strength, counter-movement jump (CMJ) performance, and body composition
adaptations, compared with single-mode RT, in recreationally-active males. It was
hypothesised that, compared with RT performed alone, i) concurrent training
incorporating either HIT or MICT would attenuate increases in maximal strength, CMJ

performance and lean mass, and ii), this interference effect would be exacerbated when
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RT was combined with HIT, compared to with MICT. Identification of training
variables that are critical mediators of the interference effect will allow for targeted

exercise prescription to minimise interference during concurrent training.

4.3 Methodology

4.3.1 Participants

Twenty-three recreationally-active males (mean + SD: age, 29.6 = 55 v;
height, 182.4 + 5.9 cm; body mass, 84.9 = 11.4 kg) completed this investigation (see
table 1 for baseline characteristics for each training group). Power calculations using
G*Power 3.1 software indicated a total sample size of 24 participants (8 participants per
group) was required to detect a small effect (d = 0.35) (Rhea, 2004) for pre-to-post
changes and between-group differences in strength variables in recreationally-active
individuals, according to the scale suggested by Rhea (2004). A flow chart of the
progression of participants through initial participant screening, group randomisation,
and to the final sample size included for each training group is shown in Figure 4.1.
Participants were undertaking recreational exercise involving aerobic and/or resistance
exercise at least twice per week for >30 min, and were free from any current
cardiovascular abnormalities or musculoskeletal injuries to the upper or lower
extremity. After being fully informed of study procedures (Appendix B) and screening
for possible exclusion criteria (Appendices C and F), participants provided written
informed consent (Appendix E). All procedures were approved by the Victoria
University Human Research Ethics Committee.
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Assessed for eligibility
(n = 34)

Excluded for ineligibility
(n=3)

Completed preliminary
testing (n = 31)

Withdrew after preliminary

testing (n = 3)
Group randomisation
(n = 28)
Allocated to RT Allocated to HIT+RT Allocated to MICT+RT
group (n=9) group (n=19) group (n = 10)
Withdrew during training Withdrew during training | | Withdrew during training |
period (n=1) period (n=1) _ period (n = 3)
Completed Completed Completed
intervention (n = 8) intervention (n = 8) intervention (n=7)

Figure 4.1 Flow chart of progress of participants through initial participant screening,
preliminary testing, group randomisation and final sample size for each training group.
HIT, high-intensity interval training; MICT, moderate-intensity continuous training; RT,
resistance training.

4.3.2 Study overview

The study followed a repeated-measures, parallel-group design. After
preliminary testing, participants were ranked by baseline 1-RM leg press strength and
randomly allocated to one of three training groups. Training groups consisted of 1) HIT
cycling combined with RT (HIT+RT group, n = 8), 2) MICT cycling combined with RT
(MICT+RT group, n = 7) and 3) RT peformed alone (RT group, n = 8). Measures of
aerobic capacity, maximal strength, and CMJ performance were obtained before (PRE),
mid-way through (MID) and after completion (POST) of the training intervention
(Figure 4.2). Body composition analysis (DXA) was performed only at PRE and POST.
After preliminary testing, participants completed 8 weeks of group-specific training

performed three times per week.
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Preliminary testing 8-week training period Post-testing

\ A A

|  HIT+RTgroupn=8) |

?&"ﬁ,{ GXT |DXA|\: MICT+RT group (n=7) :/ GXT (13:\?"&”1’

RT group (n = 8)

GXT

CMJ/
1RM

T T T T

Week: 1 2 3 5 1 12

LEGEND
GXT: Graded exercise test (VO,c,/LT)

CMJ: Counter-movement jump testing

1RM: Maximal strength testing

DXA: Dual —energy x-ray absorptiometry

Figure 4.2 Experimental overview for Study 2. HIT, high-intensity interval training;
MICT, moderate-intensity continuous training; RT, resistance training; LT, lactate
threshold; GXT, graded exercise test; CMJ, counter-movement jump; 1-RM, one-
repetition maximum; Famil, familiarisation; DXA, dual-energy x-ray absorptiometry.

4.3.3 Preliminary testing

4.3.3.1 Familiarisation

Approximately 3-4 days before beginning preliminary testing, participants
were familiarised with the CMJ, one-repetition maximum (1-RM) strength and graded
exercise test (GXT) protocols (each described subsequently).

4.3.3.2 Diet & exercise control

For 24 h prior to the GXT, CMJ/1-RM testing and DXA, participants refrained
from any structured exercise and recorded a detailed food diary (Appendix G).
Participants were then asked to replicate this dietary intake as accurately as possible for
the 24 h prior to each respective post-training test. On the morning of all testing
sessions, participants reported to the laboratory after an ~8-10 h overnight fast. Prior to
commencement of the training intervention, participants were asked to record a detailed
72 h food diary (Appendix H) for the purposes of calculating average daily habitual

energy and macronutrient intake. Dietary recalls were analysed using Foodworks
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software (Version 6.0, Xyris Software, Australia). During the intervention period,

participants were asked to maintain habitual dietary practices as closely as possible.

4.3.3.3 Graded exercise test (GXT)

The lactate threshold (LT) and peak aerobic power (Wpea) Were obtained
during a GXT performed to volitional exhaustion on an electromagnetically-braked
cycle ergometer (Lode, Groningen, The Netherlands). Prior to the GXT, a venous
catheter was inserted into an antecubital forearm vein for subsequent blood sampling.
The GXT consisted of 4-min work stages interspersed with 30 s of passive recovery.
Participants maintained a pedalling cadence of 70 rpm during each work stage. The
initial workload was set at 60, 90 or 120 W (to limit the number of stages to a maximum
of 10, as determined during familiarisation), and increased by 30 W for each subsequent
stage until volitional exhaustion, defined as an inability to maintain a cadence >60 rpm.
Venous blood samples (~1 mL) were drawn from the cannula at rest, and immediately
following completion of each work stage. Whole-blood samples were immediately
analysed in duplicate for lactate concentration using an automated analyser (YSI 3000
STAT, Yellow Springs, OH). The lactate threshold was defined as the first workload
that elicited a >1 mM increase in venous blood lactate concentration from baseline
(Coyle et al., 1983) and was calculated using Lactate-OR software (Newell et al., 2007).
The Wiea Was determined as previously described (Hawley & Noakes, 1992).

4.3.3.4 Peak oxygen uptake (VOzpeak) test

Immediately following the GXT, a 5-min active recovery was initiated at 20
W, after which participants again cycled to volitional exhaustion at a workload
corresponding to 105% of the Wy achieved during the GXT. Participants were
instructed to accelerate to a cadence of 90-100 rpm upon a 5-s countdown, and the test
terminated when a cadence >60 rpm was no longer possible. Expired gases were
sampled every 15 s during this test component using automated gas analysers (Moxus
Modular VO, System, AEI Technologies, Pittsburgh, PA). A similar protocol has
previously been reported to elicit VOzpeax Values no different to that determined during a
ramp incremental test performed 5 min previously (Rossiter et al., 2006). The gas
analysers and pneumotach were calibrated prior to each test using known gas
concentrations (21.0% O, and 0.04% CO,, 16.0% O, and 4.0% CO,) and a 3-L
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calibration syringe, respectively. The individual \'/ngeak was defined as the highest two
consecutive 15-s values achieved during the test. The test-retest reliability of GXT
variables has been previously determined during repeated testing in our laboratory and
yielded the following typical error values (expressed as a coefficient of variation [CV]
+90% confidence intervals): LT (6.8 +1.2%), Wpea (5.5 £1.2%), and VOzpeak (6.5
+1.2%).

4.3.3.5 Maximal strength (1-RM) testing

Maximal strength was determined during a series of one-repetition maximum
(1-RM) leg press and bench press attempts using a plate-loaded 45° incline leg press
(Hammer Strength Linear, Schiller Park, IL) and standard bench press, respectively.
After a standardised warm-up (5 and 3 repetitions at 50 and 70% estimated 1-RM,
respectively), single repetitions of increasing load were attempted until the maximal
load possible for one repetition was determined. Three minutes of recovery was allowed
between 1-RM attempts. For the leg press, each repetition began in full knee extension
with the heel placed at the bottom edge of the foot plate, and with a range of motion of
90° knee flexion/extension. Bench press repetitions were initiated from a position of full
elbow extension, after which the barbell was lowered to the position of the chest and
again lifted to full elbow extension. The test-retest reliability of 1-RM testing using
similar protocols as the present study has been reported previously, with typical error
values (expressed as a coefficient of variation [CV]) of 3.3% (Levinger et al., 2009) and
2.8% (McGuigan & Winchester, 2008) for 1-RM leg press and bench press,

respectively.

4.3.3.6 Counter-movement jump (CMJ) testing

Counter-movement jump (CMJ) performance was assessed using a force plate
(Fitness Technology, Skye, SA) interfaced with a linear position transducer (Ballistic
Measurement System, Fitness Technology, Skye SA). After a standardised warm-up
protocol (three submaximal unloaded CMJs), participants performed three maximal
unloaded CMJs on the force plate with one min of passive recovery between each effort.
The best of three trials were chosen for analysis. Jumps were initiated from a standing
starting position, with the hands placed on the hips throughout the jump. Participants

were instructed to self-select their jump depth and then accelerate as quickly as possible
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from the bottom position to achieve maximal concentric velocity and jump height. To
allow for direct measurement of vertical displacement and movement velocity during
each jump, the linear position transducer was attached to the centre of mass of each
participant via a weight belt. The test-retest reliability of CMJ variables was determined
between the familiarisation and preliminary testing sessions and yielded the following
typical error values (expressed as a CV £90% confidence intervals): peak CMJ force
(5.4 £1.5%), peak CMJ power (4.3 £1.5%), peak CMJ displacement (5.9 +1.5%), and
peak CMJ velocity (3.7 £1.5%).

4.3.3.7 Body composition

Body composition was assessed via dual-energy x-ray absorptiometry (DXA;
Discovery W, Hologic Inc., Bedford, MA) both pre- and post- training. DXA is a valid
and reliable measurement tool for estimating total and regional body fat and lean mass
(Nana et al., 2012). Typical error of measurement for regional lean mass measured via
DXA has been reported as 1.3-1.7% (Nana et al., 2012) with strict control of diet and
body position, while typical error for total lean and fat mass has been reported as 0.5%
and 1.3%, respectively (Nana et al., 2012). To improve measurement reliability,
participants were scanned in the fasted state and asked to refrain from exercise for 24 h
before each scan. The scanner was calibrated daily, and the same certified densitometry

technician performed and analysed both the PRE and POST scans for each participant.

4.3.4 Training intervention

Participants began the 8-week training intervention 3-5 days after completion
of preliminary testing. All training groups performed an identical RT program on non-
consecutive days (typically Monday, Wednesday, and Friday), with the HIT+RT and
MICT+RT groups completing the corresponding form of endurance exercise 10 min
prior to commencing each RT session. The order in which concurrent endurance and
resistance exercise sessions were performed, as well as the between-mode recovery
period employed, were chosen to create a likely sub-optimal scenario for the RT-
induced development of muscle mass and strength (potentially due to exacerbated
residual fatigue and/or increased skeletal muscle AMPK activity induced by prior
endurance exercise). All training programs were progressively modified to provide a

sufficient overload stimulus, and are described in detail subsequently.
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4.3.4.1 Endurance training

All cycling training sessions began with a 5-min warm-up performed at 75 W.
The HIT protocol involved multiple 2-min intervals performed on an
electromagnetically-braked cycle ergometer (Velotron RacerMate, Seattle, WA) at an
intensity ranging between 120-150% of the LT, interspersed with 1 min of passive
recovery. The MICT protocol involved continuous cycling performed on an
electromagnetically-braked cycle ergometer (Velotron RacerMate, Seattle, WA) for a
duration of between 15 and 33 min, and at a relative intensity ranging between 80-100%
of the LT. All MICT sessions were work- and duration-matched to the corresponding
HIT session (Edge et al., 2006). Progressive overload was applied by modulating the the
number of intervals and relative exercise intensity (HIT) and the duration of cycling and
relative exercise intensity (MICT) throughout the training program (Table 4.1). After re-
testing of the GXT protocol at MID, relative endurance training intensities were

adjusted as a percentage of the MID-training LT.
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Table 4.1 Progression of HIT and MICT prescription throughout the eight-week training
intervention for Study 2. HIT, high-intensity interval training; MICT, moderate-intensity
continous training; LT, lactate threshold.

HIT MICT
. No. of Training intensity I_Duration O.f . Training intensity
Week Session 2-min intervals (% LT) contlnu(?rl:isn;ramlng (% LT)
1 5 120 15 80
1 2 6 120 18 80
3 7 120 21 80
1 6 120 18 80
2 2 8 120 24 80
3 7 120 21 80
1 8 130 24 86.7
3 2 9 130 27 86.7
3 8 130 24 86.7
1 7 130 21 86.7
4 2 6 130 18 86.7
3 5 130 15 86.7
1 7 140 21 93.3
5 2 8 140 24 93.3
3 9 140 27 93.3
1 8 140 24 93.3
6 2 9 140 27 93.3
3 10 140 30 93.3
1 9 150 27 100
7 2 11 150 33 100
3 10 150 30 100
1 9 150 27 100
| 2 7 150 21 100
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4.3.4.2 Resistance training (RT)

The RT program was performed three times per week on non-consecutive days.
Sessions 1 and 3 of each training week included the leg press, bench press, seated row,
leg extension and leg curl exercises. Session 2 of each training week included the leg
press, flat dumbbell press, lat pulldown, dumbbell lunges and leg curl exercises. All
exercises were performed at an intensity of between ~65-90% 1-RM (14- to 4-RM),
with 2-3 min of recovery allowed between sets. For exercises where the 1-RM was not
determined, load prescription was based on the maximum number of repetitions
possible for a given load (i.e., the n-RM). For example, training prescription was set at
12 repetitions with a 14-RM load during the first week of training. During the first
training session, loads were therefore adjusted until no more than 14 repetitions were
possible with a given load for each exercise. During subsequent sessions, training loads
were then increased concomitantly with changes in the n-RM prescription (Table 4.2).
For each exercise, participants were instructed to perform the concentric portion of each
repetition with a near-maximal to maximal intended movement velocity. The first three
exercises of each session were preceded by a single warm-up set performed at
approximately 75% of the planned workload for each respective exercise. Progressive
overload was applied by altering the number of sets, repetitions, duration of rest

periods, and relative exercise intensities throughout the training program (Table 4.2).
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Table 4.2 Progression of resistance training prescription throughout the eight-week training intervention for Study 2. RM, repetition maximum; 1-
RM, one-repetition maximum.

Mon/Fri program Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8
Sets x repetitions 3x12 3x10 3x8 3%x6 4%x6 4%6 4x4 5x4
RM load 14 12 9 7 7 7 4 4
Rest period (min) 2 2 2 3 3 3 3 3
% 1-RM load 65 70 775 82.5 82.5 87.5 90 90
Wed program
Sets x repetitions 3x12 3x12 3x10 3x10 3x8 3x8 4%x6 3%x6
RM load 14 14 12 12 9 9 7 7
Rest period (min) 2 2 2 2 2 2 2 2

% 1-RM load 65 65 70 70 77.5 77.5 87.5 87.5
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4.3.5 Physiological and psychological responses to exercise

To quantify the physiological and psycholigical responses to HIT and MICT,
exercise heart rate (HR; Polar Electro, Kempele, Finland) and rating of perceived
exertion (RPE; Borg 6-20 scale) responses were collected at regular intervals during
HIT and MICT sessions conducted in the first session of training weeks 1, 4, 5 and 8.
For HIT sessions, HR and RPE data were collected after completion of each 2-min
interval, while for MICT these data were collected at the equivalent time points during

continuous exercise.

4.3.6 Training load quantification

Internal (i.e., perceived) training loads were quantified during the intervention
period using the session RPE (sRPE) method (Foster et al., 2001). The sSRPE method is
a valid and reliable tool for quantifying internal training load for both endurance (Foster
et al., 2001) and resistance exercise (Day et al., 2004). For the HIT+RT and MICT+RT
groups, the sRPE for cycling was obtained 10 min following each cycling session (i.e.,
immediately prior to subsequent resistance exercise), to determine training load for the
HIT and MICT protocols. For all training groups, the SRPE was also obtained within 10
min after completion of RT as a marker of total session training load. In addition to
quantifying the prescribed training load, we also monitored training load for all exercise
completed by participants outside of the study during the 8-week training intervention
period (i.e., non-prescribed training load) using a custom, web-based training diary.
Participants were asked to record the sRPE, duration, and description of the activity
within 30 min of completing each non-prescribed external training session. The non-
prescribed training load was then added to the prescribed training load to determine the
combined internal training load experienced by participants during the training

intervention.

4.3.7 Statistical analyses

The effect of training group on outcomes was evaluated via a two-way (time x
group) analysis of variance with repeated-measures (RM-ANOVA) (SPSS, Version 21,
IBM Corporation, New York, NY). Outcome variables were log-transformed before

analysis to reduce non-uniformity of error (Hopkins et al., 2009). A magnitude-based
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approach to inferences using the standardised difference (effect size, ES) was used as
previously described (Hopkins et al., 2009), with the default threshold of 0.2 defined as
the smallest worthwhile change. Magnitude-based inferences about effects were made
by qualifying the effects with probabilities that reflected the uncertainty in the
magnitude of the true effect (Batterham & Hopkins, 2005); 25-75%, possibly; 75-95%,
likely; 95-99.5%, very likely; >99.5%, most likely. Effects deemed at least 75% ‘likely’
to be substantial (according to the overlap between the effect magnitude, the uncertainty
in the magnitude of the true effect, and the smallest worthwhile change (Batterham &
Hopkins, 2005)) were included for analysis. Exact P values were also determined for
each comparison, derived from paired (for within-group comparisons) or unpaired (for
between-group comparisons) t-tests, with a Bonferroni correction applied to correct for
multiple comparisons (SPSS, Version 21, IBM Corporation, New York, NY). All data

are reported as the mean change (from PRE) £90% CL, unless otherwise specified.

4.4 Results® *

4.4.1 Training compliance

There were no between-group differences in training compliance (% of total
sessions completed; mean + SD: HIT+RT, 98 + 3%; MICT+RT, 97 + 4%; RT, 98 +
2%).

4.4.2 Physiological and psychological responses to HIT and MICT

Average HR was higher during HIT compared with MICT during the first
training session conducted in weeks 1, 4, and 5 (mean difference range +90%
confidence interval, 13 +8 to 16 +10 beats'min™'; ES range +90% confidence interval,
1.29 +0.85 to 1.45 +0.90; P < 0.024). Similarly, average RPE was also higher for HIT
compared with MICT during the first training session conducted in weeks 1, 4, 5 and 8
(2+1to 3 +2 AU; ES, 0.98 +0.86 to 1.49 +0.90; P < 0.067).

® All raw data for this Chapter is available in Appendix L.
* Extended within- and between-group comparison data for this chapter are presented in Appendices O
and P, respectively.
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4.4.3 Training load

4.4.3.1 Weekly training load (cycling only)

There were main effects of time (P < 0.001), group (P = 0.005), and a time x
group interaction (P = 0.003) for cycling-only weekly training load. Cycling-only
weekly training load (Figure 4.3A) was higher for HIT compared with MICT during
training weeks 1-7 (% weekly difference range +£90% confidence interval, 23 £15 to 49
+24%; ES range £90% confidence interval, 1.21 +0.87 to 2.07 £0.90; P <0.023).

4.4.3.2 Weekly training load (total session)

There were main effects of time (P < 0.001), group (P < 0.001), and a time x
group interaction (P < 0.001) for total session weekly training load. Total session
weekly training load (Figure 4.3B) was higher during all training weeks for both
HIT+RT (72 £30 to 244 +85%; ES, 2.77 +0.84 to 5.55 #0.89; P < 0.001) and
MICT+RT (19 £34 to 302 £61%, ES, 0.32 +0.92 to 8.20 £0.89; P < 0.002) compared
with RT. Total session weekly training load was also higher for HIT+RT compared with
MICT+RT at week 1 (31 +35%; ES, 0.70 £0.90; P < 0.001), week 2 (15 £22%; ES,
0.58 +£0.90; P < 0.001), week 3 (13 £20%; ES, 0.54 +0.89; P = 0.007), and week 7 (19
+14%; ES, 1.09 £0.89; P = 0.004).

4.4.3.3 Total study training loads

There were main effects of group for differences in total study prescribed
training load (P < 0.001) and total study combined (i.e., prescribed + non-prescribed)
training load (P = 0.001). Total study prescribed training load (Figure 4.3C) was higher
for both HIT+RT (119 +44%; ES, 3.26 £0.84; P < 0.001) and MICT+RT (108 +40%;
ES, 3.28 £0.87; P < 0.001) compared with RT. Total study non-prescribed training load
(Figure 4.3C) was higher HIT+RT compared with both RT (278 +£624%; ES, 0.94
+0.92; P =0.077) and MICT+RT (66.8 £49.9%; ES, 0.81 +0.87; P = 0.116). Total study
combined (i.e., prescribed + non-prescribed) training load (Figure 4.3C) was higher for
both HIT+RT (173 £72%; ES, 3.21 +0.84; P < 0.001) and MICT+RT (108 +70%); ES,
1.94 £0.87; P = 0.001) compared with RT. Total study combined training load was also
higher for HIT+RT compared with MICT+RT (24 £25%; ES, 0.73 £0.88; P = 0.150).
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Figure 4.3 Weekly cycling only (A) and total session (B) internal training load, and total
prescribed, non-prescribed, and combined (prescribed + non-prescribed) internal training
loads (C) during the 8-week training period for all training groups. HIT, high-intensity
interval training; MICT, moderate-intensity continous training; RT, resistance training. *
=P <0.05vs. MICT; #=P <0.05vs. RT. Data shown are means = SD.
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4.4.4 Habitual dietary intake

There was a main effect of group for differences in baseline average daily fat
intake (P = 0.035). There were no substantial between-group differences in average
daily protein intake at baseline (RT: 1.11 + 0.37 g-kg™t-day™; HIT+RT: 1.29 + 0.34
g-kgt-day™; MICT+RT: 1.14 + 0.28 g-kg*-day’; P > 0.05). Average total energy
intake was, however, higher for HIT+RT compared with RT (1079 +1369 kJ-day'; ES,
0.66 +£0.84; P = 0.208) due largely to a higher fat intake for HIT+RT compared with
both RT (23.4 £20.9 g-day™; ES, 0.77 +0.84; P = 0.907) and MICT+RT (27.8 +19.9
g-day’; ES, 1.02 +0.85; P = 0.246). Average daily carbohydrate intake was also higher
for MICT+RT compared with both HIT+RT (26.3 +37.8 g-day™; ES, 0.57 +0.89; P =
0.058) and RT (27.1 +38.9 g-day™; ES, 0.58 +0.88; P = 0.744).

4.4.5 Maximal strength

4.45.1 1-RM leg press strength

There was a main effect of time for changes in 1-RM leg press strength (P <
0.001; Figure 4.4A), which was improved from PRE to POST for RT (mean difference
+90% CL, 38.5 £8.5%; ES +90% CL, 1.26 £0.24; P < 0.001), HIT+RT (28.7 +5.3%j;
ES, 1.17 £0.19; P < 0.001) and MICT+RT (27.5 +4.6%, ES, 0.81 +£0.12; P < 0.001).
The change in 1-RM leg press strength from PRE to POST was greater for RT
compared with HIT+RT (7.4 +8.7%; ES, 0.40 +0.40) and MICT+RT (8.2 £9.9%); ES,
0.60 £0.45), with trivial differences in this response between HIT+RT and MICT+RT
(0.9 £8.1%; ES, 0.03 +0.30).

4.4.5.2 1-RM bench press strength

There was a main effect of time for changes in 1-RM bench press strength (P <
0.001; Figure 4.4B), which was improved from PRE to POST for RT (20.5 £6.2%); ES;
0.50 £0.14; P < 0.001), HIT+RT (15.9 +2.6%; ES, 0.62 +0.09; P < 0.001) and
MICT+RT (14.8 +2.3%; ES, 0.39 +0.06; P < 0.001). There were no substantial
differences in the training-induced change in 1-RM bench press between RT and either
HIT+RT (1.0 £4.7%; ES, 0.04 £0.22) or MICT+RT (4.7 £6.1%; ES, 0.15 +0.20).
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Figure 4.4 Percentage changes in 1-RM leg press (A) and bench press (B) strength, peak
counter-movement jump (CMJ) force (C) and power (D), and lower-body (E) and upper-
body (F) lean mass between PRE- and POST-training. RT, resistance training; HIT, high-
intensity interval training; MICT, moderate-intensity continuous training; 1-RM, one-
repetition maximum. Data shown are mean changes + SD and individual participant
responses. f = P < 0.05 vs. PRE-training; # = P < 0.05 vs. HIT+RT, ~ = P < 0.05 vs.
MICT+RT. Change from PRE to POST substantially greater vs. b = HIT+RT, ¢ =
MICT+RT.
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4.4.6 Counter-movement jump (CMJ) performance

There was a time x group interaction (P = 0.041) for changes in peak counter-
movement jump (CMJ) force, and main effects of time for changes in peak CMJ power
(P =0.008), peak CMJ velocity (P = 0.012) and peak CMJ displacement (P = 0.007).

4.4.6.1 Peak CMJ force

Peak CMJ force (Figure 4.4C) increased from PRE to POST for RT (7.4
+3.4%; ES, 0.46 £0.20; P = 0.008), with this change almost completely attenuated for
HIT+RT (0.1 +3.6%; ES, 0.00 £0.23; P = 0.979) and MICT+RT (-0.8 £4.9%; ES, -0.04
+0.26; P = 0.790). The PRE to POST change in peak CMJ force was also greater for RT
compared with HIT+RT (6.8 £4.5%; ES, 0.41 +0.28) and MICT+RT (9.9 £11.2%; ES,
0.54 +0.65).

4.4.6.2 Peak CMJ power

Peak CMJ power (Figure 4.4D) increased from PRE to POST for RT (12.6
+10.5%; ES, 1.09 £0.85; P = 0.035), but not for either HIT+RT (3.2 +5.6%; ES, 0.20
10.34; P = 0.266) or MICT+RT (5.0 £6.1%; ES, 0.19 +0.23; P = 0.241). The PRE to
POST change in peak CMJ power was, however, not substantially different for RT
compared with either HIT+RT (5.1 £7.3%; ES, 0.38 £0.56) or MICT+RT (3.5 £8.7%);
ES, 0.21 £0.54).

4.4.6.3 Peak CMJ velocity

Peak CMJ velocity (Table 4.3) was increased from PRE to POST for RT (9.6
+8.2%; ES, 0.29 +0.24; P = 0.099) and MICT+RT (6.0 +4.0%; ES, 0.40 +0.26; P =
0.015), but not for HIT+RT (2.6 +4.8%; ES, 0.17 +0.31; P = 0.306). There were no
substantial between-group differences in the PRE to POST change in peak CMJ
velocity.

4.4.6.4 Peak CMJ displacement

Peak CMJ displacement (Table 4.3) was not substantially different between
PRE and POST for either RT (9.5 £10.0%; ES, 0.22 £0.22; P = 0.108) or MICT+RT
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(7.0 £8.5%; ES, 0.34 £0.40 P = 0.129); however, a likely small increase was noted for
HIT+RT (7.8 £9.1%; ES, 0.50 £0.56; P = 0.134). There were no substantial between-
group differences in the PRE to POST change in peak CMJ displacement.

4.4.7 Body composition

There were main effects of time for changes in both lower-body lean mass (P <
0.001) and total lean mass (P = 0.006).

4.4.7.1 Lower-body lean mass

Lower-body lean mass (Figure 4.4E) similarly increased from PRE to POST
for RT (4.1 £2.0%; ES; 0.33 £0.16; P = 0.023) and MICT+RT (3.6 £2.4%; ES; 0.45
+0.30; P = 0.052); however, this change was attenuated for HIT+RT (1.8 £1.6%; ES;
0.13 +£0.12; P = 0.069). Only trivial between-group differences in the PRE to POST
change in lower-body lean mass were noted for RT compared with HIT+RT (2.2
+2.8%; ES, 0.18 £0.23) and for HIT+RT compared with MICT+RT (1.7 £3.1%; ES,
0.16 +0.28).

4.4.7.2 Upper-body lean mass

Changes in upper-body lean mass (Figure 4.4F) between PRE and POST were
trivial for both RT (0.4 £1.9%; ES; 0.02 +£0.19; P = 0.719) and HIT+RT (1.4 £2.0%;
ES; 0.13 +0.17; P = 0.198); however, a possibly small increase was noted for
MICT+RT (1.8 £2.9%; ES; 0.17 £0.28; P = 0.325).

4.4.7.3 Total lean mass

Total lean mass (Table 4.3) was not substantially different from PRE to POST
for RT (1.6 £1.4%; ES; 0.12 £0.10; P = 0.102), HIT+RT (1.6 £1.1%; ES; 0.14 £0.09; P
=0.038) or MICT+RT (2.4 £2.4%; ES; 0.27 £0.26; P = 0.151).
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4.4.7.4 Body fat percentage

Body fat percentage (Table 4.3) was not substantially changed from PRE to
POST for RT (-0.6 +£1.0%; ES; -0.08 £0.17; P = 0.372), HIT+RT (-0.2 £0.9%; ES; -
0.03 £0.15; P = 0.659) or MICT+RT (-0.9 £1.0%; ES; -0.25 £0.30; P = 0.115).

4.4.8 Aerobic capacity

There was a main effect of time for changes in the lactate threshold (P =
0.005), and main effects for time (P = 0.036) and a time x group interaction (P = 0.041)

for changes in peak aerobic power.

4.4.8.1 Peak oxygen consumption (VOgzpeax)

Absolute peak oxygen consumption (VOgpeax; Table 4.3) was increased from
PRE to POST for HIT+RT (5.3 £2.7%; ES, 0.25 +£0.12; P = 0.162) and was possibly
increased for MICT+RT (6.1 £5.0%; ES, 0.27 +£0.22; P = 0.103), but unchanged for RT
(-0.6 £6.4%; ES, -0.02 +£0.21; P = 0.876). There were no substantial differences in the
PRE to POST change in VOzpea between HIT+RT and MICT+RT.

4.4.8.2 Lactate threshold (LT)

Lactate threshold (LT; Table 4.3) was increased from PRE to POST for
MICT+RT (12.6 £8.0%; ES, 0.30 +£0.18; P = 0.107), but was not substantially different
for either HIT+RT (8.3 £6.5%; ES, 0.20 £0.15 P = 0.054) or RT (7.4 £9.4%; ES, 0.13
+0.16; P = 0.080). There were no substantial between-group differences in the PRE to
POST change in LT.

4.4.8.3 Peak aerobic power (Wpeak)

Peak aerobic power (Wyea; Table 4.3) was increased from PRE to POST for
HIT+RT (8.8 +4.1%; ES, 0.31 £0.14; P = 0.010) and MICT+RT (4.9 +4.8%; ES, 0.19
+0.18; P = 0.096), but unchanged for RT (-2.2 £6.5%; ES, -0.06 £0.17; P = 0.515). The
PRE to POST change in Wyea Was also greater for HIT+RT compared with RT (11.3
+8.1%; ES, 0.35 £0.24), but not MICT+RT (7.3 £7.8%; ES, 0.24 +0.25).
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Table 4.3 Physical characteristics of participants, exercise performance and body composition data at PRE-, MID- and POST-training for all Study
2 training groups. Data shown are group means + SD. RT, resistance training; HIT, high-intensity interval training; MICT, moderate-intensity
continous training. t = P < 0.05 vs. PRE-training; #=P <0.05 vs. HIT+RT,* =P <0.05 vs. MICT+RT; £ =P <0.05 vs. RT.

RT HIT+RT MICT+RT
PRE MID POST PRE MID POST PRE MID POST
Physical characteristics
Age (y)  28.6+6.4 - - 205+2.1 - - 30.8+7.1 - -
Height (cm)  182.7+7.6 - - 181.3+5.8 - - 183.3+4.2 - -
Body mass (kg) 86.6 + 14 - 85.9+14.6 82.6+10.9 - 83.3+11.7 85.5+9.8 - 85.4+8
= Maximal strength
1-RM leg press
(ka) 300.5+£59.2 350.3+52.21 411.8+53.1t#" | 2989+557 34051617t 383.0+60.2 1 291.2+68.3 335.1+68.8f 365.9+59.9f

1-RM bench press

p(kg) 69.7 + 20.8 80 £ 23.3 t#" 83.1+£220 1 78.4+154 85+16 1 90.4+153f 79.3+24.9 84+2187% 90+23.7 %

CMJ variables

Peak force

(N) 1847 + 266 1887 + 258" 1977 £ 224 t#" 1777 + 231 1779 + 242 1784 + 277 1872 £ 318 1814+ 310 t 1847 + 232
Peak power

P (W) 2835+ 272 2876 £ 199 3208 + 468 T 2699 + 379 2804 + 361 2799 * 469 2917 + 646 2949 £ 471 3065 = 501

Peak velocit

1y 1.88+0.41 1.90+£0.36 204+£034 1 1.80+0.18 1.82+£0.18 1.85+0.19 1.83+£0.18 1.85+0.13 1.94+019¢t
(m-s7)
Peak displacement

0.48+£0.13 0.49+0.12 0.52+0.12 0.43+0.06 0.45 £ 0.05 0.47 £0.07 0.48 £0.09 0.47 £0.05 0.51+£0.09

(m)
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RT HIT+RT MICT+RT
PRE MID POST PRE MID POST PRE MID POST
Body composition
Upper-body lean mass
39.7+£55 - 39.8+5.1 38.6+3.7 - 39.1+35 39.3+£36 - 399+29
(kg)
Lower-body lean mass
y (ka) 21.2+22 - 220+187¢ 21425 - 21.9+25 21.8+15 - 22511
Total lean mass (kg)  60.85+7.2 - 61.7+6.5 60.1+6.0 - 60.9+55 61.0+4.9 - 62.4+3.7
Body fat (%) 182+7.1 - 176+6.9 17.0+5.6 - 16.8 5.7 18.8+ 35 - 179+ 34
Aerobic capacity
_\1/02_'0“;?" 42.2+12.6 41.3+89 40.7+9.4 47.3+134 474102 48.4+10.0 43.4+6.9 478+9.7 454 +6.1
(mL-kg™-min™)
(\L/O?p‘ﬁ")‘ 3.46 +0.78 3.49 + 0.53 3.41+0.64 3.80+0.75 3.82+0.52 3.96 +0.41 364+038 410+085% 3.86 £0.29
-min
Lactate threshold
(W) 145 + 48 153 + 48 155 + 49 182 + 53 182 + 51 196 + 47 159 + 55 165 + 40 174 + 40
Peak aerobic power
245 = 56 243 + 60 239 = 56 279 £ 55 288 £ 57 301 +46 t% 267 +43 269 + 47 279 + 38

W)
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4.5 Discussion

This is the first investigation to compare the effects of HIT and work-matched
MICT on adaptations to maximal strength, CMJ performance, and lean mass when
performed concurrently with RT. The main findings of this study were that, compared
with RT performed alone, concurrent training incorporating either HIT or work-
matched MICT cycling similarly attenuated maximal lower-body strength development
and improvements in peak CMJ force and power, while increases in lower-body lean
mass were attenuated with concurrent training incorporating HIT, but not MICT.

Since the classic work of Hickson (1980), many studies have reported
attenuated increases in maximal strength (Bell et al., 2000; Chtara et al., 2008; Craig et
al., 1991; Gergley, 2009; Hickson, 1980; Kraemer et al., 1995), hypertrophy (Bell et al.,
2000; Kraemer et al., 1995) and indices of power development (Chtara et al., 2008;
Hakkinen et al., 2003; Kraemer et al., 1995) with concurrent training compared with RT
performed alone. However, variations in the prescription of specific training variables,
including training volume, intensity and modality, as well as participant training status,
may influence the degree of interference observed (Fyfe et al., 2014). Elucidating the
role of these training variables in mediating the interference effect may therefore inform
exercise prescription strategies for minimising interference during periods of concurrent
training. Given the efficacy of HIT compared with MICT for improving aerobic
capacity (Milanovic et al., 2015) and metabolic health (Tjonna et al., 2008; Wisloff et
al., 2007), it was sought to determine whether, on a work-matched basis, endurance
training intensity modulates any interference effect to RT adaptations during concurrent
training.

Previous studies have observed attenuated maximal strength development
following concurrent training incorporating HIT (Chtara et al., 2008; Kraemer et al.,
1995), MICT (Craig et al., 1991; Gergley, 2009), or combinations of both (Bell et al.,
2000; Hickson, 1980). However, it is unclear whether endurance training intensity
might be important for mediating any interference effect to maximal strength
development. The major finding of this study was that compared with performing RT
alone, both HIT and MICT attenuated maximal lower-body strength to a similar extent,
but had no influence on upper-body strength development when performed concurrently
with RT. This was contrary to our hypothesis, as it was expected interference to RT
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adaptations to be exacerbated in the HIT+RT group. Given that the HIT and MICT
protocols employed in the present study were both duration- and work-matched, this
observation lends support to the notion that endurance training volume (i.e., total work
performed) might be a more critical mediator of interference to maximal strength gain
during concurrent training than endurance training intensity (Jones et al., 2013; Wilson
et al., 2012). Work by Jones and colleagues (2013) showed that altering the ratio of
concurrent training, so that resistance- and endurance-like isokinetic contractions were
performed at either a 1:1 or 3:1 weekly frequency ratio, led to compromised strength
gain only when resistance and endurance exercise were both performed every session
(i.e., with a 1:1 ratio). Moreover, performing maximal-intensity, low-volume, sprint
interval cycling (i.e., a modified 20-s Wingate protocol) concurrently with RT does not
interfere with maximal strength or lean mass improvements after 12 weeks of training
(Cantrell et al., 2014). These observations, together with our present data, suggest that
endurance training intensity may not be a critical mediator of interference to maximal
strength gain with concurrent training, at least when total work is matched.

The observation of limited interference to maximal upper-body strength gain is
in agreement with most (Craig et al., 1991; Hunter et al., 1987; Kraemer et al., 1995),
but not all (Hennessy & Watson, 1994), concurrent training studies employing lower-
body endurance training modalities, suggesting the mechanisms underlying this
interference effect are local rather than systemic (Wilson et al., 2012). One mechanism
by which concurrent endurance training may mediate any local interference effect is by
compromising the quality of subsequent RT sessions (i.e., residual fatigue from prior
endurance exercise) (Fyfe et al., 2014). Endurance exercise induces residual fatigue of
the exercised musculature, which persists for at least 6 h post-exercise (Bentley et al.,
2000), and is exacerbated after high-intensity interval vs. lower-intensity continuous
endurance exercise (de Souza et al., 2007). However, whether the endurance training
protocols employed in the present study elicited divergent effects on residual fatigue is
unclear, although no negative effects of prior endurance exercise on planned RT
intensities or volumes were observed for both the HIT+RT and MICT+RT groups.
Another mechanism by which maximal strength may be compromised during
concurrent training is via a concomitant attenuation in skeletal muscle hypertrophy,
which may contribute to a reduction in force generating capacity. The observation of a
similar attenuation to maximal lower-body strength gain in both concurrent training

groups, together with the attenuated lean mass gain of the lower body for the HIT+RT
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group, suggests the interference to maximal strength gains may have been mediated by
non-hypertrophic mechanisms. However, no measures of training-induced changes in
markers of muscle activation or neuromuscular fatigue were obtained, these
mechanisms remain speculative.

Another aspect of adaptation to RT that may be attenuated during concurrent
training is the ability to generate force rapidly (Chtara et al., 2008; Hakkinen et al.,
2003; Kraemer et al., 1995), which is critical for power development. Adaptations to
power development may be more susceptible to an interference effect during concurrent
training compared with interference to maximal strength or hypertrophy (Hakkinen et
al., 2003; Wilson et al., 2012). For example, 21 weeks of concurrent training attenuated
improvements in isometric rate of force development compared with RT performed
alone, with no detectable interference to 1-RM strength or maximal isometric force
gains (Hakkinen et al., 2003). Moreover, a meta-analysis (Wilson et al., 2012) identified
greater discrepancies between concurrent training and single-mode RT in effect sizes
for lower-body power development (0.55 vs. 0.91, respectively) compared with
differences in effect sizes for muscle hypertrophy (1.23 vs. 0.85, respectively) or
maximal strength (1.76 vs. 1.44, respectively) development. A CMJ protocol was
employed as a measure of explosive lower-body jumping performance. Jumping ability
is considered an important element of successful athletic performance (Markovic,
2007), and indices of CMJ performance, including peak CMJ force and velocity, but not
peak displacement, correlate with 20-m and 30-m sprint times in youth soccer players
(Chamari et al., 2004). Compromised improvement in either of these variables may
therefore coincide with reduced performance during sport-specific activities such as
acceleration and changing of direction.

In agreement with the interference to maximal lower-body strength
development, concurrent training incorporating either HIT or MICT similarly attenuated
improvements in peak CMJ force and power compared with RT performed alone. This
same interference effect was, however, not observed with other CMJ variables,
including peak velocity and displacement. These data suggest interference to peak CMJ
power with concurrent training was predominantly related to a reduction in peak CMJ
force, but not peak velocity, and that these reductions did not translate into
compromised peak CMJ displacement. Previous work by Chtara et al. (Chtara et al.,
2008) found that performing HIT running concurrently with circuit-style RT attenuated

improvements in several CMJ performance variables, including peak CMJ force, peak
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CMJ power, and jumping height. However, others have found no interference to vertical
jump height improvements with concurrent training incorporating high-intensity
running, compared with RT alone (Balabinis et al., 2003). Our data lend support to the
notion that concurrent training interferes with RT-induced improvements in peak CMJ
force and power, which appears to be primarily related to attenuated improvement in
peak CMJ force rather than velocity. Moreover, the attenuation of peak CMJ force and
power with concurrent training may be unrelated to the intensity of endurance training
employed, at least when compared on a work-matched basis.

Despite our observations of interference to maximal strength gain and
improvements in peak CMJ force and power, there was little evidence this could be
attributed to between-group differences in muscle mass gain. Previous studies have
reported attenuated markers of muscle hypertrophy following concurrent training
incorporating combinations of moderate- and high-intensity endurance training (Bell et
al., 2000; Kraemer et al., 1995), compared with RT performed alone. However, others
have observed no evidence of interference to muscle hypertrophy following lower-
intensity, continuous endurance training (Lundberg et al., 2013; McCarthy et al., 2002).
Whether the intensity of endurance training employed played a role in any interference
to muscle hypertrophy development is therefore unclear. While similar increases in
lower-body lean mass were noted for the MICT+RT group compared with RT
performed alone, this improvement was attenuated for the HIT+RT group. Despite these
differences, only trivial effects (ES, 0.18 and 0.16 for HIT+RT and MICT+RT
compared with RT, respectively) were observed for between-group differences in the
training-induced change in lower-body lean mass. Our data suggests that, on a work-
matched basis, performing higher-intensity endurance training concurrently with RT
may compromise lean mass gain, which is specific to the musculature involved in both
exercise modalities. Regardless, any small effect of concurrent training on lean mass
responses were not reflected in the training-induced changes in both maximal strength
and CMJ variables, suggesting that interference to these measures may be mediated by
non-hypertrophic (and potentially neural) mechanisms.

It is possible the degree of RT-induced hypertrophy in the present study may
have affected the likelihood of detecting clear between-group effects for interference to
muscle hypertrophy with concurrent training. Whole-body lean mass gains observed in
the present study (700-1400 g) is, however, similar to that reported in other studies

utilizing DXA as a measure of lean mass gain (300-2300 g) following 6 (Candow et al.,
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2006) or 12 (Rakobowchuk et al., 2005) weeks of RT in the absence of targeted protein
supplementation. Nevertheless, between-study differences in RT prescription may
impact upon the degree of training-induced lean mass gain. The RT program in the
present study was designed primarily to elicit improvements in maximal strength, with a
linear progression from high-volume, moderate-intensity RT, to low-volume, high-
intensity RT. While this increase in relative exercise intensity was likely favourable for
maximizing strength gain, the reduced volumes associated with higher training
intensities may be suboptimal for maximizing skeletal muscle hypertrophy (Burd et al.,
2010). In addition to training prescription, dietary protein supplementation may also
further increase lean mass gain consequent to RT (Phillips & Van Loon, 2011). As the
participants in this study were not provided with protein supplementation in the present
study, this may have also limited the degree of training-induced muscle hypertrophy,
and should be a consideration for future studies. Indeed, the self-reported protein intakes
of the participants in the present study (1.11-1.29 g-kg™*-day™) may have been lower
than optimal for promoting hypertrophy (1.3-1.8 g-kg™*-day™) (Phillips & Van Loon,
2011). Nevertheless, given average daily protein intake was similar between training
groups at baseline, and participants were asked to maintain habitual dietary practices
during the intervention period, it is anticipated that between-group differences in
training outcomes were not mediated by differences in amino acid availability.

In addition to quantifying internal training load for training sessions performed
as part of the training intervention (i.e., prescribed training load), a custom, web-based
training diary was used to also quantify internal training load for all training sessions
participants completed outside of the study during the intervention period (i.e., non-
prescribed training load). This was employed primarily as a surrogate measure for
external training volume for all training groups, which may have influenced adaptation
consequent to our training intervention. As expected, total training load responses were
substantially higher for both concurrent training groups compared with the RT group.
Using this approach, it was also found that the non-prescribed internal training load was
higher for the HIT+RT group compared with both the MICT+RT and RT groups, which
contributed to a higher total study combined training load for HIT+RT compared with
MICT+RT. This suggests total training volume may actually have been higher for the
HIT+RT group, despite our HIT intervention being work-matched with MICT. Given
the discrepancy in total training load between the HIT+RT and MICT+RT groups, it is

difficult to deduce whether differences in outcomes such as lean mass changes are
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mediated by endurance training intensity or total training volume per se. Moreover, as
lower-body 1-RM strength was similarly attenuated for the HIT+RT and MICT+RT
groups compared with the RT group, this potentially suggests a superiority of HIT
compared with MICT for promoting maximal strength gain during concurrent training,
when compared on an internal training load-matched basis.

There is accumulating evidence for the greater efficacy of HIT for improving
VOzpeak compared with MICT (Milanovic et al., 2015). However, it has also been shown
that improvements in VOzpeak and the lactate threshold are similar after work-matched
HIT and MICT (Edge et al., 2006). Our results suggest that, on a work-matched basis
and when performed concurrently with RT, HIT and MICT similarly increase VOzpeak,
the LT and Wpeax, although HIT was more effective in improving the Wy compared
with MICT. Improvements in these parameters were similar despite internal training
load being substantially higher for HIT compared with MICT. These observations
question the potency of HIT compared with traditional MICT for improving markers of
aerobic capacity during concurrent training, although direct measures of endurance
performance (e.g., distance- or work-based cycling time trial) were not evaluated. The
present data also suggest that these divergent exercise intensities do not differentially
modulate interference to maximal strength gain, at least on a work-matched basis, and
after eight weeks of training in recreationally-active males. It remains to be determined
whether more prolonged periods of concurrent training, incorporating either HIT or
MICT as the predominant endurance training modality, are associated with divergent
effects on interference to RT adaptations.

The potential for individual responses to concurrent training, and subsequently
interference to RT adaptations, should also be considered in the context of the present
data. It is clear from the variability in training-induced changes in performance
measures (Figure 4.4) that there indeed appears to be responders and non-responders to
the training intervention, supporting previous observations following both endurance
(Bouchard & Rankinen, 2001) and RT (Hubal et al., 2005). It is recognised, however,
that appropriate quantification of individual responses to controlled trials requires a
large sample size or averaging of repeated measurements to compensate for a large error
of measurement (Hopkins, 2015), both of which are unfortunately lacking in the present
investigation. Future studies should, where possible, incorporate study designs with

increased sample sizes and repeated measurements of performance and morphological
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measures, which will subsequently improve the ability of the future studies to make

clear inferences about individual responses to training.

4.6 Conclusions

This is the first report of the effects of incorporating either HIT or work-
matched MICT into a concurrent training program on adaptations of maximal strength,
CMJ performance, aerobic capacity and body composition compared with performing
RT alone. In summary, it was demonstrated that HIT and MICT similarly attenuated the
RT-induced increase in maximal lower-, but not upper-body, strength, as well as
increases in peak CMJ force and power. These observations suggest that endurance
training volume may be a more critical mediator of interference to maximal strength
gain rather than training intensity. Training-induced increases in lower-body lean mass
were attenuated for the HIT+RT group relative to MICT+RT and RT, although the
magnitude of between-group differences in lean mass gain were trivial. Total training
load was higher for the HIT+RT group compared with the MICT+RT group, due
primarily to a higher non-prescribed training load, which may have contributed to the
attenuation of the lower-body lean mass gain for the HIT+RT group. Future work
should further explore the role of endurance training volume in the interference effect,
and whether low-volume HIT may confer benefits by minimising interference when

compared with higher volume HIT or MICT during periods of concurrent training.
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Chapter 5 Skeletal muscle mTORCL signalling and ribosome biogenesis with concurrent training

5.1 Linking statement

Chapter 4 (Study 2) investigated whether RT adaptations are altered with
concurrent training, incorporating either HIT or work-matched MICT, compared with
RT performed alone. These data extend current knowledge by suggesting interference to
maximal strength gain is not differentially modulated with concurrent training
incorporating either HIT or MICT, at least on a work-matched basis, and lean mass gain
appears compromised with concurrent training incorporating HIT, but not MICT. It is
unclear, however, whether these responses are associated with any interference to the
molecular pathways regulating skeletal muscle growth. Chapter 3 (Study 1) of this
thesis demonstrated mTORCL1 signalling was not compromised with a single bout of
concurrent exercise compared with RE performed alone, and HIT alone was a potent
stimulus for inducing mTORCL1 signalling compared with both MICT and RT.
However, considering the limitations of measuring early post-exercise molecular
responses in skeletal muscle of relatively training-unaccustomed individuals, further
work is required to determine the effects of training on these responses in a basal state,
and whether these responses are differentially regulated in skeletal muscle of training-
accustomed individuals. Emerging evidence of the role of ribosome biogenesis in
promoting muscle growth has provided a novel area for investigation in the context of
concurrent training. Observations that markers of ribosome biogenesis are increased in
human skeletal muscle following RT, and reduced in models of attenuated muscle mass
such as in ageing and with chronic inflammation, suggest ribosome biogenesis is tightly
coupled to changes in skeletal muscle mass. The aim of the following chapter was to
examine, for the first time, the modulation of ribosome biogenesis adaptation and
mTORC1 signalling in human skeletal muscle both at rest after eight weeks of
concurrent training vs. single-mode RT, and following group-specific single exercise

bouts performed in a training-accustomed state.
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5.2 Introduction

Simultaneously incorporating both resistance (RT) and endurance training into
a periodised training program, termed concurrent training (Leveritt et al., 1999), can
attenuate RT adaptations such as muscle hypertrophy compared with RT performed
alone (Bell et al., 2000; Hickson, 1980; Kraemer et al., 1995). This is potentially
mediated by an altered balance between post-exercise skeletal muscle protein synthesis
(MPS) and breakdown, subsequently attenuating lean mass accretion. The mechanistic
target of rapamycin complex 1 (mTORC1) is a key mediator of load-induced increases
in MPS and subsequently muscle hypertrophy (Bodine et al., 2001b; Drummond et al.,
2009). The activity of mTORCL1 is antagonised by activation of the 5’ adenosine
monophosphate-activated protein kinase (AMPK) acting to restore perturbations in
cellular energy balance by inhibiting anabolic cellular processes and stimulating
catabolism (Kimball, 2006). In rodent skeletal muscle, low-frequency electrical
stimulation mimicking endurance exercise-like contractions promotes AMPK activation
and inhibition of mMTORC1 signalling (Atherton et al., 2005). Subsequent work in
humans (Apro et al., 2015; Apro et al., 2013; Carrithers et al., 2007; Coffey et al.,
2009a; Coffey et al., 2009b; Donges et al., 2012; Fernandez-Gonzalo et al., 2013;
Lundberg et al., 2012; Lundberg et al., 2014b; Pugh et al., 2015) has focused on the
hypothesis that attenuated muscle hypertrophy with concurrent training (Bell et al.,
2000; Kraemer et al., 1995; Wilson et al., 2012) may be explained by AMPK-mediated
inhibition of the mTORCL1 pathway. Several studies have, however, demonstrated that
single bouts of concurrent exercise do not compromise either mTORCL1 signalling or
rates of MPS (Apro et al., 2015; Apro et al., 2013; Carrithers et al., 2007; Donges et al.,
2012; Pugh et al., 2015), and may even potentiate these responses (Lundberg et al.,
2012) compared with resistance exercise (RE) performed alone. Transient changes in
translational efficiency after single bouts of concurrent exercise, as indexed by
mTORC1 signalling or rates of MPS in skeletal muscle, therefore do not appear to
explain interference to muscle hypertrophy following longer-term concurrent training.

Rates of cellular protein synthesis are determined not only by transient changes
in translational efficiency (i.e., rates of protein synthesis per ribosome), but also by
translational capacity (i.e., amount of translational machinery per unit of tissue,
including ribosomal content) (Chaillou et al., 2014). Ribosomes are supramolecular

ribonucleoprotein complexes functioning at the heart of the translational machinery to
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convert mMRNA transcripts into protein (Chaillou et al., 2014), and ribosomal content
dictates the upper limit of cellular protein synthesis (ladevaia et al., 2014). Early rises in
protein synthesis in response to anabolic stimuli (e.g., a single bout of RE) are generally
thought to be mediated by transient activation of existing translational machinery,
whereas chronic anabolic stimuli (e.g., weeks to months of RE training) induce an
increases in total translational capacity via ribosome biogenesis (Chaillou et al., 2014).

Ribosome biogenesis is a complex, well-orchestrated process involving
transcription of the polycistrionic 45S rRNA (ribosomal RNA) precursor (45S pre-
rRNA), processing of the 45S pre-rRNA into several smaller rRNAs (18S, 5.8S and 28S
rRNAS), assembly of these rRNAs and other ribosomal proteins into ribosomal subunits
(40S and 60S), and nuclear export of these ribosomal subunits into the cytoplasm
(Chaillou et al., 2014; Thomson et al., 2013). The synthesis of the key components of
the ribosomal subunits is achieved via the coordinated actions of three RNA
polymerases (RNA Pol-1, -1I, and -lll). The RNA Pol-lI is responsible for the
transcription of the 45S pre-rRNA in the nucleolus, which is considered the rate-
limiting step in ribosome biogenesis (Moss & Stefanovsky, 1995). The 45S pre-rRNA is
subsequently cleaved into the 18S, 5.8S and 28S rRNAs, which undergo post-
transcriptional modifications via interactions with small nuclear ribonucleoproteins and
several protein processing factors. The RNA Pol-11 is responsible for the transcription of
ribosomal protein-encoding genes, whereas RNA Pol-I1l mediates the nucleoplasmic
transcription of 5S rRNA and tRNAs (transfer RNAs) (Thomson et al., 2013).

As well as controlling translational efficiency, the mTORCL1 is a key mediator
of ribosome biogenesis by regulating transcription factors for genes encoding RNA Pol-
I and -1l (ladevaia et al., 2014). The transcription of rDNA by RNA Pol-I requires the
transcription factor SL-1 (selectivity factor-1), a component of which is TIF-1A
(transcription initiation factor 1A; also known as RRN5), as well as other regulatory
factors including POLR1B (polymerase [RNA] 1 polypeptide B). Inhibition of
mTORC1 by rapamycin inactivates TIF-1A, which impairs the transcription of the 45S
pre-rRNA by RNA Pol-1 (Mayer et al., 2004). Inhibition of mTORCL1 also inactivates
UBF (upstream binding factor) (Hannan et al., 2003), a transcription factor also
associated with SL-1, while the key mTORC1 substrate p70S6K1 promotes UBF
activation and RNA Pol-I-mediated rDNA transcription (Hannan et al., 2003). As well
as regulation by mTORC1 signalling, the cyclins (including cyclin-D1) and cyclin-
dependent kinases (CDKs) can also regulate UBF via phosphorylation on Ser388 and
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Ser484, which are required for UBF activity (Voit & Grummt, 2001; Voit et al., 1999).
In addition to regulation of RNA Pol-1, mTORCL1 also associates with a number of
RNA Pol-111 genes that synthesise 5.8S rRNA and tRNA (Kantidakis et al., 2010).

Studies in both human (Figueiredo et al., 2015; Nader et al., 2014; Stec et al.,
2015) and rodent (Adams et al., 2002; Chaillou et al., 2012; Chaillou et al., 2013;
Goodman et al., 2011a; Miyazaki et al., 2011; von Walden et al., 2012) skeletal muscle
suggest ribosome biogenesis, as indexed by increases in total RNA content (>85% of
which comprises rRNA) (Chaillou et al., 2014), and increased mRNA expression of
several RNA Pol-I regulatory factors, including UBF, cyclin D1 and TIF-1A, occurs
concomitantly with muscle hypertrophy. In addition, attenuated rodent skeletal muscle
hypertrophy with ageing (Kirby et al., 2015; Stec et al., 2015) and rapamycin treatment
(Goodman et al., 2011a) is associated with reduced markers of ribosome biogenesis,
suggesting translational capacity is closely linked to the modulation of skeletal muscle
mass. Despite the links between skeletal muscle hypertrophy and ribosome biogenesis
(Chaillou et al., 2014; Figueiredo et al., 2015; Nader et al., 2014), studies investigating
molecular interference following concurrent exercise in human skeletal muscle have
only measured transient (<6 h) post-exercise changes in translational efficiency and
MPS (Apro et al., 2015; Apro et al., 2013; Carrithers et al., 2007; Coffey et al., 2009a;
Coffey et al., 2009b; Donges et al., 2012; Fernandez-Gonzalo et al., 2013; Lundberg et
al., 2012; Lundberg et al., 2014b; Pugh et al., 2015). No studies have investigated
changes in ribosome biogenesis either after single bouts of concurrent exercise or
following periods of concurrent training. Whether attenuated muscle hypertrophy
following concurrent training could be explained, at least in part, by attenuated
ribosome biogenesis is unknown.

The aim of this study to investigate changes in markers of ribosome biogenesis
and mTORCL1 signalling after eight weeks of concurrent training compared with RT
undertaken alone. A secondary aim was to determine the potential role of endurance
training intensity in modulating skeletal muscle ribosome biogenesis adaptation to
concurrent training, by directly comparing the incorporation of either high-intensity
interval training (HIT) or work-matched moderate-intensity continuous training
(MICT). The induction of these responses in skeletal muscle was also investigated
following a single exercise bout performed post-training. It was hypothesised that
compared with RT alone, concurrent training would attenuate the expression of markers

of ribosome biogenesis, but not mTORCL1 signalling, both at rest post-training and
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following a single exercise bout performed in a training-accustomed state. Based on
observations gleaned from Chapter 4, it was further hypothesised that concurrent
training incorporating HIT would preferentially attenuate training-induced skeletal
muscle hypertrophy relative to RT alone, and this would be associated with a likewise

attenuation in markers of skeletal muscle ribosome biogenesis.

5.3 Methodology

5.3.1 Participants

Details of the participants for this study are identical to those presented in
Chapter 4 (section 4.3.1). After being fully informed of study procedures (Appendix B)
and screening for possible exclusion criteria (Appendices C and F), participants
provided written informed consent (Appendix E). All procedures were approved by the
Victoria University Human Research Ethics Committee.

5.3.2 Study overview

The procedures performed in this study are described in detail in Chapter 4;
however, these are briefly summarised as follows. The study employed a repeated-
measures, parallel-group design (Figure 5.1A). After preliminary testing for maximal
(one-repetition maximum [1-RM]) strength, aerobic capacity (VO ek, the lactate
threshold [LT] and peak aerobic power [Wyea]), and body composition (dual-energy x-
ray absorptiometry [DXA]), participants were ranked by baseline 1-RM leg press
strength and randomly allocated to one of three training groups. Training groups
consisted of 1) high-intensity interval training (HIT) cycling combined with RT
(HIT+RT group, n = 8), 2) moderate-intensity continuous training (MICT) cycling
combined with RT (MICT+RT group, n = 7) and 3) RT performed alone (RT group, n =
8). After preliminary testing, participants completed 8 weeks of group-specific training
performed three times per week. Two or three days after completing the post-training 1-
RM strength testing, participants underwent a group-specific single-bout exercise trial

(Figure 5.1B) to measure early post-exercise molecular responses in skeletal muscle
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related to both translational efficiency and translational capacity in a training-

accustomed state.
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Figure 5.1 Study overview (A) and single-bout exercise trial timelines (B) employed for
Study 2. Participants completed 8 weeks of either resistance training (RT) alone, or RT
combined with either high-intensity interval training (HIT+RT) or moderate-intensity
continuous training (MICT+RT). For the post-training single-bout exercise trials (B),
participants completed either the RE protocol either alone (i) or after a 15-min recovery
from a single bout of either HIT (ii) or work-matched MICT (iii) cycling. Muscle biopsies
were obtained from the vastus lateralis at rest before training and immediately before
exercise in the single-bout exercise trial, and 1 h and 3 h after completion of RE.
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5.3.2.1 Training intervention

The training intervention performed for this study is described in detail in
Chapter 4 (see section 4.3.4). Briefly, participants began the 8-week training
intervention 3-5 days after completion of preliminary testing (see section 4.3.3). All
training groups performed an identical RT program on non-consecutive days (typically
Monday, Wednesday, and Friday), with the HIT+RT and MICT+RT groups completing
the corresponding form of endurance exercise 10 min prior to commencing each RT
session. See Table 4.1 and Table 4.2 for details of the progression of both endurance

and reisstance training throughout the 8-week intervention.

5.3.2.2 Post-training single-bout exercise trial

Two or three days after completion of the training intervention and post-
testing, participants perfomed a single-bout exercise trial (Figure 5.1B) to measure early
post-exercise skeletal muscle responses in a training-accustomed state. Participants
reported to the laboratory after an overnight (~8-10 h) fast. After resting quietly for ~15
min upon arrival at the laboratory, a venous cathether was inserted into an anticubital
forearm vein and a resting blood sample was obtained. A resting muscle biopsy was
then taken from the vastus lateralis muscle (described subsequently). Participants in the
RT group then completed a standardised RT protocol (8 x 5 leg press repetitions at 80%
of the post-training 1RM, 3 min recovery between sets) alone, with participants in the
HIT+RT and MICT+RT groups preceding the standardised RT bout 15 min prior with
either HIT (10 x 2-min intervals at 140% of the post-training LT, 1 min passive
recovery between intervals) or work- and duration-matched MICT cycling (30 min at
93.3% post-training LT), respectively. Each cycling bout was performed after a
standardised warm-up ride at 75 W for 5 min. After completion of RT, participants
rested quietly in the laboratory and additional biopsies were obtained after 1 (+1 h) and
3 h (+3 h) of recovery. Biopsies were obtained from separate incision sites in a
proximal-to-distal fashion on the same leg as the pre-training biopsy. Venous blood
samples were also obtained at regular intervals during cycling and following recovery
from both cycling and RT (Figure 5.1B).
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5.3.2.3 Muscle sampling

Immediately prior to the first training session (i.e., at least 3 days after
completion of preliminary testing), a resting muscle biopsy was obtained from the
vastus lateralis using the percutaneous needle biopsy technique (Bergstrom, 1962)
modified with suction (Evans et al., 1982). Three additional biopsies were obtained
during the single-bout exercise trial performed post-training. After administration of
local anaesthesia (1% Xylocaine), a small incision (~8 mm in length) was made through
the skin, subcutaneous tissue and fascia overlying the vastus lateralis muscle for each
subsequent biopsy. A 6 mm Bergstrom needle was then inserted into the muscle and a
small portion of muscle tissue (~50-400 mg) removed. All biopsies were obtained from
the same leg for each participant, and in a proximal-to-distal fashion. Muscle samples
were blotted on filter paper to remove excess blood, immediately frozen in liquid
nitrogen, and stored at —80°C until subsequent analysis. A small portion of each biopsy
sample (~20 mg) was embedded in Tissue-Tek (Sakura, Finetek, NL), frozen in liquid
nitrogen-cooled isopentane, and stored at —80°C for subsequent immunofluorescence
analysis.

5.3.3 Western blotting

Approximately 5 mg of frozen muscle tissue was homogenised in lysis buffer
(0.125M Tris-HCI, 4% SDS, 10% Glycerol, 10mM EGTA, 0.1M DTT, 1%
protease/phosphatase inhibitor cocktail), left for 1 h at room temperature, and then
stored overnight at -80°C. The following morning, samples were thawed and the protein
concentration determined (Red 660 Protein Assay Kit, G-Biosciences, St. Louis, MO).
Bromophenol blue (0.1%) was then added to each sample, which were then stored at -
80°C until subsequent analysis. Proteins (8 ug) were separated by SDS-PAGE using 6-
12% acrylamide pre-cast gels (TGX Stain Free, Bio-Rad laboratories, Hercules, CA) in
1x running buffer (25 mM Tris, 192 mM Glycine, 0.1% SDS), and transferred to
polyvinylidine fluoride (PVDF) membranes (Bio-Rad laboratories, Hercules, CA) using
a semi-dry transfer system (Trans Blot Turbo, Bio-Rad laboratories, Hercules, CA) for 7
min at 25 V. After transfer, membranes were blocked with 5% skim milk in 1xTBST
(200 mM Tris, 1.5 M NaCl, 0.05% Tween 20) for 1 h at room temperature, washed with
1xTBST (5x5 min), and incubated with primary antibody solution (5% BSA [bovine
serum albumin], 0.05% Na Azide in 1xTBST) overnight at 4°C. Primary antibodies for
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phosphorylated (p-) p-mTORS®?*8 (1:1000; #5536), mTOR (1:1000), p-p70S6K1 ™8
(1:1000; #9234), p70S6K1 (1:1000), p-4E-BP1™% (1:1000; #2855), 4E-BP1 (1:1000;
#9452), p-AMPK ™72 (1:1000; #2535), AMPK (1:1000; #2532), p-rps6°¢22%/2%¢ (1:750;
#4856), rps6 (1:1000; #2217), p-GSK-3a/p>*"° (1:1000; #9331), GSK-3f (1:1000;
#9315), p-eEF2™® (1:1000; #2331), p-ACC"® (1:1000; #3661) and ACC (1:1000;
#3662) were from Cell Signalling Technology (Danvers, MA), p-UBF>"% (1:000; sc-
21637-R), UBF (1:000; sc-9131) and cyclin D1 (1:1000; sc-450) were from Santa Cruz
Biotechnology (Dallas, TX), and p-RRN3 (TIF-1A)>*"* (1:000; ab138651) and TIF-1A
(1:000; ab70560) were from Abcam (Cambridge, UK). The following morning,
membranes were washed again with 1xTBST and incubated with a secondary antibody
(Perkin Elmer, Waltham, MA, #NEF812001EA,; 1:50000 or 1:100000 in 5% skim milk
and 1xTBST) for 1 h at room temperature. After washing again with 1xTBST, proteins
were detected with chemiluminescence (SuperSignal™ West Femto Maximum
Sensitivity Substrate, Thermo Fisher Scientific, Waltham, MA) and quantified via
densitometry (Image Lab 5.0, Bio-Rad laboratories, Hercules, CA). All sample
timepoints for each participant were run on the same gel and normalised to both an
internal pooled sample present on each gel and the total protein content of each lane
using a stain-free imaging system (Chemi Doc™ MP, Bio-Rad laboratories, Hercules,
CA). Phosphorylated proteins were then expressed relative to the total amount of each

respective protein.

5.3.4 Real-time quantitative PCR (qPCR)

5.3.4.1 RNA extraction

Total RNA (1145 £ 740 ng; mean + SD) was extracted from approximately 25
mg of muscle tissue using TRI Reagent® (Sigma Aldrich, St. Louis, MO) according to
the manufacturer’s protocol. Muscle samples were firstly homogenised in 500 pL of
TRI Reagent® using a Tissue Lyser Il and 5 mm stainless steel beads (Qiagen, Venlo,
Limburg, Netherlands) for 120 s at 30 Hz. After resting for 5 min on ice, 50 pL of 1-
bromo-3-chloropropane (BCP) was added to the tube, inverted for 30 s to mix, and then
rested for 10 min at room temperature. The homogenate was then centrifuged for 15
min at 13,000 rpm and the upper transparent phase transferred to another tube.
Isopropanol (400 ulL) was added to the tube, inverted briefly to mix, and stored

overnight at -20°C to precipitate the RNA. After overnight incubation, the solution was
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centrifuged for 60 min at 13,000 rpm to pellet the RNA. The RNA pellet was washed
twice by centrifugation in 75% ethanol/nuclease-free water (NFW) for 15 min at 13,000
rpm, allowed to air-dry, and then dissolved in 15 puL of NFW (Ambion Inc., Austin,
TX). The quantity and quality of RNA was subsequently determined using a
spectrophotometer (BioPhotometer, Eppendorf, Hamburg, Germany). The purity of
RNA was assessed using the ratio between the absorbance at 260 nm and absorbance at
280 nm (mean + SD; 2.37 + 0.43), and the ratio between the absorbance at 260 nm and
absorbance at 230 nm (1.71 + 0.42). The total muscle RNA concentration was

calculated based on the total RNA vyield relative to the wet weight of the muscle sample.

5.3.4.2 Reverse transcription

For mRNA analysis, first-strand cDNA was generated from 1 pug RNA in 20
uL reaction buffer using the iScript® cDNA synthesis kit (Bio-Rad laboratories,
Hercules, CA) according to manufacturer’s protocol, with each reaction comprising 4
pL 5% iScript reaction mix, 1 uL iScript Reverse Transcriptase, 5 pL NFW and 10 pL of
RNA sample (100 ng/uL). Reverse transcription was then performed with the following
conditions: 5 min at 25°C to anneal primers, 30 min at 42°C for the extension phase,
and 5 min at 85°C. Following reverse transcription, samples were DNase-treated (Life

Technologies, Carlsbad, CA) and cDNA was stored at -20°C until further analysis.

5.3.4.3 Real-time quantitative PCR (qPCR)

Real-time PCR was performed using a Realplex’ PCR system (Eppendorf,
Hamburg, Germany) to measure mRNA levels of MuRF-1 (muscle RING-finger 1),
Atrogin-1 (muscle atrophy f-box), FoxO1 (forkhead box-O1), PGC-1a (peroxisome
proliferator-activated gamma receptor co-activator-1 alpha), UBF, TIF-1A, cyclin D1,
POLR1B, and commonly used reference genes GAPDH (glyceraldehyde 3-phosphate
dehydrogenase), cyclophilin (also known as peptidyl-prolylcis-trans isomerase), f2M
(beta-2 microglobulin) and TBP (TATA binding protein). Target rRNAs were the
mature ribosome species 5.8S, 18S and 28S. Since primers specific for these mature
rRNA sequences will also amplify pre-RNA transcripts (i.e., the 45S pre-rRNA), we
used specifically designed primers (QIAGEN, Venlo, Limburg, The Netherlands) to
distinguish between mature rRNA species and those still bound to the 45S pre-rRNA
transcript, as previously described (Figueiredo et al., 2015). Briefly, primers were
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designed specifically for pre-rRNA sequences spanning the 5’end external/internal
transcribed spacer regions (ETS and ITS, respectively) of the 45S pre-RNA transcript
and the internal regions of mature rRNA sequences (i.e., 18S-ETS, 5.8S-ITS, and 28S-
ETS). For clarity, primers amplifying the mature rRNA transcripts are henceforth
designated as ‘mature’ transcripts (e.g., 18S rRNA [mature]), as opposed to those
primers amplifying rRNA sequences bound to the 45S rRNA precursor, henceforth
designated as ‘span’ transcripts (e.g., 18S rRNA [span]). A specific primer for the initial
region of the 5° end of the 45S pre-rRNA transcript was used to measure 45S pre-rRNA
expression levels (Figueiredo et al., 2015). Standard and melting curves were performed
for all primers to ensure both single-product and amplification efficiency. Details for all
primers used are provided in Table 5.1 (MRNA) and Table 5.2 (rRNA).
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Table 5.1 Details of PCR primers used for Study 2 mRNA analysis

Gene Forward sequence Reverse sequence NCBI reference sequence
MuRF-1 5’-CCTGAGAGCCATTGACTTTGG-3’ 5-CTTCCCTTCTGTGGACTCTTCCT-3’ NM_032588.3
Atrogin-1 5-GCAGCTGAACAACATTCAGATCAC-3’ 5’-CAGCCTCTGCATGATGTTCAGT-3’ NM_058229.3
Fox-O1 5-TTGTTACATAGTCAGCTTG-3’ 5-TCACTTTCCTGCCCAACCAG-3’ NM_002015.3
PGC-1a 5’-GGCAGAAGGCAATTGAAGAG-3’ 5’-TCAAAACGGTCCCTCAGTTC-3’ NM_013261.3
UBF 5’-CCTGGGGAAGCAGTGGTCTC-3 5’-CCCTCCTCACTGATGTTCAGC-3 XM_006722059.2
TIF-1A 5-GTTCGGTTTGGTGGAACTGTG-3 5-TCTGGTCATCCTTTATGTCTGG-3 XM_005255377.3
Cyclin D1 5’-GCTGCGAAGTGGAAACCATC-3 5’-CCTCCTTCTGCACACATTTGAA-3 NM_053056.2
POLR1B 5-GCTACTGGGAATCTGCGTTCT-3 5’-CAGCGGAAATGGGAGAGGTA-3 NM_019014.5
TBP 5’-CAGTGACCCAGCAGCATCACT-3’ 5’-AGGCCAAGCCCTGAGCGTAA-3’ M55654.1
Cyclophillin 5’-GTCAACCCCACCGTGTTCTTC-3’ 5-TTTCTGCTGTCTTTGGGACCTTG-3’ XM_011508410.1
GAPDH 5-AAAGCCTGCCGGTGACTAAC-3’ 5’-CGCCCAATACGACCAAATCAGA-3’ NM_001256799.2
B2M 5-TGCTGTCTCCATGTTTGATGTATCT-3’ 5’-TCTCTGCTCCCCACCTCTAAGT-3’ NM_004048.2

MuRF-1, muscle RING-finger 1; Fox-O1, forkhead box-O1; PGC-1a, peroxisome proliferator activated receptor gamma co-activator 1 alpha; GAPDH, glyceraldehyde 3-
phosphate dehydrogenase; UBF, upstream binding factor; TIF-1A, RRN3 polymerase 1 transcription factor; POLR1B, polymerase (RNA) 1 polypeptide B; TBP, TATA
binding protein; p2M, beta-2 microglobulin.
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Table 5.2 Details of PCR primers used for Study 2 rRNA analysis

Target Catalogue number
45S pre-rRNA PPH82089A
5.8S rRNA (mature) PPH82091A
18S rRNA (mature) PPH71602A
28S rRNA (mature) PPH82090A
5.8S-ITS (span) PPH82111A
18S-ETS (span) PPH82110A
28S-ITS (span) PPH82112A

Each PCR reaction was performed in duplicate using a robotic pipetting
machine (EpMotion 2100, Eppendorf, Hamburg, Germany) in a final reaction volume
of 10 uL containing 5.0 uL 2x SYBR green (Bio-Rad Laboratories, Hercules, CA), 0.6
puL PCR primers (diluted to 15 uM; Sigma Aldrich, St. Louis, MO), 0.4 uL NFW and 4
uL cDNA sample (diluted to 5 ng/uL). Conditions for the PCR reactions were: 3 min at
95°C, 40 cycles of 15 sec at 95°C/1 min at 60°C, one cycle of 15 sec at 95°C/15 sec at
60°C, and a ramp for 20 min to 95°C. Each plate was briefly centrifuged before loading
into the PCR machine. To compensate for variations in input RNA amounts and
efficiency of the reverse transcription, mRNA data were quantified using the 24T
method (Livak & Schmittgen, 2001) and normalised to the geometric mean
(Vandesompele et al., 2002) of the three most stable housekeeping genes analysed

(cyclophillin, B2M and TBP), determined as previously described (Mane et al., 2008).

5.3.5 Immunohistochemistry

Muscle cross-sections (10 uM) were cut at -20°C using a cryostat (Microm
HM 550, Thermo Fisher Scientific, Waltham, MA), mounted on uncoated glass slides,
and air-dried for 20 min at room temperature. Sections were then rinsed briefly with
1xPBS (0.1M; Sigma Aldrich, St Louis, MO), fixed with cold paraformaldehyde (4% in
1xPBS) for 10 min at room temperature, rinsed three times with 1xPBS, incubated in
0.5% TritonX in 1xPBS for 5 min at room temperature, rinsed again three times with
1xPBS, and then blocked for 1 h at room temperature in a 3% BSA solution in 1xPBS.
After blocking, sections were then incubated with a primary antibody for myosin heavy
chain type | (A4.840, Developmental Studies Hybridoma Bank, University of lowa,
IA), diluted 1:25 in 3% BSA/PBS overnight at 4°C. The following morning, sections
were washed four times in 1xPBS for 10 min each, before incubating with a secondary
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antibody (Alexa Fluor® 488 conjugate Goat anti-mouse IgM, cat. no. A-21042, Thermo
Fisher Scientific, Waltham, MA) diluted 1:200 in 3% BSA/PBS for 2 h at room
temperature. Sections were again washed four times in 1xPBS for 10 min each, before
incubation with Wheat Germ Agglutinin (WGA) (Alexa Fluor® 594 Conjugate; cat. no.
W11262, Thermo Fisher Scientific, Waltham, MA), diluted to 1:100 in 1xPBS (from a
1.25 mg/mL stock solution), for 15 min at room temperature. Sections were washed
again 4 times with 1xPBS for 3 min each, blotted dry with a Kim-Wipe, and
Flouroshield™ (cat. no. F6182; Sigma Aldrich, St Louis, MO) added to each section
before the coverslip was mounted. Stained muscle sections were air-dried for ~2 h and
viewed with an Olympus BX51 microscope coupled with an Olympus DP72 camera for
flourescence detection (Olympus, Shinjuku, Japan). Images were captured with a 10x
objective and analysed using Image Pro Premier software (version 9.1; Media
Cybernetics, Rockville, MD). Analysis was completed by an investigator blinded to all
groups and time points. For each subject, muscle fibre CSA was determined for both
type I and type Il muscle fibres. For the RT, HIT+RT and MICT+RT groups, a total of
107 £ 61, 112 + 67, and 84 + 73 (mean + SD) type | fibres and 154 + 72, 136 + 80, and

144 + 76 (mean £ SD) type Il fibres were included for analysis, respectively.

5.3.6 Statistical analyses

The effect of training group on outcomes was evaluated via a two-way (time x
group) analysis of variance with repeated-measures (RM-ANOVA) (SPSS, Version 21,
IBM Corporation, New York, NY). Pearson’s product moment correlations were used
to determine the strength of relationship between dependent variables (SPSS, Version
21, IBM Corporation, New York, NY). Molecular (protein signalling, mRNA and
rRNA expression) data were log-transformed before analysis to reduce non-uniformity
of error (Hopkins et al., 2009). To quantify the magnitude of within- and between group
differences in dependent variables, a magnitude-based approach to inferences using the
standardised difference (effect size, ES) was used as previously described (Hopkins et
al., 2009). The magnitude of effects were defined according to thresholds suggested by
Hopkins (Hopkins et al., 2009), whereby <0.2 = trivial, 0.2-0.6 = small, 0.6-1.2 =
moderate, 1.2-2.0 = large, 2.0-4.0 = very large and >4.0 = extremely large effects.
Lacking information on the smallest meaningful effect for changes in protein

phosphorylation and gene expression, the threshold for the smallest worthwhile effect
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was defined as an ES of 0.4, rather than the conventional threshold of 0.2. Magnitude-
based inferences about effects were made by qualifying the effects with probabilities
reflecting the uncertainty in the magnitude of the true effect (Batterham & Hopkins,
2005). Effects deemed at least 75% ‘likely’ to be substantial (according to the overlap
between the uncertainty in the magnitude of the true effect and the smallest worthwhile
change (Batterham & Hopkins, 2005)) were included for analysis. Exact P values were
also determined for each comparison, derived from paired (for within-group
comparisons) or unpaired (for between-group comparisons) t-tests, with a Bonferroni
correction applied to correct for multiple comparisons (SPSS, Version 21, IBM
Corporation, New York, NY). Physiological (blood lactate, blood glucose, heart rate)
and psychological (rating of perceived exertion [RPE]) responses to exercise are
reported as mean values + SD, whereas protein phosphorylation and gene expression

data are reported as mean between-condition percentage differences £90 % CL.

5.4 Results® °

5.4.1 Physiological and psychological responses to the post-training

exercise bout

5.4.1.1 Heart rate and rating of perceived exertion (RPE)

During the post-training, single-bout exercise trial, there was a higher average
heart rate (mean difference range, 14 £12 to 19 +14 bpm; ES, 1.04 +0.88 to 1.22 +0.89;
P <0.043; Table 5.3) and rating of perceived exertion (RPE) (2 +2 to 4 £2 AU; ES, 1.51
+0.86 to 2.15 £0.87; P < 0.06) for HIT compared with MICT.

5.4.1.2 Venous blood lactate and glucose responses

During the post-training, single-bout exercise trial, venous blood lactate (Table
5.3) was higher for HIT compared with MICT at all time points both during cycling
(mean difference range, 0.8 +0.5 to 4.5 +1.1 mmol-L™; ES range, 1.46 +0.87 to 3.65

> All raw data for this Chapter is available in Appendix K.
® Extended within- and between-group comparison data for this chapter are presented in Appendices O
and P, respectively.
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+0.85; P < 0.01) and during the 15-min recovery period after cycling (3.5 1.0 to 5.0
+1.2 mmol-L™; ES, 3.11 +0.85 to 3.68 +0.85; P < 0.001). Venous blood glucose (Table
5.3) was also higher for HIT compared with MICT after 16, 22, 28 and 34 min cycling
(0.4 0.7 to 1.6 £0.9 mmol-L"; ES, 0.54 +0.86 to 1.52 +0.86; P < 0.039), and during the
15-min recovery period after cycling (0.9 +0.7 to 1.8 +1.0 mmol-L™; ES, 1.11 +0.85 to
1.50 +0.85; P < 0.041).

After completion of the single-bout of RE, venous blood lactate (Table 5.4)
was higher for HIT+RT compared with RT after 0, 2, 5, 10, 60, 90 and 180 min of
recovery (0.1 +0.1 to 1.4 +0.9 mmol-L™; ES, 0.80 +0.84 to 1.74 +0.84; P < 0.095), and
higher for HIT+RT compared with MICT+RT at all timepoints (0.1 £0.1 to 1.1 +1.4
mmol-L?; ES, 0.73 +0.87 to 1.82 +0.86; P < 0.161). Post-RE venous blood glucose
(Table 5.4) was lower for HIT+RT compared with RT after 2, 10, and 30 min of
recovery (0.3 +0.2 to 0.3 +0.3 mmol-L™; ES, -0.65 +0.84 to -1.02 +0.84; P < 0.193),
and higher for HIT+RT compared with RT after 60 min of recovery (0.4 +0.4 mmol-L™;
ES, 0.88 +0.84; P = 0.077). Blood glucose was higher for MICT compared with
HIT+RT at +30 min of recovery (0.3 0.2 mmol-L™; ES, 1.29 +0.86; P = 0.021), and
lower for HIT+RT compared with MICT+RT at +60 min of recovery (0.2 £0.2 mmol-L"
1 ES, -1.09 +0.85; P = 0.045).
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Table 5.3 Physiological and psychological (RPE) responses to a single bout of high-intensity interval training (HIT) or work-matched moderate-
intensity continuous training (MICT) performed during the Study 2 post-training, single-bout exercise trial.

91

Time (min)
Rest 10 16 22 28 34 +2 +5 +10 +15

Lactate (mmol-L™)

HIT 0.7+£0.3 26+06* 54x14* 68%+12* 73x14*# 73x13* T73x18* 72x16* 60x£15* 49+14*#

MICT 0.7x£0.3 1.7£05%* 26+£08* 27+£08* 28+£09* 28+£10* 24+£08* 22+£08* 18+07* 14+£05*
Glucose (mmol-L™)

HIT 47+0.8 4609 48+0.9 50£09# 54+11# 59+12*# 63x15* 62%£13* 59+£12*# 54+1.0#

MICT 45x05 45x04 4.4+0.6 42+0.3 43x04 43x+04 4505 4704 4604 45x04
Heart rate (beats-min™)

HIT 63+£11 154 £ 9 *# 162 £ 9 *# 166 £ 9 *# 170 £ 10 *# 173+ 9*# - - - -

MICT 66 £5 1406 * 14717 * 150+ 16 * 152+ 17 * 154 +17* - - - -
RPE (AU)

HIT 60 13+3* 15+ 3*# 17 £2*4 18+ 2*# 18 +2*# - - - -

MICT 6+0 11+£2* 12+£2* 13£2* 14+£2* 14+£2* - - - -

Values are means £+ SD. HIT, = high-intensity interval training cycling; MICT, continuous cycling; RPE, rating of perceived exertion. *, P < 0.05 vs. rest; #, P < 0.05 vs. MICT
at same time point.
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Table 5.4 Venous blood lactate and glucose responses to a single bout of resistance exercise (RE) either performed alone (RT) or when performed
after either high-intensity interval training (HIT+RT) or work-matched moderate-intensity continuous training (MICT+RT) during the Study 2
post-training, single-bout exercise trial.

Time (min)
End +2 +5 +10 +30 +60 +90 +180

Lactate (mmol-L™)

RT 21+£07* 23+£09* 22+10* 1.7+08* 13+£13 0.7+£0.3 0.6+0.2 05+0.2

HIT+RT 35+1.3*t 36+15* 33+x14* 26+x1.2* 1.6 0.4 *# 1.2 +£0.3 *#f 0.8 +£0.1 #f 0.7+0.1

MICT+RT 24+12* 25+14* 22+1.2* 1.7+£07* 09+13 0.7+0.2 0.6+0.1 05+0.2
Glucose (mmol-L™)

RT 47+0.3 47+04 47+04 47+04 47+03" 43+05 45+0.3 45+0.2

HIT+RT 45+09 45+04 45+04 44+£04 45+0.2 47+03# 45+0.2 46+0.3

MICT+RT 46+0.3 46+0.3 47+0.2 46+0.2 47+02" 44+0.1 44+0.2 44+04

Values are means + SD. HIT+RT, = high-intensity interval training cycling and resistance training; MICT+RT, continuous cycling and resistance training; RT,
resistance training; *, P < 0.05 vs. rest; #, P < 0.05 vs. MICT at same time point; *, P < 0.05 vs. HIT at same time point.; ¥, P < 0.05 vs. RT at same time point.
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5.4.2 Signalling responses to training and the post-training exercise bout

5.4.2.1 Ribosome biogenesis signalling

p-TIF-1A%"™°  There was a main effect of time for TIF-1A%"%®
phosphorylation (P < 0.001). At POST, TIF-1A phosphorylation was higher compared
with PRE for HIT+RT (133 +102%; ES, 0.62 +0.31; P = 0.047; Figure 5.2A), but
unchanged for RT or MICT+RT. Compared with POST, TIF-1A phosphorylation was
higher for RT at +1 h (123 £79%; ES, 0.45 +0.19; P = 0.002), and +3 h (241 +315%;
ES, 0.69 +0.46; P = 0.017), but unchanged for HIT+RT or MICT+RT. The change in
TIF-1A phosphorylation between POST and +3 h was greater for RT compared with
both HIT+RT (52 +46%; ES, 0.76 £0.89) and MICT+RT (75 £24%; ES, 1.31 +0.80),
and lower for HIT+RT vs. MICT+RT (-47 £36%; ES, -0.69 £0.70).

TIF-1A protein. There was a main effect of time for changes in TIF-1A
protein content (P = 0.002). Protein content of TIF-1A was reduced for HIT+RT at
POST compared with PRE (-16 £12%; ES, -0.17 +0.14; P = 0.047; Figure 5.2B);
however, the magnitude of this effect was very unlikely to be substantial. TIF-1A
protein content was also reduced for RT at +3 h compared with POST (-42 +19%); ES,
0.70 £0.42; P = 0.010), and there was a likely larger reduction in TIF-1A protein
content between POST and +1 h for HIT+RT vs. MICT+RT (-52 +60%; ES, -1.65
12.38).

p-UBF>"%_ There were main effects of time (P < 0.001), group (P = 0.004),

and a time x group interaction (P < 0.001) for changes in UBF>*"*%

Ser388
EF

phosphorylation.
The phosphorylation of UB was unchanged at POST compared with PRE for all
training groups (see Figure 5.2C). Compared with POST, UBF phosphorylation was
increased for RT at both +1 h (78 +58%; ES, 0.82 £0.45; P = 0.010) and + 3 h (125
+72%; ES, 1.15 +0.45; P = 0.001), but unchanged for either HIT+RT or MICT+RT.
The change in UBF phosphorylation between POST and +1 h was greater for RT
compared with both HIT+RT (32 £23%; ES, 0.54 +0.46) and MICT+RT (37 £27%; ES,
0.61 +0.55), and greater between POST and +3 h for RT compared with both HIT+RT

(49 +17%; ES, 0.92 +0.45) and MICT+RT (64 +12%: ES, 1.35 +0.42).
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UBF protein. Protein content of UBF was increased for MICT+RT at POST
compared with PRE (18 £14%; ES, 0.44 +£0.31; P = 0.023; Figure 5.2D), but was not
substantially changed for either HIT+RT or RT.

Cyclin D1 protein. There were main effects of time (P < 0.001) and group (P
= 0.008) for changes in cyclin D1 protein content. Protein content of cyclin D1 was
unchanged between PRE and POST for all training groups (Figure 5.2E). For HIT+RT,
cyclin D1 protein content was reduced at +1 h compared with POST (-34 +7%; ES, -
0.66 £0.16; P = 0.008).
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Figure 5.2 Phosphorylation of TIF-1A%"° (3A), UBF*™® (3C), and total protein content
of TIF-1A (3B), UBF (3D), and cyclin D1 (3E) before (PRE) and after (POST) eight weeks
of either RT alone, or RT combined with either high-intensity interval training (HIT+RT)
or moderate-intensity continuous training (MICT+RT), and 1 h and 3 h after a single
exercise bout performed post-training. Data presented are means + SD and expressed
relative to the PRE value for all groups. * = P < 0.05 vs. PRE, ¥ = P < 0.05 vs. POST.
Change from POST substantially greater vs. e = HIT+RT, f = MICT+RT.
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5.4.2.2 AMPK/mTORC1 signalling

p-AMPK™™72 " There was a main effect of time for AMPK™?"
phosphorylation (P = 0.033). The phosphorylation of AMPK™*? was unchanged at
POST compared with PRE for all training groups (Figure 5.3A). AMPK
phosphorylation was, however, increased at +1 h compared with POST for RT (78
+72%; ES, 0.34 £0.23; P = 0.031). The change in AMPK phosphorylation between
POST and +3 h was also greater for RT compared with MICT+RT (59 +44%; ES, 0.79
+0.83) but not HIT+RT (54 +49%; ES, 0.69 +£0.83).

AMPK protein. There were main effects of time (P = 0.008) and group (P =
0.001) changes in AMPK protein content. Protein content of AMPK was increased for
HIT+RT at POST compared with PRE (32t 16%; ES, 0.63 +£0.28; P = 0.091), but was
not substantially changed for either MICT+RT or RT.

p-ACC>*. There was a time x group interaction for ACC>™
phosphorylation (P = 0.04).The phosphorylation of ACC>*®
compared with PRE for all training groups (Figure 5.3B). Compared with POST, ACC
phosphorylation was reduced at +1 h for both RT (-36 £22%; ES, -0.28 +0.20; P =
0.026) and MICT+RT (46 +20%; ES, -0.56 +0.33; P = 0.016), and reduced at +3 h
compared with POST for RT (45 £20%; ES, -0.37 £0.22; P = 0.012). Compared with
RT, the change in ACC phosphorylation was also greater for HIT+RT between POST

and both +1 h (99 £100%; ES, 0.65 +0.46) and +3 h (169 £168%; ES, 0.94 +0.56).

was unchanged at POST
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Figure 5.3 Phosphorylation of AMPK™2 (A) and ACC* (B) before (PRE) and after
(POST) eight weeks of either RT alone, or RT combined with either high-intensity interval
training (HIT+RT) or moderate-intensity continuous training (MICT+RT), and 1 h and 3
h after a single exercise bout performed post-training. Data presented are means £ SD
and expressed relative to the PRE value for all groups. * = P < 0.05 vs. PRE, t = P < 0.05
vs. POST. Change from POST substantially greater vs. e = HIT+RT, f = MICT+RT.

p-mTOR>*™  There was a main effect of time for mTOR S
phosphorylation (P = 0.001). The phosphorylation of mTOR®**® was unchanged at
POST compared with PRE for all training groups (Figure 5.4A). Compared with POST,
mTOR phosphorylation was increased at +1 h for RT (105 £137%; ES, 0.46 +0.40; P =
0.048), but not for either HIT+RT (30 £71%; ES, 0.32 £0.62; P = 0.320) or MICT+RT
(77 £184%; ES, 0.37 £0.59; P = 0.218), and increased at +3 h for compared with POST
for HIT+RT (70 £45%; ES, 0.64 £0.31; P = 0.030). There were no substantial between-
group differences in mTOR phosphorylation at any time point.

p-p70S6K1™3¥  There was a main effect of time for p70S6K1T"38
phosphorylation (P < 0.001). The phosphorylation of p70S6K1™%® was increased at
POST compared with PRE for HIT+RT (95 £47%; ES, 0.66 £0.24; P = 0.024; Figure
5.4B). Compared with POST, p70S6K1 phosphorylation was increased by RT at +1 h
(78 £77%; ES, 0.51 £0.37; P = 0.026) but was unchaned for HIT+RT or MICT+RT.
The change in p70S6K1 phosphorylation between POST and +3 h was also
substantially greater for RT compared with both HIT+RT (47 £50%; ES, 0.86 +1.13)
and MICT+RT (50 +46%; ES, 0.88 +1.05).

p-rps6> %26 There was a main effect of time for rps6>2*%/2%

phosphorylation (P < 0.001). The phosphorylation of rps6>**?*® was unchanged at
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POST compared with PRE for all training groups (Figure 5.4C). Compared with POST,
rps6 phosphorylation was increased for all training groups at +1 h (RT: 700 £678%; ES,
0.75 £0.28; P < 0.001; HIT+RT: 475 £572%; ES, 0.66 £0.33; P = 0.005; MICT+RT:
621 £420%; ES, 1.49 £0.42; P < 0.001) and +3 h (RT: 967 £1047%; ES, 0.85 £0.31; P
< 0.001; HIT+RT: 294 +£319%; ES, 0.51 +0.28; P = 0.006; MICT+RT: 176 £200%); ES,
0.76 £0.51; P = 0.026). The change in rps6 phosphorylation between POST and +3 h
was, however, substantially greater for RT compared with MICT+RT (74 +29%; ES,
0.72 £0.51) but not HIT+RT (63 £41%; ES, 0.57 £0.56).

p-4E-BP1™"%"  There was a main effect of group for 4E-BP1TM¢/47
phosphorylation (P < 0.001). The phosphorylation of 4E-BP1™%*" \was increased for
MICT+RT at +3 h compared with PRE (59 £54%; ES, 0.56 +0.40; P = 0.027; Figure
5.4D), but unchanged for either HIT+RT or RT at any time point.

p-eEF2™"8 There was a main effect of time for eEF2™"® phosphorylation (P
= 0.004). The phosphorylation of eEF2™*® was unchanged at POST compared with
PRE for all training groups (Figure 5.4E). eEF2 phosphorylation was reduced at + 1 h
compared with POST for HIT+RT (-43 £11%; ES, -0.71 £0.25; P = 0.001). There were

no substantial between-group differences in changes in eEF2 phosphorylation.

p-GSK-3p>"™. There were main effects of time (P = 0.007) and group (P <
0.001) for GSK-3p°" phosphorylation. The phosphorylation of GSK-3p%"° was
increased at POST compared with PRE for MICT+RT (23 £20%; ES, 0.37 £0.29; P =
0.034; Figure 5.4F).

ACC, mTOR, p70S6K1, rps6, GSK-3p and 4E-BP1 protein. There were no

substantial changes in the total protein content of either ACC, mTOR, p70S6K1, rps6,
GSK-3p or 4E-BP1 at any time point (data not shown).
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Figure 5.4 Phosphorylation of mTOR®™% (A), p70S6K™* (B), rps6****¢ (C), 4E-
BP1T"%*7 (D), eEF2"™*° (E), and GSK-3p*"° (F) before (PRE) and after (POST) eight
weeks of either RT alone, or RT combined with either high-intensity interval training
(HIT+RT) or moderate-intensity continuous training (MICT+RT), and 1 h and 3 h after a
single exercise bout performed post-training. Data presented are means + SD and
expressed relative to the PRE value for all groups. * = P < 0.05 vs. PRE, T = P < 0.05 vs.
POST. Change from POST substantially greater vs. e = HIT+RT, f = MICT+RT
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Figure 5.5 Representative western blots for the phosphorylation (p-) and total protein content of signalling proteins before (PRE) and after (POST)
eight weeks of either RT alone, or RT combined with either high-intensity interval training (HIT+RT) or moderate-intensity continuous training
(MICT+RT), and 1 h and 3 h after a training group-specific exercise bout performed after completion of the training intervention.
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5.4.3 Ribosomal RNA (rRNA) responses to training and the post-training
exercise bout

Total RNA content. Total RNA content was used as an index of total
translational capacity of skeletal muscle, since ribosomal RNA comprises over 85% of
the total RNA pool (Haddad et al., 2005). There was a time x group interaction for
changes in total RNA content (P = 0.004). At PRE, total RNA content was higher for
RT compared with both HIT+RT (81 £76%; ES, -0.71 £0.49; P = 0.026; Figure 5.6A)
and MICT+RT (63 +94%; ES, 0.59 +0.66; P = 0.052). Total RNA content decreased
between PRE and POST for RT (-25 £11%; ES, -0.19 +£0.09; P = 0.030); however, the
magnitude of this effect was most unlikely to be substantial. Conversely, total RNA
content was increased between PRE and POST for HIT+RT (47 £15%; ES, 0.39 +0.10;
P = 0.023) but was not substantially different for MICT+RT (27 £26%; ES, 0.08 +£0.07;
P = 0.060). The PRE-POST change in total RNA content was greater for both HIT+RT
(106 £67%; ES, 1.35 +£0.60) and MICT+RT (69 +45%; ES, 1.05 +0.53) compared with
RT.

The training induced change in total RNA content was negatively correlated
with baseline total RNA content (r = -0.885, P < 0.001; Figure 5.6B). Total RNA
content at POST was also negatively correlated with the training-induced change in
lower body lean mass measured via DXA (as reported in Table 4.3; r = -0.600, P =
0.002).
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Figure 5.6 Total RNA content (A) of the vastus lateralis before (PRE) and after (POST)
eight weeks of either RT alone, or RT combined with either high-intensity interval
training (HIT+RT) or moderate-intensity continuous training (MICT+RT), and the
correlation between total RNA content at PRE and the training-induced change in total
RNA content (B). Data presented are means £ SD. * = P < 0.05 vs. PRE, » = P < 0.05 vs.
both HIT+RT and MICT+RT at PRE.

175



Adaptation to concurrent training: role of endurance training intensity

45S pre-rRNA. There was a main effect of time for changes in 45S pre-rRNA
expression (P < 0.001). Expression of 45S pre-rRNA was unchanged at POST
compared with PRE for all training groups (Figure 5.7); however, the change in 45S
pre-rRNA expression between PRE and POST was greater for both HIT+RT (58 +76%;
ES, 0.71 £0.71) and MICT+RT (75 £81%; ES, 0.85 +£0.68) compared with RT. There
were no substantial changes nor between-group differences in 45S pre-rRNA expression

between POST and +3 h for either training group.

N RT
BN HIT+RT

1 MICT+RT

45S pre-rRNA / 3 HKG (AU)

Figure 5.7 Expression of 45S pre-rRNA relative to the geometric mean of cyclophillin,
p2M and TBP expression before (PRE) and after (POST) eight weeks of either RT alone,
or RT combined with either high-intensity interval training (HIT+RT) or moderate-
intensity continuous training (MICT+RT), and 1 h and 3 h after a single exercise bout
performed post-training. Data presented are means £+ SD and expressed relative to the
PRE value for all groups. * = P < 0.05 vs. PRE, a = change between PRE and POST
substantially greater vs RT.

5.8S rRNA (mature). There was a main effect of time for changes in 5.85S
rRNA expression (P = 0.004). Expression of 5.85S rRNA was reduced at POST
compared with PRE for RT (-51 +16%; ES, -0.69 +0.31; P = 0.017; Figure 5.8A). The
change in 5.8S rRNA expression between PRE and POST was also greater for both
HIT+RT (125 +£109%; ES, 1.27 £0.73) and MICT+RT (120 £111%; ES, 0.99 +0.61)
compared with RT. There were no substantial changes in 5.85 rRNA expression
between POST and +3 h for either training group.
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5.8S rRNA (span). There was a time x group interaction for changes in 5.85S
(span) rRNA expression (P = 0.008). Expression of 5.8S rRNA (span) was reduced at
POST compared with PRE for RT (-36 £15%; ES, -0.51 £0.27; P = 0.027; Figure 5.8B).
The change in 5.8S rRNA (span) expression between PRE and POST was also greater
for HIT+RT compared with RT (112 £116%; ES, 1.40 £0.97).

18S rRNA (mature). There was a main effect of group for changes in 5.85S
rRNA expression (P = 0.049). Expression of 18S rRNA was, however, not substantially
different at any time point, nor were there any substantial between-group differences in

changes in 18S rRNA expression (Figure 5.8C).

18S rRNA (span). There were no substantial effects of training or any
between-group differences in changes in 18S rRNA (span) expression (Figure 5.8D),
although a small increase in 18S rRNA (span) expression was noted at +3 h compared
with POST for MICT+RT (63 £48%; ES, 0.21 £0.12; P = 0.029).

28S rRNA (mature). Expression of 28S rRNA was reduced at POST
compared with PRE for RT (-33 +£15%; ES, -0.49 +0.28; P = 0.037; Figure 5.8E);
however, this effect was only possibly substantial. The change in 28S rRNA expression
between PRE and POST was also greater for both HIT+RT (73 £56%; ES, 1.23 £0.71;
P =0.007) and MICT+RT (63 +55%; ES, 1.10 £0.74; P = 0.023) compared with RT.
There were no substantial changes in 28S rRNA expression between POST and +3 h for

either training group.

28S rRNA (span). There was a main effect of group for changes in 28S rRNA
(span) expression (P < 0.001). There were no substantial changes in 28S rRNA (span)
expression between PRE and POST for either training group (Figure 5.8F). However,
the change in 28S rRNA (span) expression between PRE and POST was greater for
HIT+RT compared with RT (123 £109%; ES, 0.81 £0.48).
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Figure 5.8 Expression of the mature rRNA transcripts 5.8S rRNA (A), 18S rRNA (C), and
28S rRNA (E), and rRNA transcripts bound to the 45S pre-RNA precursor: 5.8S rRNA
(span) (B) 18S rRNA (span) (D) and 28S rRNA (span) (F) relative to the geometric mean
of cyclophillin, f2M and TBP expression before (PRE) and after (POST) eight weeks of
either RT alone, or RT combined with either high-intensity interval training (HIT+RT) or
moderate-intensity continuous training (MICT+RT), and 1 h and 3 h after a single
exercise bout performed post-training. Data presented are means = SD and expressed
relative to the PRE value for all groups. * = P < 0.05 vs. PRE, T =P <0.05 vs. POST, a =
change between PRE and POST substantially greater vs RT.
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5.4.4 mRNA responses to training and the post-training exercise bout

TIF-1A mRNA. There was a main effect of time for changes in TIF-1A
MRNA expression (P = 0.008). Expression of TIF-1A mRNA was unchanged at POST
compared with PRE for all training groups (Figure 5.9A). Compared with POST, TIF-
1A expression was increased at +3 h for both RT (26 £12%; ES, 0.53 £0.21; P = 0.003)
and MICT+RT (36 £35%; ES, 0.59 +0.50; P = 0.038), but not HIT+RT. There were no

substantial between-group differences in changes in TIF-1A expression.

UBF mRNA. There were main effects of time (P = 0.008) and group (P =
0.039) for changes in UBF mRNA expression. Expression of UBF mRNA was
unchanged at POST compared with PRE for all training groups (Figure 5.9B). There
were no substantial changes in UBF expression between POST and +3 h for either

training group.

POLR1B mRNA. There were main effects of time (P = 0.001) and a time x
group interaction (P = 0.007) for changes in POLR1B mRNA expression. Expression of
POLR1B mRNA was reduced at POST compared with PRE for RT (-26 +16%); ES, -
0.44 +0.32; P = 0.026; Figure 5.9C); however, this effect was only ‘possibly’
substantial. Compared with POST, POLR1B expression was increased at +3 h for both
HIT+RT (44 +42%; ES, 0.57 £0.44; P = 0.047) and MICT+RT (48 +43%,; ES, 0.51
+0.37; P = 0.033), but unchanged for RT. The change in POLR1B mRNA expression
between both PRE-POST (37 £30%; ES, 0.87 £0.60) and POST-+3 h (34 £51%; ES,
0.81 +£1.03) was greater for HIT+RT vs. RT.

Cyclin D1 mRNA. There was a main effect of time for changes in cyclin D1
MRNA expression (P = 0.007). Expression of cyclin D1 mRNA was increased for
HIT+RT at POST compared with PRE (101 +54%; ES, 0.59 +0.22; P = 0.001; Figure
5.9D). There were no substantial changes in cyclin D1 mRNA expression between

POST and +3 h for either training group.
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Figure 5.9 mRNA expression of TIF-1A (A), UBF (B), POLR1B (C), and cyclin D1 (D)
relative to the geometric mean of cyclophillin, B2M and TBP expression before (PRE) and
after (POST) eight weeks of either RT alone, or RT combined with either high-intensity
interval training (HIT+RT) or moderate-intensity continuous training (MICT+RT), and 1
h and 3 h after a single exercise bout performed post-training. Data presented are means
+ SD and expressed relative to the PRE value for all groups. * =P <0.05vs. PRE, t =P <
0.05 vs. POST. Change from POST substantially greater vs. d = RT.
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MuRF-1 mRNA. There were main effects of time (P = 0.004) and a time x
group interaction (P = 0.019) for changes in MuRF-1 mRNA expression. Expression of
MuRF-1 mRNA was unchanged at POST compared with PRE for all training groups
(Figure 5.10A). Compared with POST, MuRF-1 expression was increased at +3 h for
HIT+RT (206 £163%; ES, 1.35 +£0.61; P = 0.003), but unchanged for either MICT+RT
and RT. The change in MuRF-1 expression between POST and +3 h was greater for
HIT+RT compared with both RT (168 £176%; ES, 2.15 +1.34) and MICT+RT (60
+34%: ES, 1.85 +1.56).

Atrogin-1 mRNA. There were main effects of time (P = 0.028) and a time x
group interaction (P = 0.049) for changes in Atrogin-1 mRNA expression. Expression
of Atrogin-1 mRNA was unchanged at POST compared with PRE for all training
groups (Figure 5.10B). Compared with POST, Atrogin-1 expression was reduced at +3
h for RT (-44 £22%; ES, -0.91 +0.60; P = 0.018), but not substantially changed for
either HIT+RT ot MICT+RT. The reduction in Atrogin-1 mRNA expression between
POST and +3 h was greater for RT compared with both HIT+RT (-89 +83%; ES, -1.22
+0.82) and MICT+RT (-86 +89%; ES, -1.14 +0.85).

Fox-O1 mRNA. There was a main effect of time for changes in Fox-O1
MRNA expression (P = 0.004).The mRNA levels of Fox-O1 were unchanged between
PRE and POST for all training groups (Figure 5.10C). At +3 h, Fox-O1 mRNA was
increased compared with POST only for HIT+RT (158 +£65%; ES, 0.59 +0.16; P <
0.001). The change in Fox-O1 mRNA expression between POST and +3 h was also
substantially greater for HIT+RT compared with both RT (141 £73%; ES, 0.80 £0.27)
and MICT+RT (47 £31%; ES, 0.54 £0.47).

PGC-1o00 mRNA. There were main effects of time (P < 0.001), group (P <
0.001), and a time x group interaction (P < 0.001) for changes in PGC-lo mRNA
expression. Expression of PGC-1a. mRNA was reduced between PRE and POST for RT
(-26 £14%; ES, -0.48 £0.30; P = 0.026; Figure 5.10D) and MICT+RT (-45 +13%); ES, -
0.61 £0.23; P = 0.157), but unchanged at POST for HIT+RT. Compared with POST,
PGC-1la mRNA expression was increased at +3 h for both HIT+RT (826 £349%; ES,
4.58 +0.76; P < 0.001) and MICT+RT (590 +481%; ES, 1.97 £0.66; P = 0.001), but
unchanged for RT. The change in PGC-1ao mRNA expression between POST and +3 h
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was also greater for both HIT+RT (635 +360%; ES, 4.80 +1.14) and MICT+RT (447
+379%; ES, 2.75 +£1.05) compared with RT.
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Figure 5.10 mRNA expression of MuRF-1 (A), Atrogin-1 (B), Fox-O1 (C) and PGC-1a (D)
relative to the geometric mean of cyclophillin, p2M and TBP expression before (PRE) and
after (POST) eight weeks of either RT alone, or RT combined with either high-intensity
interval training (HIT+RT) or moderate-intensity continuous training (MICT+RT), and 1
h and 3 h after a single exercise bout performed post-training. Data presented are means
+ SD and expressed relative to the PRE value for all groups. * =P <0.05vs. PRE, t =P <
0.05 vs. POST. Change from POST substantially greater vs. d = RT, e = HIT+RT, f =
MICT+RT.

5.4.5 Muscle fibre CSA responses to training

Type | muscle fibre CSA (Figure 5.11A) was increased at POST compared
with PRE for RT (15 +13%; ES, 0.10 £0.08; P = 0.035), but was not substantially
changed for either HIT+RT (-23 £19%); ES, -0.09 £0.08; P = 0.135) or MICT+RT (0.4
+17%; ES, 0.00 +-0.14; P = 0.989). The training-induced change in type | fibre CSA
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was also substantially greater for RT compared with HIT+RT (34 £22%; ES, 1.03
+0.80), but not MICT+RT (15 £54%; ES, 0.39 +1.45).

Type Il muscle fibre CSA (Figure 5.11B) was not substantially changed
between PRE and POST for either RT (19 £27%; ES, 0.09 +0.12; P = 0.139), HIT+RT
(0.4 £24%; ES, 0.00 £0.08; P = 0.974) or MICT+RT (16 +14%; ES, 0.19 +0.16; P =
0.344). There were no substantial differences in the training-induced changes in type 1l
fibre CSA.

At POST, type | fibre CSA (r = 0.591; P = 0.005), type Il fibre CSA (r = 0.470;
P = 0.032), and combined type | and type Il fibre CSA (r = 0.551; P = 0.010) were
correlated with total skeletal muscle RNA content. Correlations were also noted
between total RNA content at POST and the training-induced change in both type I
fibre CSA (r = 0.454; P = 0.044) and combined type | and type Il fibre CSA (r = 0.470;
P =0.032).
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Figure 5.11 Changes in type | (A) and type Il (B) muscle fibre CSA before (PRE) and after
(POST) eight weeks of either RT alone, or RT combined with either high-intensity interval
training (HIT+RT) or moderate-intensity continuous training (MICT+RT). Data
presented are means + SD and expressed relative to the PRE value for all groups. * =P <
0.05 vs. PRE, b = change between PRE and POST substantially greater vs. HIT+RT.
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Figure 5.12 Representative immunohistochemical images of muscle cross-sections obtained before (PRE) and after (POST) eight weeks of either RT
alone (images A and B, respectively), or RT combined with either high-intensity interval training (HIT+RT; images C and D, respectively) or
moderate-intensity continuous training (MICT+RT; images E and F, respectively). Muscle fibre membranes are stained red, type | muscle fibres are

stained green, and type Il muscle fibres are unstained.
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5.5 Discussion

Previous investigations on molecular responses and adaptations in skeletal
muscle to concurrent training have focused almost exclusively on measures of increased
translational efficiency (i.e., mTORC1 signalling and rates of MPS) (Apro et al., 2015;
Apro et al., 2013; Carrithers et al., 2007; Coffey et al., 2009a; Coffey et al., 2009b;
Donges et al., 2012; Fernandez-Gonzalo et al., 2013; Lundberg et al., 2012; Lundberg et
al., 2014b; Pugh et al., 2015). Novel data is presented on the regulation of translational
capacity (i.e., ribosome biogenesis) with concurrent training relative to RT performed
alone, including regulators of RNA Pol-I-mediated rDNA transcription, and changes in
expression levels of the 45S rRNA precursor and mature rRNA species (5.8S, 18S, and
28S). The major findings were that although a single bout of RE performed in a
training-accustomed state increased mTORC1 signalling and the phosphorylation of
RNA Pol-I regulatory factors (TIF-1A and UBF) compared with concurrent training,
this was not associated with increased expression of either the 45S rRNA precursor or
mature rRNA species. Rather, changes in total RNA content and expression of mature
rRNAs tended to be greater following concurrent exercise, regardless of the endurance
training intensity employed, suggesting enhanced ribosome biogenesis. These
observations contrasted our findings regarding training-induced changes in muscle
fibre-type specific hypertrophy, which was attenuated in type I muscle fibres for the
HIT+RT group, suggesting a disconnect between training-induced changes in markers
of ribosome biogenesis and skeletal muscle hypertrophy.

Previous work has demonstrated concurrent exercise either does not
compromise early post-exercise mMTORCL1 signalling or rates of MPS (Apro et al., 2015;
Apro et al., 2013; Carrithers et al., 2007; Donges et al., 2012; Pugh et al., 2015), or
rather potentiates these responses (Lundberg et al., 2012), compared with RE performed
alone. Most of these studies have, however, examined these responses in either
untrained individuals or those who are relatively unaccustomed to the exercise protocol.
Given short-term training increases the mode-specificity of post-exercise molecular
responses (Vissing et al., 2011; Wilkinson et al., 2008); examining perturbations to
molecular signalling and gene expression in relatively training-unaccustomed
individuals may confound any insight into interference to these responses following
concurrent training (Fyfe et al., 2014). A post-training exercise trial was employed to

investigate potential interference to mTORCL signalling following exercise protocols
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participants were accustomed to from eight weeks of prior training, thereby overcoming
some of the limitations of most single-bout concurrent exercise studies (Carrithers et al.,
2007; Donges et al., 2012; Lundberg et al., 2012; Pugh et al., 2015). In contrast to
previous investigations (Carrithers et al., 2007; Donges et al., 2012; Lundberg et al.,
2012; Pugh et al., 2015), evidence of enhanced mTORCL signalling was observed after
RT compared with concurrent exercise, including increased mTOR and p70S6K1
phosphorylation at 1 h post-exercise, and elevated rps6 phosphorylation at +3 h for RT
when compared with both concurrent exercise trials. These observations contrast
previous data (Fernandez-Gonzalo et al., 2013) showing no differences in mTORC1
signalling between single bouts of either RE, either performed alone or following a bout
of continuous endurance exercise, both in trained and untrained states. The authors
(Fernandez-Gonzalo et al., 2013) suggested, however, that any small tendency for

mTORC1 signalling responses (e.g., p70S6K ™38

phosphorylation) to be enhanced by
concurrent exercise before training, as shown in a previous study (Lundberg et al.,
2012), were lessened when exercise was performed in a training-accustomed state.
Although post-exercise molecular responses to exercise were not measured in the
present study before training, data presented in Chapter 3 demonstrated single bouts of
concurrent exercise, performed in a relatively unfamiliar state, induce similar post-
exercise mTORCL signalling responses to RE performed alone. Together, these data
lend support to the notion the molecular signals initiated in skeletal muscle by exercise
become more mode-specific with repeated training, and early post-exercise mTORC1
signalling may be attenuated with concurrent exercise compared with RE, when
performed in a training-accustomed state.

While the observed mTORC1 signalling responses were consistent with the
paradigm of enhanced mode-specificity of molecular responses with repeated training,
the finding of enhanced AMPK phosphorylation following RT compared with
concurrent exercise was unexpected, given the energy-sensing nature of AMPK
signalling and its purported role in promoting an oxidative skeletal muscle phenotype
(McGee & Hargreaves, 2010). Potentially, this observation may suggest an adaptive
response whereby endurance training rendered subjects in the concurrent training
groups less susceptible to exercise-induced metabolic perturbation in skeletal muscle,
manifesting in an attenuated post-exercise AMPK phosphorylation response. A similar
phenomenon has been observed in human skeletal muscle after only 10 days of

endurance training, whereby post-exercise increases in AMPK activity following a
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single pre-training exercise bout are attenuated compared with the same exercise bout
performed before training (McConell et al., 2005). The present data suggest further
work is required to further define the mode-specificity of AMPK signalling in skeletal
muscle and the effect of repeated training on induction of these responses.

In addition to mediating transient changes in translational efficiency,
accumulating evidence suggests mTORC1 also plays a critical role in regulating
ribosome biogenesis (and therefore translational capacity) in skeletal muscle by
regulating all three classes of RNA polymerases (RNA Pol I-111) (ladevaia et al., 2014).
Inhibition of MTORC1 by rapamycin leads to the inactivation of TIF-1A, which impairs
the recruitment of RNA Pol-l-associated transcription-initiation complexes mediating
the transcription of 45S pre-rRNA genes (Mayer et al., 2004). The key mTORC1
substrate p70S6K1 also plays a role in mediating Pol-I activity via its interaction with
UBF, a transcription factor that interacts with the RNA Pol-l1 machinery via SL-1
(Hannan et al., 2003). In agreement with mTORC1 signalling responses, the
phosphorylation of upstream regulators of RNA Pol-1-mediated rDNA transcription,
including UBF and TIF-1A, was further increased by RT alone than when combined
with either HIT or MICT. Previous work (Figueiredo et al., 2015) has demonstrated

649

single bouts of RT induces robust increases in TIF-1A Ser”™ phosphorylation and UBF

protein expression in human skeletal muscle at 1 h post-exercise, both in untrained and
trained states. Moreover, whereas single bouts of RT did not impact upon UBF Ser*®®
phosphorylation, this response was elevated in the basal state post-training (Figueiredo
et al., 2015). The present data add to the growing body of evidence that RT is a potent
stimulus for increasing the phosphorylation of regulators of Pol-I-mediated rDNA
transcription, and suggest these early signalling responses may be similarly attenuated
when RT is combined with endurance exercise in the form of either HIT or MICT.

The regulation of several Pol-1 associated proteins was also measured at the
transcriptional level, including TIF-1A, POLR1B, UBF, and cyclin D1. The present
data suggest concurrent exercise, irrespective of endurance training intensity, was a
sufficient stimulus for increasing POLR1B mRNA expression at 3 h post-exercise, but
only MICT+RT and RT alone increased TIF-IA mRNA content at this timepoint.
Previous work in human skeletal muscle has demonstrated no effect of a single bout of
RE performed in either untrained or trained states on the mRNA expression of either
TIF-1A or POLR1B at either 1 h (Figueiredo et al., 2015) or 4 h (Nader et al., 2014)

post-exercise. Eight weeks of RT has previously been shown to increase basal UBF
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MRNA expression, which was reduced 1 h following a single RT bout post-training
(Figueiredo et al., 2015). Although there were no basal training-induced increases in
UBF mRNA expression for any training group in the present study, a similar reduction
in UBF mRNA content was noted 3 h post-exercise for the RT group. Increased cyclin
D1 mRNA was also seen at rest post-training for the HIT+RT group, which was
maintained at 3 h post-exercise. Figueiredo et al. (2015) have shown eight weeks of RT
decreased post-training levels of cyclin D1 mRNA compared with pre-training, with a
small increase induced at 1 h post-exercise by a single bout of post-training RT. It
therefore appears HIT is a more potent stimulus for increasing levels of cyclin D1
MRNA compared with RT alone or MICT, although an acute reduction in cyclin D1
protein levels was also seen 1 h following a single bout of HIT+RT. Previous work has
shown increases in cyclin D1 mRNA during long-term (3 months) RT (Kadi et al.,
2004), which may suggest an increase in satellite cell activation and proliferation during
the training intervention (Adams et al., 1999; Kadi et al.,, 2004), although direct
measures of these markers were not made in the present study.

Despite the present findings regarding signalling responses upstream of 45S
pre-rRNA transcription, the expression of 45S pre-RNA, but not mature ribosome
species, was acutely increased only by concurrent exercise and not RT alone. Previous
work in humans has reported basal increases in 45S pre-rRNA after 8 weeks of RT
(Figueiredo et al., 2015), and 4 h after a single bout of RT performed in both untrained
and trained states (Nader et al., 2014). Notably, expression of 45S pre-rRNA was less
pronounced in the trained state compared with untrained (Nader et al., 2014). While no
substantial basal changes in 45S pre-rRNA expression were observed in the present
study, the change in 45S pre-rRNA levels between PRE and POST was greater for both
concurrent training groups compared with RT performed alone. Concurrent exercise
also increased 45S pre-rRNA levels at 3 h post-exercise, with little effect of single-
mode RT. These observations may be explained by the muscle sampling timepoints
employed in the present study. Increased post-exercise 45S pre-rRNA levels have been
previously shown at a later timepoint of 4 h after RE (Nader et al., 2014), whereas a
reduction in 45S rRNA levels has been demonstrated 1 h post-RE in trained, but not
untrained, states (Figueiredo et al., 2015). The possibility therefore exists that RT may
increase 45S rRNA expression at a later timepoint post-exercise, and the sampling time
points employed herein were not extensive enough to measure any exercise-induced

increases in 45S pre-rRNA expression.
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The effects of training on the basal expression of mature ribosome species
5.8S, 18S, and 28S were also investigated, as well as early post-exercise changes in
mature rRNA expression. Contrary to the a-priori hypothesis, RT decreased levels of
both the 5.8S and 28S rRNAs in the basal state post-training, while the training-induced
change in both of these rRNAs was greater with concurrent exercise compared with RT
alone. Neither training protocol was observed to induce any changes in 18S rRNA
expression. Previous work in humans (Figueiredo et al., 2015) has observed basal
increases in 5.8S, 18S, and 28S rRNA expression after 8 weeks of RT, all of which
were reduced 1 h following a single bout of RT performed post-training. The present
data contrast these findings by suggesting that in parallel with training-induced changes
in total RNA content, RT performed alone was an insufficient stimulus to increase
mature rRNA content, whereas concurrent exercise was sufficient to increase mature
5.8S and 28S expression after a single post-training exercise bout.

The rRNA primers used in the present study were specifically designed
(Figueiredo et al., 2015) to differentiate between mature rRNA expression and the
expression of these sequences still bound the polycistrionic 45S rRNA precursor.
Unlike previous work (Figueiredo et al., 2015) showing mature rRNA expression was
not associated with likewise increased expression of transcripts still bound to the 45S
precursor, expression of these transcripts (5.8S, 18S and 28S [span]) were similarly
increased in the present study. The authors explained their observation of simultaneous
increases in 45S pre-rRNA and mature rRNA species by the rapid processing of 45S
into its constituent rRNAs (Figueiredo et al., 2015). Given we observed similarly
increased expression of both mature rRNA transcripts and those still bound to the 45S
pre-rRNA (i.e., ‘span’ transcripts), our data suggests the observed changes in these
markers may be reflective solely of changes in 45S pre-rRNA content and not mature
forms of these rRNAs. These observations may also relate to the post-exercise time
courses examined in the present study. In support of this notion, it was shown that a
single bout of RE was sufficient to increase only the expression of rRNA transcripts still
bound to the 45S pre-rRNA, and not mature rRNA species, even after 48 h of post-
exercise recovery (Figueiredo et al., 2016b). It is therefore plausible that the post-
exercise time courses examined in the present study were not extensive enough to
measure early post-exercise changes in mature rRNA expression. Clearly, further work
is required to investigate the time course of rRNA regulation with training in human

skeletal muscle.
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Previous work in both rodent (Goodman et al., 2011b; Miyazaki et al., 2011;
Nakada et al., 2016; von Walden et al., 2012) and human (Figueiredo et al., 2015;
Haddad et al., 2005) skeletal muscle have shown increases in total RNA content in
parallel with load-induced muscle hypertrophy. Training-induced changes in total RNA
content of skeletal muscle was also shown to be correlated (r = 0.72) with increased
whole-muscle CSA (measured via CT) in humans after eight weeks of RT (Figueiredo
et al., 2015). Consistent with the increased expression of mature 5.8S and 28S rRNA
species, we observed increases in total RNA content for the HIT+RT group. Rather than
increase RNA content as anticipated, a basal reduction in total RNA content was
observed with RT performed alone. Despite this paradoxical finding, it is interesting to
note total RNA content was substantially higher at PRE for the RT group compared
with both the HIT+RT and MICT groups (1.8- and 1.6-fold, respectively). The reason
for this between-group discrepancy at baseline is not immediately clear, given that data
presented in Chapter 4 suggests these training groups had no differences in baseline lean
mass measured via DXA or lower-body 1-RM strength. It is possible the training
program employed in the present study was simply an insufficient stimulus to at least
maintain this elevated basal RNA content for the RT group. Studies demonstrating
robust increases in total RNA content concomitantly with rodent skeletal muscle
hypertrophy typically employ supraphysiological methods for inducing muscle
hypertrophy, such as synergist ablation (Goodman et al., 2011b; Miyazaki et al., 2011;
Nakada et al., 2016; von Walden et al., 2012), a stimulus clearly not replicated by RT in
human models. Participant training status may also impact upon training-induced
changes in ribosome biogenesis in humans. The participants in the study by Figueiredo
et al. (2015) were likely untrained (although this was not explicitly made clear) and
were asked to refrain from RT for 3 weeks prior to the study. The participants in the
present study were actively engaging in resistance and/or endurance exercise for at least
1 year prior to commencing the study, likely suggesting a higher relative training status
compared with those of Figueiredo et al. (2015). Also supporting the notion of RT in the
present study being an insufficient stimulus for ribosome biogenesis is that the training-
induced change in total RNA was negatively correlated (r = -0.885, P < 0.001) with
baseline total RNA content. This suggests individuals with a lower RNA content at PRE
tended to increased total skeletal muscle RNA content with training, whereas
individuals with a high pre-training RNA content tended to decrease total RNA content

following training. It is possible that between-group differences in training volume,
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which was clearly higher for the concurrent training groups compared with RT, may
have impacted upon the training-induced changes in total skeletal muscle RNA content.
Moreover, it is unclear whether those in the RT group had higher recreational training
volumes prior to commencing the study, which may have been reduced upon
commencing the study, subsequently resulting in a reduced total skeletal muscle RNA
content after the intervention. Nevertheless, RT was sufficient to increase type I muscle
fibre CSA, and to a similar extent type Il fibre CSA (ES, 0.10 and 0.09, respectively)
although this change was not substantial in magnitude nor statistically significant. In
agreement with previous research (Bell et al., 2000; Kraemer et al., 1995), the training-
induced increase in type | muscle fibore CSA was attenuated with concurrent exercise,
albeit only when incorporating HIT, compared with RT performed alone. Despite these
between-group differences in fibre-type specific hypertrophy, we could find no
evidence that changes in lean mass or muscle fibre CSA were correlated with changes in
total RNA content of skeletal muscle. We did, however, note relationships between total
RNA content at POST and both type I (r = 0.591) and type Il (r = 0.470) muscle fibre
CSA at POST, as well the training-induced changes in both the CSA of type | muscle
fibres (r = 0.454) and lower body lean mass (r = -0.600) measured via DXA. The
apparent disconnect between training-induced changes in total RNA content and
markers of muscle hypertrophy both at the whole-body and muscle-fibre levels suggests
further investigation is required into relationship between changes in translational
capacity and RT-induced hypertrophy in human skeletal muscle.

As skeletal muscle mass accretion is ultimately determined by the net balance
between MPS and protein degradation (Atherton & Smith, 2012), the expression of
ubiquitin ligases purported to mediate muscle protein breakdown (Bodine et al., 2001a)
was also measured as proxy markers of protein degradation. Concurrent exercise
incorporating HIT has previously been shown to exacerbate the expression of MuRF-1
relative to RT performed alone (Apro et al., 2015), while similar increases in MuRF-1
MRNA expression 3 h after a single bout of concurrent exercise incorporating either
HIT or MICT in relatively training-unaccustomed individuals were reported in Chapter
3. Conversely, when performed in the trained state, the present data suggest only the
HIT protocol was sufficient to induce elevated MuRF-1 expression after subsequent RT,
relative to RT either performed alone or in combination with MICT. While the role of
Atrogin-1 in mediating protein degradation is less clear compared with MuRF-1

(Krawiec et al., 2005), we nevertheless observed a reduction in Atrogin-1 expression at
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+3 h for RT, but not for either concurrent training group. These data are consistent with
previous reports of reduced Atrogin-1 expression 3 h after RT performed in both
untrained and trained states (Fernandez-Gonzalo et al., 2013), but contrast others
showing reduced Atrogin-1 expression 3 h after RT only when preceded 6 h earlier by
MICT (40 min cycling at 70% of peak power output) (Lundberg et al., 2012). Taken
together, these data suggest concurrent exercise incorporating HIT may exacerbate post-
exercise rates of protein degradation by increasing MuRF-1 mRNA expression, while
both concurrent exercise protocols prevented the acute reduction in Atrogin-1
expression induced by RT alone. These data should, however, be considered with recent
evidence suggesting increased rates of protein degradation may be necessary to promote
skeletal muscle remodelling and be permissive, rather than inhibitory, for training
adaptations in skeletal muscle (Vainshtein & Hood, 2015).

Contrary to data presented in Chapter 3, performing HIT in combination with
RT was a potent stimulus for upregulating PGC-1a. mRNA expression, compared when
RT was combined with MICT or performed alone. Traditionally implicated in the
regulation of mitochondrial biogenesis via interactions with the nuclear- and
mitochondrial-specific transcription factors (Pilegaard et al., 2003), additional roles of
PGC-1a splice variants in promoting divergent skeletal muscle adaptation, including
RE-induced hypertrophy, have emerged (Ruas et al., 2012). Despite these associations,
other recent studies have questioned both the mode-specificity (Ydfors et al., 2013) and
relationship between PGC-1la splice variant expression and RT-induced hypertrophy
(Lundberg et al., 2014a). While the PGC-1a primers used in the current study cannot
distinguish between PGC-la isoforms, we did not observed a basal post-training
reduction in PGC-la expression for RT, and no changes in PGC-la expression
following a single bout of RT performed post-training. These data indicate this PGC-1a
isoform is preferentially induced by endurance exercise, and that HIT is a particularly
potent stimulus for increasing PGC-1a expression, even when performed in a training-

accustomed state.

5.5.1 Conclusions

This is the first study to simultaneously investigate markers of ribosome
biogenesis and mTORCL1 signalling in human skeletal muscle following concurrent

training compared with single-mode RT. Contrary to the presented hypotheses and
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recent observations in humans (Figueiredo et al., 2015; Nader et al., 2014), little
evidence of increased ribosome biogenesis was observed in skeletal muscle following
eight weeks of RT. Rather, markers of ribosome biogenesis appeared to be greater
following concurrent exercise, regardless of the endurance training intensity. This
occurred despite a single bout of RT being a more potent stimulus for both mTORC1
signalling and phosphorylation of regulators of RNA Pol-1-mediated rDNA
transcription (i.e., TIF-1A and UBF) when performed post-training. An apparent
disconnect was noted between training-induced changes in muscle fibre CSA, of which
the small increases induced by RT were attenuated for HIT+RT, and total skeletal
muscle RNA content. Overall, the present data suggest single-mode RT performed in a
training-accustomed state preferentially induces mTORC1 and ribosome biogenesis-
related signalling in skeletal muscle compared with concurrent exercise; however, this is
not associated with basal post-training increases in markers of ribosome biogenesis. As
these responses were measured post-training, this may suggest RT may become a
greater stimulus for ribosome biogenesis and muscle hypertrophy if training were
continued long-term. Further work in human exercise models which stimulate more
robust skeletal muscle hypertrophy (e.g., high-volume RT performed to failure),
together with longer intervention periods, may be required to fully elucidate the role of
ribosome biogenesis in adaptation to RT and subsequently any potential interference to

these responses with concurrent training.
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Chapter 6 General discussion

The overall aim of this thesis was to determine the potential role of endurance
training intensity in modulating the interference effect during concurrent training.
Interference was investigated in the form of both i) molecular responses and adaptations
in human skeletal muscle purported to regulate muscle mass, and ii) changes in
maximal strength, CMJ performance, lean mass and muscle fibre hypertrophy, after
concurrent training compared with single-mode RT. Chapter 3 (Study 1) of this thesis
examined perturbations in mTORCL1 signalling and the expression of microRNA
species following single bouts of concurrent exercise incorporating either HIT or MICT
as the endurance exercise modality. Chapters 4 and 5 (Study 2) of this thesis then
explored the effects of eight weeks of concurrent training, incorporating either HIT or
MICT, on exercise performance, morphological and molecular adaptations in human
skeletal muscle, compared with RT performed alone. The following section will
summarise the main findings from each of the chapters presented within this thesis,
discuss both the inherent limitations and practical implications of these findings, before
finally presenting recommendations for future research in the area of interference during

concurrent training.

6.1 Summary of key findings

e Compared with RE performed alone, a single bout of either HIT or work-
matched MICT performed prior to RE does not compromise skeletal muscle
mTORC1 signalling (i.e., mMTOR and p70S6K1 phosphorylation) in the 3 h post-
exercise recovery period. Rather, combining RE with HIT was a particularly
potent stimulus for increasing post-exercise mTOR and rps6 phosphorylation,
and for reducing eEF2 phosphorylation and the expression of candidate
microRNAs implicated in the negative regulation of the IGF-1/Akt, Fox-O1 and
myogenesis pathways in skeletal muscle. These responses occurred despite
similar metabolic perturbation (i.e., muscle glycogen depletion and markers of
increased AMPK  activity) induced in skeletal muscle by prior HIT or MICT

before subsequent RE was commenced.

e Compared with RT performed alone, eight weeks of concurrent training

incorporating either HIT or work-matched MICT cycling similarly attenuated
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maximal (1-RM) lower-, but not upper-body strength development. Increases in
lower-body lean mass were attenuated with concurrent training incorporating
HIT, but not MICT. The attenuated lean mass responses for the HIT+RT group
were also reflected by an attenuation of training-induced increases in vastus
lateralis type | muscle fibre CSA compared with RT performed alone.
Concurrent training also compromised training-induced improvements in
selected CMJ variables, including peak force and power. These data corroborate
existing evidence that endurance training can interfere with selected adaptations
to RT, however extend current knowledge that endurance training intensity
appears to not mediate interference to maximal strength gain, at least on a work-
matched basis, and that HIT may to some extent negate lean mass gain during

concurrent training.

e When performed in a training-accustomed state, a single bout of RE was a more
potent stimulus for inducing both mTORC1 signalling and the phosphorylation
of upstream regulators of RNA Pol-I-mediated transcription of the 45S rRNA
precursor in human skeletal muscle, compared with concurrent exercise. In
contrast to previous studies in relatively training-unaccustomed individuals
(Carrithers et al., 2007; Donges et al., 2012; Fernandez-Gonzalo et al., 2013,
Lundberg et al., 2012; Lundberg et al., 2014b; Pugh et al., 2015), these data
provide evidence of interference to mMTORC1 and ribosome biogenesis
signalling following a single bout of concurrent exercise relative to RE
performed alone. These observations affirm the need to measure early post-
exercise molecular responses to concurrent exercise in a training-accustomed
state, which likely streamlines their mode-specificity (Coffey et al., 2006a;
Coffey et al., 2006b; Wilkinson et al., 2008).

e Despite the findings regarding the potency for single-bout RE in promoting
MTORCL1 and ribosome biogenesis signalling, and contrary to previous human
studies (Figueiredo et al., 2015; Nader et al., 2014), no substantial evidence of
ribosome biogenesis adaptation was observed in human skeletal muscle
following RT performed alone, while these responses appeared greater
following concurrent training. Concurrent training therefore did not appear to
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attenuate any hypothesised RT-mediated increases in ribosome biogenesis and
translational capacity of skeletal muscle, at least after eight weeks of training.
There were also no substantial relationships between training-induced changes
in markers of muscle hypertrophy and total skeletal muscle RNA content,
contrasting previous human data (Figueiredo et al., 2015), although post-training
total RNA content was related to both type I (r = 0.591) and type Il (r = 0.470)
muscle fibre CSA, and also to the training-induced change in both type I muscle
fibre CSA (r = 0.454) and lower-body lean mass (r = -0.600). Further work
utilising interventions inducing more robust muscle hypertrophy responses and
longer training periods (see section 6.4.2) may be required to fully elucidate the
role of altered regulation of translational efficiency and capacity in mediating

any potential interference effect during concurrent training.

This thesis extends current knowledge on the role of endurance training intensity
in altering early post-exercise molecular responses to concurrent exercise in human
skeletal muscle, and interference to RT adaptations following short-term concurrent
training. Previous single-bout concurrent training investigations have incorporated
either HIT (Apro et al., 2015; Pugh et al., 2015) or MICT (Apro et al., 2013; Carrithers
et al., 2007; Donges et al., 2012; Fernandez-Gonzalo et al., 2013; Lundberg et al., 2012)
when attempting to elucidate whether interference to mTORC1 signalling might explain
long-term interference to RT adaptations. To date, none of these studies have
demonstrated any evidence of interference to mTORCL1 signalling or protein synthesis
as seen in rodent skeletal muscle following ex-vivo electrical stimulation (Atherton et
al., 2005). The data presented within this thesis further questions whether interference to
mTORC1 signalling plays a role in the interference effect; however, these data also
suggest the mTORCL1 pathway is preferentially induced in skeletal muscle by RE
compared with concurrent exercise when performed in a training-accustomed state.
Regarding the potential role of endurance training intensity in promoting post-exercise
to post-exercise anabolic responses in skeletal muscle, combining RE with HIT,
compared to with MICT, was a more potent stimulus for inducing both anabolic (i.e.,
mMTORC1 signalling) and catabolic (i.e., MuRF1 and FoxOl1 mRNA expression)
responses, when performed in a relatively training-unaccustomed state. The present data
also report for the first time that concurrent training incorporating HIT, but not MICT,

reduces the expression of candidate miRNAs purported to negatively regulate signalling
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pathways involved in skeletal muscle hypertrophy and/or myogenesis. Thus, rather than
promoting interference, we observed evidence concurrent training incorporating HIT
appears to be a potent stimulus for promoting a skeletal muscle milieu conducive to
promoting positive skeletal muscle adaptations to training.

Despite the observations of the impact of concurrent vs. single-mode RE on
post-exercise molecular responses in skeletal muscle, it has become increasingly clear
single-bout exercise studies cannot ‘predict’ chronic phenotypes induced by long-term
training (Mitchell et al., 2014; Phillips et al., 2013; Wilkinson et al., 2008). The aim of
Chapter 4 of this thesis was therefore to elucidate the effects of 8 weeks of concurrent
training incorporating either HIT or MICT on adaptations to maximal strength, CMJ
performance, body composition, and aerobic capacity, relative to single-mode RT. The
findings from this study confirmed concurrent endurance training can interfere with
selected adaptations to RT, albeit to differing degrees, but extend current knowledge on
the role of endurance training intensity in mediating this interference effect. Contrary to
the hypotheses, a similar degree of interference to maximal strength development was
noted with concurrent training regardless of whether HIT or work-matched MICT was
incorporated, suggesting endurance training volume may be a more critical variable in
mediating this phenomenon. This is consistent with the conclusions from a meta-
analysis investigating the contribution of concurrent training variables to the
interference effect (Wilson et al., 2012), and a study whereby interference to maximal
strength was only noted with higher- compared with lower endurance training volumes
(Jones et al., 2013). Another novel finding from this thesis was performing HIT
concurrently with RT resulted in less lower-body lean mass gain when compared with
RT either performed alone or in combination with MICT, for which lower-body lean
mass similarly improved. Considering the potency of a single bout of concurrent
exercise incorporating HIT for inducing mTORC1 signalling and reducing miRNA
expression in skeletal muscle (Chapter 3), this highlights the disconnect between early
post-exercise responses in skeletal muscle and longer-term training adaptations.
Another consideration when interpreting the outcomes of Chapter 4 are potential
between-group differences in total training volume when considering training
completed external to the study, a concept largely ignored in the literature. Using the
session RPE (sRPE) method, an attempt was made to quantify any potential between-
group differences in the volume of training completed external to the study, and noted

participants in the HIT+RT group had a higher internal training load than those in the
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MICT+RT group. It is therefore difficult to deduce whether this effect was mediated via
between-group divergences in endurance training intensity or total endurance training
volume per se. There is a clear need for future studies in this area to further clarify the
potential role of endurance training volume in promoting interference by manipulating
between-group endurance training volumes (see section 6.4).

The final chapter of this thesis (Chapter 5) investigated additional novel
molecular mechanisms that may contribute to interference to muscle hypertrophy and
strength with concurrent training compared with single-mode RT. There is growing
evidence that adaptations to translational capacity in skeletal muscle occur
concomitantly with skeletal muscle hypertrophy (Chaillou et al., 2014; Figueiredo et al.,
2015; Nader et al., 2014) and appear attenuated in situations where muscle mass is
likewise compromised (Figueiredo et al., 2016a; Figueiredo et al., 2016b; Kirby et al.,
2015). In this context, it was investigated whether adaptations to translational capacity
might be differentially affected by concurrent training, and whether any evidence of
molecular interference would be observed following a single bout of exercise performed
in a training-accustomed state, in contrast to Chapter 3. Contrary to our hypothesis,
however, we did not observe any evidence of substantial ribosome biogenesis
adaptation to RT performed alone, while training-induced changes in markers of
ribosome biogenesis were greater with concurrent training. These changes occurred
despite a single bout of RE being a more potent stimulus for inducing mTORC1
signalling and the phosphorylation of upstream regulators of RNA Pol-I-mediated
rDNA transcription (i.e., TIF-1A and UBF) when performed post-training. It is unclear,
however, whether RT may have become a more potent stimulus for inducing ribosome
biogenesis adaptation with an extended training period (>8 weeks). The possibility
exists that the RT intervention employed was simply an insufficient stimulus for
promoting ribosome biogenesis adaptation in skeletal muscle, when compared to
supraphysiological rodent models of inducing skeletal muscle hypertrophy such as
synergist ablation (Goodman et al., 2011b; Miyazaki et al., 2011; Nakada et al., 2016;
von Walden et al., 2012), and considering the participants were recreationally active and
not untrained. In agreement with previous research (Bell et al., 2000; Kraemer et al.,
1995), the training-induced increase in type I muscle fibre CSA was attenuated with
concurrent exercise, albeit only when incorporating HIT, compared with RT performed
alone. Despite these between-group differences, we could find no evidence that changes

in lean mass or muscle fibre CSA were correlated with changes in total RNA content of
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skeletal muscle. Taken together, it appears that divergences in skeletal muscle responses
related to both translational efficiency (i.e., enhanced mTORCL1 signalling) and
translational capacity (i.e., ribosome biogenesis) do not fully explain the phenotypes
induced by 8 weeks of concurrent training. The apparent disconnect between total RNA
content and markers of muscle hypertrophy both at the whole-body and muscle-fibre
levels suggests further investigation is required into relationship between changes in
translational capacity and lean mass gain.

To summarise, this thesis has contributed new knowledge to the field of
concurrent training by investigating both the role of endurance training intensity in
promoting interference to RT adaptations, as well as novel molecular mechanisms that
may contribute to the interference phenomenon. The findings of this thesis suggest
endurance training intensity per se may play a limited role in promoting interference
during concurrent training, and the likely greater contribution of endurance training
volume warrants further investigation. When performed in a relatively training-
unaccustomed state, combining HIT with RT is a potent stimulus for inducing mTORC1
signalling and reducing the expression of miRNA species purported to be involved with
skeletal muscle adaptation to exercise. In contrast, performing RT in a training-
accustomed state preferentially enhances both mTORC1 and ribosome biogenesis
signalling when compared with concurrent exercise. Despite concurrent exercise
incorporating HIT being a potent stimulus for anabolic responses in skeletal muscle
when performed in a relatively training-unaccustomed state, attenuated markers of
training-induced muscle hypertrophy were observed when HIT was incorporated into 8
weeks of concurrent training. It is clear, therefore, that early post-exercise molecular
responses do not appear to explain interference to RT adaptations, at least after 8 weeks
of training. Given the between-group discrepancies in interference to training-induced
maximal strength gain and indices of muscle hypertrophy observed in Chapters 4 and 5,
the potential exists that the majority of interference to maximal strength gain is largely
mediated by non-hypertrophic (i.e., neural) mechanisms known to predominate in the
early weeks of RT (Folland & Williams, 2007; Gabriel et al., 2006; Moritani & deVries,
1979). It is unclear whether longer training periods, which are likely to induce more
substantial muscle hypertrophy (Folland & Williams, 2007; Gabriel et al., 2006;
Moritani & deVries, 1979), are required to provide further insight into the factors
mediating interference specifically to muscle hypertrophy responses following longer-

term concurrent training.
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6.2 Limitations and considerations

The primary findings presented above and within the chapters of this thesis

should be considered in context with the limitations of the methodological and

analytical techniques employed, of which a brief discussion is presented below.

Caution should be taken when interpreting between-condition differences in post-
exercise molecular responses as markers of future training adaptations. As reported
in similar studies investigating molecular interference in skeletal muscle with
concurrent training (Apro et al., 2013; Coffey et al., 2009a; Coffey et al., 2009b;
Fernandez-Gonzalo et al., 2013; Lundberg et al., 2012; Lundberg et al., 2014b; Pugh
et al., 2015), we used the phosphorylation of components of the mTORC1 pathway
as proxy markers for the activation of protein synthesis. However, a direct coupling
between mTORC1 signalling and protein synthesis rates does not always exist
(Atherton et al., 2010), nor does greater phosphorylation of mTOR pathway
intermediates always equal a greater protein synthetic response (Crozier et al.,
2005). Even functional measures such as rates of MPS after a single bout of RE do
not correlate with muscle hypertrophy after 16 weeks of RT (Mitchell et al., 2014).
Adding complexity to the relationship between molecular responses in skeletal
muscle and chronic training adaptations is the transient and time-course dependent
nature of these responses post-exercise (Drummond et al., 2011; Wojtaszewski et
al., 2003). As a consequence, the relative magnitude of these responses is influenced
by the post-exercise biopsy sampling timepoints employed in any given study. It is
likely that employing different post-exercise muscle sampling time points to those
investigated in the present thesis would have influenced the relative magnitude of
the measured responses, and therefore any associated inferences on these data.
Further work is required to define the time course of molecular events mediating
chronic phenotypic adaptations to training, and potentially their progression during a
training program. Such information is likely to also provide further mechanistic

insight into the concurrent interference effect (Fyfe et al., 2014).

The potential for muscle fibre type-specificity in the molecular responses and

adaptations measured in skeletal muscle must be considered. Muscle analyses for
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studies comprising Chapters 3 and 5 were conducted using mixed whole-muscle
homogenate. However, this approach may have masked any fibre-type specific
differences in measured responses following the exercise protocols, including
glycogen content, signalling responses and gene expression (Murphy & Lamb,
2013). For example, although the HIT and MICT protocols induced similar whole-
muscle glycogen depletion and markers of AMPK activity in the study presented in
Chapter 3, there would likely be fibre-type specific differences in these responses
(Suriano et al., 2010). Thus, whether the prior endurance exercise protocols altered
signalling responses and/or gene expression in a fibre-type specific manner

following subsequent RE remains to be determined.

e The use of DXA as a measure of whole-body changes in body composition is not
without limitations. DXA is advantageous as a measure of whole-body changes in
body composition, and scans may also be segmented into separate body portions by
the investigator, allowing for differentiation in body composition changes between
the upper- and lower-body, for example, as reported in Chapter 4. While DXA is a
useful measure of overall body composition, its local resolution is lower than MRI
(magnetic resonance imaging) (Maden-Wilkinson et al., 2013), which may have
provided a better measures of region-specific muscle hypertrophy; however, these
measures were unfortunately not possible within this thesis. It is also possible that
the training-induced changes in lean mass reported in Chapter 4 may have been
underestimated due to the insensitivity of DXA-derived lean mass measurements.

e The mechanism(s) underlying the interference effect may involve either i) an
exacerbation of residual fatigue after endurance exercise, which compromises RE
quality and subsequently adaptation, or ii) a molecular mechanism(s) whereby post-
exercise molecular responses initiated by endurance exercise antagonise those
mediating increased MPS, and subsequently hypertrophy, consequent to RE (see
section 2.9). The observations of attenuated maximal strength gain in Chapter 4, in
the absence of a similar magnitude of interference to muscle hypertrophy or
adaptations to translational capacity of skeletal muscle, suggest these underlying
mechanisms may be non-hypertrophic and potentially neural in origin. Indeed, it is

well established that neural adaptations predominate in the early phases of strength
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training, whereas robust muscle hypertrophy later ensues (Folland & Williams,
2007; Gabriel et al., 2006; Moritani & deVries, 1979). The possibility exists that
most concurrent training studies, including those presented within this thesis, are
only long enough in duration to detect interference mediated predominantly by
neural factors. Despite evidence of muscle hypertrophy occurring after just 3 weeks
of RT (DeFreitas et al., 2011; Seynnes et al., 2007), it is likely that interference to
processes underpinning muscle hypertrophy will become more apparent following
longer-term (i.e., months to years) training.

There are a multitude of potential training variables associated with concurrent
training (i.e., endurance and RT volume, intensity, and modality, training frequency,
order of resistance and endurance training and between-mode recovery), further
discussed in Fyfe et al. (2014). The studies conducted within this thesis focused
solely on the manipulation of endurance training intensity during concurrent
training, while attempting to control for the influence of other potential confounding
variables (e.g., training volume, resistance and endurance training order, between-
mode recovery and endurance training modality). It is possible the results presented
within this thesis may have differed if other training variables had been
differentially manipulated. For example, both the exercise order (i.e., endurance
training performed before RT or vice versa) and the length of between-mode
recovery may influence the degree of residual fatigue and/or AMPK activity in
which subsequent RT is commenced, subsequently modulating the degree of
interference to RT adaptations. It is likely that both the exercise order (i.e.,
endurance training before RT) and length of between-mode recovery (i.e., 10-15
min) employed within the present thesis were sub-optimal for promoting adaptation
to subsequent RT compared to the alternate exercise order and longer between-mode
recovery periods. The outcomes of this thesis should therefore be considered in
context of the possibility that endurance training intensity may play a greater or
lesser role in the interference effect if factors such as those mentioned above are
differentially manipulated.

For all studies conducted within this thesis, cycling was employed as the endurance

training modality. While cycle ergometry provides a number of practical advantages
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for the researcher, including ease of workload quantification and availability of
equipment, the results of these studies may not be generalised to other exercise
modalities, in particular running exercise. There is accumulating evidence that
running exercise may exacerbate interference to RT adaptations during concurrent
training, compared to when cycling is employed (Leveritt et al., 1999; Wilson et al.,
2012), although randomised controlled trials have not yet been conducted to fully
elucidate any modality-dependent interference effect. Further work is required to
determine the relative contribution of endurance training modality to interference;
however, the findings of this thesis apply to concurrent training regimes

incorporating cycling exercise.

e As discussed in section 5.5, individual responses appear to be evident in the
training-induced changes in maximal strength, hypertrophy, and CMJ variables
presented in Chapter 4 (Figure 4.4). The possibility exists that some individuals may
also be more or less susceptible to interference to RT adaptations with concurrent
training compared with other individuals. To adequately evaluate individual
responses to a controlled trial such as that conducted in Chapter 4, however, large
sample sizes and repeated measurements of outcome measures are necessary
(Hopkins, 2015), criteria in which studies within this thesis were unfortunately
lacking. Future studies in this area should consider employing designs whereby
inferences on the degree of individual response to concurrent training, and
potentially interference to RT adaptations, may be appropriately evaluated. Such
information may aid in the development of individualised exercise prescription

guidelines to minimise the interference effect during periods of concurrent training.

6.3 Practical applications
The results gleaned from this thesis may inform practical recommendations for

simultaneously maximising adaptation to both resistance and endurance exercise during

concurrent training. These recommendations are briefly summarised below:

e The conclusions of Chapter 4 affirm previous findings that performing endurance

training concurrently with RE indeed results in an interference effect to
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improvements in maximal strength, CMJ performance, and to a lesser extent lean
mass development. However, there were no substantial differences in either of these
outcomes between concurrent training groups incorporating either HIT or work-
matched MICT as the endurance training modality. Taken together, these data
suggest endurance training intensity is not a critical mediator of interference to
maximal strength and peak CMJ force and power, at least after 8 weeks of training,
and total endurance training volume may be more critical. Thus, during periods of
concurrent training it is suggested endurance training volumes be limited so as to
minimise any volume-dependent interference effect. Whether low-volume HIT
protocols, previously shown to cause no interference to maximal strength
development with concurrent endurance and RT performed on separate days
(Cantrell et al., 2014), confer advantage by limiting interference compared with

higher-volume HIT or MICT protocols, remains to be elucidated.

e The effects of endurance training intensity on lean mass gain consequent to
concurrent training require further investigation. The trend for compromised DXA-
measured lean mass responses for the HIT+RT group was also reflected by an
attenuated increase in training-induced type | muscle fibre CSA. An important
consideration, however, is we also noted a higher non-prescribed internal training
load for the HIT+RT group, suggesting total endurance training volume during the
intervention period may have been higher for this group. Further work is therefore
required to determine the potential influence of endurance training intensity and/or
volume on interference to lean mass gain before practical recommendations can be
made. The potential impact of training prescription and nutrient availability on
training-induced lean mass gain is further discussed in the following section (6.4),
and are additional considerations when interpreting these results.

6.4 Recommendations for future research

The following recommendations are presented for future research investigating

the interference phenomenon with concurrent training:
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Single-bout exercise studies should be conducted in a training-accustomed state

The combined observations of molecular responses in skeletal muscle after single
exercise bouts presented in both Chapters 3 and 5 of this thesis are consistent with
the notion that post-exercise molecular signals are rather exercise mode-unspecific
in relatively untrained skeletal muscle (Camera et al., 2010; Coffey et al., 2006b;
Vissing et al., 2011; Wilkinson et al., 2008). When considered together with the
limited relationship between molecular signalling responses and/or rates of MPS
following early exercise bouts and chronic training adaptations (Mitchell et al.,
2014), future studies should, where possible, conduct long-term (>12 weeks)
training studies and measure post-exercise skeletal muscle responses in a training-
accustomed state. However, further research is required to determine whether early
molecular responses in trained muscle are more predictive of phenotypes induced by

further training.

Training interventions should be sufficient to induce considerable muscle hypertrophy

For studies investigating interference to RT adaptations during concurrent training,
it is imperative the intervention is sufficient to induce robust skeletal muscle
hypertrophy. Key variables in maximising skeletal muscle hypertrophy appear to be
sufficient RT volume (Burd et al., 2010), training closer to the point of concentric
failure (even with low relative training loads) (Mitchell et al., 2012), length of the
training intervention, as well as amino acid availability (Cermak et al., 2012). Future
studies in this area should attempt to adhere to these prescription guidelines for
maximising hypertrophy, as well as providing sufficient dietary control/support
during the training intervention (Cermak et al., 2012). Implementing these measures
may improve the likelihood of future studies detecting any interference to skeletal

muscle growth with concurrent training.

Additional mechanisms that may be involved with the interference effect warrant further

investigation

Studies conducted within this thesis have primarily investigated changes in
translational efficiency (i.e., mTORC1 signalling) and translational capacity (i.e.,

ribosome biogenesis) as potential mechanisms explaining previous observations of
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attenuated muscle hypertrophy and strength following concurrent training.
However, additional mechanisms, such as satellite cell activation, are warranted of
further investigation. Although the role of satellite cells in promoting skeletal
muscle hypertrophy is controversial (O'Connor & Pavlath, 2007; Rehfeldt, 2007),
concurrent training has previously been shown to attenuate early post-exercise
satellite cell responses compared with single-mode RE (Babcock et al., 2012).
Whether these responses are also attenuated following longer-term training is

worthy of future investigation.

The potential muscle fibre-type specificity of early post-exercise responses and
long-term adaptations with concurrent training also requires further examination.
The induction of mTORCL1 signalling following RE has previously been shown to
predominate in type Il muscle fibres (Koopman et al., 2006), which are also most
susceptible to RE-induced growth (Tesch, 1988). Whether examining post-exercise
molecular responses in mixed skeletal muscle homogenate masks any potential
fibre type-specificity in responses is therefore unclear, and should be a

consideration for future research.

Another novel aspect to the regulation of anabolic responses in skeletal muscle is
the role of intracellular translocation of signalling proteins in response to anabolic
stimuli, such as amino acid provision (Sancak et al., 2010) or mechanical loading
(Jacobs et al., 2013). Given the important role of an mTOR-lysosomal association
in promoting mTOR activation, including both the targeting of mTOR towards the
lysosome (Sancak et al., 2010) and concomitant dissociation of negative regulators
of mMTORCL1 away from the lysosome (Jacobs et al., 2013), future studies in this
area should investigate whether these processes are differentially regulated
following concurrent training compared with RT alone. Together, investigation of
these additional mechanisms relating to skeletal muscle anabolism, and
subsequently muscle growth, will help to shed further light on the potential
mechanisms underlying interference to muscle hypertrophy and strength with

concurrent training.

207



Chapter 7. Reference list



Chapter 7 Reference list

Aagaard, P., & Andersen, J. L. (2010). Effects of strength training on endurance
capacity in top-level endurance athletes. Scand J Med Sci Sports, 20 Suppl 2, 39-
47,

Aagaard, P., Andersen, J. L., Bennekou, M., Larsson, B., Olesen, J. L., Crameri, R., et
al. (2011). Effects of resistance training on endurance capacity and muscle fiber
composition in young top-level cyclists. Scand J Med Sci Sports, 21(6), e298-
307.

Adams, G. R. (1998). Role of insulin-like growth factor-1 in the regulation of skeletal
muscle adaptation to increased loading. Exerc Sport Sci Rev, 26, 31-60.

Adams, G. R., Caiozzo, V. J., Haddad, F., & Baldwin, K. M. (2002). Cellular and
molecular responses to increased skeletal muscle loading after irradiation. Am J
Physiol Cell Physiol, 283(4), C1182-1195.

Adams, G. R., Haddad, F., & Baldwin, K. M. (1999). Time course of changes in
markers of myogenesis in overloaded rat skeletal muscles. J Appl Physiol
(1985), 87(5), 1705-1712.

Alves, A. R., Marta, C., Neiva, H. P., lzquierdo, M., & Marques, M. C. (2015).
Concurrent training in prepubescent children: the effects of eight weeks of
strength and aerobic training on explosive strength and VO2max. J Strength
Cond Res.

Apro, W., Moberg, M., Hamilton, D. L., Ekblom, B., van Hall, G., Holmberg, H. C., et
al. (2015). Resistance exercise-induced S6K1 kinase activity is not inhibited in
human skeletal muscle despite prior activation of AMPK by high-intensity
interval cycling. Am J Physiol Endocrinol Metab, 308(6), E470-481.

Apro, W., Wang, L., Ponten, M., Blomstrand, E., & Sahlin, K. (2013). Resistance
exercise induced mTORC1 signalling is not impaired by subsequent endurance
exercise in human skeletal muscle. Am J Physiol Endocrinol Metab, 305(1),
E22-32.

Areta, J. L., Burke, L. M., Ross, M. L., Camera, D. M., West, D. W., Broad, E. M., et
al. (2013). Timing and distribution of protein ingestion during prolonged
recovery from resistance exercise alters myofibrillar protein synthesis. J Physiol,
591(Pt 9), 2319-2331.

Aspuria, P. J., & Tamanoi, F. (2004). The Rheb family of GTP-binding proteins. Cell
Signal, 16(10), 1105-1112.

Atherton, P. J., Babraj, J., Smith, K., Singh, J., Rennie, M. J., & Wackerhage, H. (2005).
Selective activation of AMPK-PGC-1alpha or PKB-TSC2-mTOR signaling can
explain specific adaptive responses to endurance or resistance training-like
electrical muscle stimulation. FASEB J, 19(7), 786-788.

209



Adaptation to concurrent training: role of endurance training intensity

Atherton, P. J., Etheridge, T., Watt, P. W., Wilkinson, D., Selby, A., Rankin, D., et al.
(2010). Muscle full effect after oral protein: time-dependent concordance and
discordance between human muscle protein synthesis and mTORCL1 signaling.
Am J Clin Nutr, 92(5), 1080-1088.

Atherton, P. J., & Rennie, M. J. (2006). Protein synthesis a low priority for exercising
muscle. J Physiol, 573(Pt 2), 288-2809.

Atherton, P. J., & Smith, K. (2012). Muscle protein synthesis in response to nutrition
and exercise. J Physiol, 590(Pt 5), 1049-1057.

Baar, K. (2006). Training for endurance and strength: lessons from cell signaling. Med
Sci Sports Exerc, 38(11), 1939-1944.

Baar, K. (2009). The signaling underlying FITness. Appl Physiol Nutr Metab, 34(3),
411-419.

Baar, K., & Esser, K. (1999). Phosphorylation of p70(S6k) correlates with increased
skeletal muscle mass following resistance exercise. Am J Physiol, 276(1 Pt 1),
C120-127.

Baar, K., Wende, A. R., Jones, T. E., Marison, M., Nolte, L. A., Chen, M., et al. (2002).
Adaptations of skeletal muscle to exercise: rapid increase in the transcriptional
coactivator PGC-1. FASEB J, 16(14), 1879-1886.

Babcock, L., Escano, M., D'Lugos, A., Todd, K., Murach, K., & Luden, N. (2012).
Concurrent aerobic exercise interferes with the satellite cell response to acute
resistance exercise. Am J Physiol Regul Integr Comp Physiol, 302(12), R1458-
1465.

Baehr, L. M., Furlow, J. D., & Bodine, S. C. (2011). Muscle sparing in muscle RING
finger 1 null mice: response to synthetic glucocorticoids. J Physiol, 589(Pt 19),
4759-4776.

Bai, X., Ma, D., Liu, A., Shen, X., Wang, Q. J., Liu, Y., et al. (2007). Rheb activates
MTOR by antagonizing its endogenous inhibitor, FKBP38. Science, 318(5852),
977-980.

Balabinis, C. P., Psarakis, C. H., Moukas, M., Vassiliou, M. P., & Behrakis, P. K.
(2003). Early phase changes by concurrent endurance and strength training. J
Strength Cond Res, 17(2), 393-401.

Baldwin, J., Snow, R. J., & Febbraio, M. A. (2000). Effect of training status and relative
exercise intensity on physiological responses in men. Med Sci Sports Exerc,
32(9), 1648-1654.

210



Chapter 7 Reference list

Bandi, H. R., Ferrari, S., Krieg, J., Meyer, H. E., & Thomas, G. (1993). Identification of
40 S ribosomal protein S6 phosphorylation sites in Swiss mouse 3T3 fibroblasts
stimulated with serum. J Biol Chem, 268(6), 4530-4533.

Banerjee, P., Ahmad, M. F., Grove, J. R., Kozlosky, C., Price, D. J., & Avruch, J.
(1990). Molecular structure of a major insulin/mitogen-activated 70-kDa S6
protein kinase. Proc Natl Acad Sci U S A, 87(21), 8550-8554.

Bar-Peled, L., Chantranupong, L., Cherniack, A. D., Chen, W. W., Ottina, K. A,,
Grabiner, B. C., et al. (2013). A Tumor suppressor complex with GAP activity
for the Rag GTPases that signal amino acid sufficiency to mTORCL. Science,
340(6136), 1100-1106.

Bar-Peled, L., Schweitzer, L. D., Zoncu, R., & Sabatini, D. M. (2012). Ragulator is a
GEF for the rag GTPases that signal amino acid levels to mTORCL1. Cell,
150(6), 1196-1208.

Barnes, B. R., & Zierath, J. R. (2005). Role of AMP-activated protein kinase in the
control of glucose homeostasis. Curr Mol Med, 5(3), 341-348.

Bartlett, J. D., Close, G. L., Drust, B., & Morton, J. P. (2014). The emerging role of p53
in exercise metabolism. Sports Med, 44(3), 303-309.

Bartlett, J. D., Close, G. L., MacLaren, D. P., Gregson, W., Drust, B., & Morton, J. P.
(2011). High-intensity interval running is perceived to be more enjoyable than
moderate-intensity continuous exercise: implications for exercise adherence. J
Sports Sci, 29(6), 547-553.

Bartlett, J. D., Hwa Joo, C., Jeong, T. S., Louhelainen, J., Cochran, A. J., Gibala, M. J.,
et al. (2012). Matched work high-intensity interval and continuous running
induce similar increases in PGC-lalpha mRNA, AMPK, p38, and p53
phosphorylation in human skeletal muscle. J Appl Physiol, 112(7), 1135-1143.

Batterham, A. M., & Hopkins, W. G. (2005). Making Meaningful Inferences About
Magnitudes. Sportscience. Retrieved from sportsci.org/jour/05/ambwgh.htm

Beelen, M., Burke, L. M., Gibala, M. J., & van Loon, L. J. (2010). Nutritional strategies
to promote postexercise recovery. Int J Sport Nutr Exerc Metab, 20(6), 515-532.

Bell, G. J., Syrotuik, D., Martin, T. P., Burnham, R., & Quinney, H. A. (2000). Effect of
concurrent strength and endurance training on skeletal muscle properties and
hormone concentrations in humans. Eur J Appl Physiol, 81(5), 418-427.

Bentley, D. J., Smith, P. A., Davie, A. J., & Zhou, S. (2000). Muscle activation of the
knee extensors following high intensity endurance exercise in cyclists. Eur J
Appl Physiol, 81(4), 297-302.

211



Adaptation to concurrent training: role of endurance training intensity

Bentley, D. J., Zhou, S., & Davie, A. J. (1998). The effect of endurance exercise on
muscle force generating capacity of the lower limbs. J Sci Med Sport, 1(3), 179-
188.

Bentzinger, C. F., Romanino, K., Cloetta, D., Lin, S., Mascarenhas, J. B., Oliveri, F., et
al. (2008). Skeletal muscle-specific ablation of raptor, but not of rictor, causes
metabolic changes and results in muscle dystrophy. Cell Metab, 8(5), 411-424.

Benziane, B., Burton, T. J., Scanlan, B., Galuska, D., Canny, B. J., Chibalin, A. V., et
al. (2008). Divergent cell signaling after short-term intensified endurance
training in human skeletal muscle. Am J Physiol Endocrinol Metab, 295(6),
E1427-1438.

Berger, N. J., Tolfrey, K., Williams, A. G., & Jones, A. M. (2006). Influence of
continuous and interval training on oxygen uptake on-kinetics. Med Sci Sports
Exerc, 38(3), 504-512.

Bergstrom, J. (1962). Muscle electrolytes in man. Scand J Clin Lab Invest, 68, 1-110.

Blair, S. N., Kampert, J. B., Kohl, H. W., 3rd, Barlow, C. E., Macera, C. A,
Paffenbarger, R. S., Jr., et al. (1996). Influences of cardiorespiratory fitness and
other precursors on cardiovascular disease and all-cause mortality in men and
women. JAMA, 276(3), 205-210.

Blomstrand, E., Eliasson, J., Karlsson, H. K., & Kohnke, R. (2006). Branched-chain
amino acids activate key enzymes in protein synthesis after physical exercise. J
Nutr, 136(1 Suppl), 269S-273S.

Blomstrand, E., & Saltin, B. (1999). Effect of muscle glycogen on glucose, lactate and
amino acid metabolism during exercise and recovery in human subjects. J
Physiol, 514 ( Pt 1), 293-302.

Bodine, S. C., Latres, E., Baumhueter, S., Lai, V. K., Nunez, L., Clarke, B. A, et al.
(2001a). Identification of ubiquitin ligases required for skeletal muscle atrophy.
Science, 294(5547), 1704-1708.

Bodine, S. C., Stitt, T. N., Gonzalez, M., Kline, W. O., Stover, G. L., Bauerlein, R., et
al. (2001b). Akt/mTOR pathway is a crucial regulator of skeletal muscle
hypertrophy and can prevent muscle atrophy in vivo. Nat Cell Biol, 3(11), 1014-
1019.

Bolster, D. R., Crozier, S. J., Kimball, S. R., & Jefferson, L. S. (2002). AMP-activated
protein Kinase suppresses protein synthesis in rat skeletal muscle through down-
regulated mammalian target of rapamycin (mTOR) signaling. J Biol Chem,
277(27), 23977-23980.

212



Chapter 7 Reference list

Borg, G. (1970). Physical training. 3. Perceived exertion in physical work.
Lakartidningen, 67(40), 4548-4557.

Borgenvik, M., Apro, W., & Blomstrand, E. (2012). Intake of branched-chain amino
acids influences the levels of MAFbx mRNA and MuRF-1 total protein in
resting and exercising human muscle. Am J Physiol Endocrinol Metab, 302(5),
E510-521.

Bouchard, C., & Rankinen, T. (2001). Individual differences in response to regular
physical activity. Med Sci Sports Exerc, 33(6 Suppl), S446-451; discussion
S452-443.

Brocca, L., Cannavino, J., Coletto, L., Biolo, G., Sandri, M., Bottinelli, R., et al. (2012).
The time course of the adaptations of human muscle proteome to bed rest and
the underlying mechanisms. J Physiol, 590(Pt 20), 5211-5230.

Brown, E. J., Beal, P. A., Keith, C. T., Chen, J., Shin, T. B., & Schreiber, S. L. (1995).
Control of p70 s6 kinase by kinase activity of FRAP in vivo. Nature, 377(6548),
441-446.

Browne, G. J., Finn, S. G., & Proud, C. G. (2004). Stimulation of the AMP-activated
protein kinase leads to activation of eukaryotic elongation factor 2 kinase and to
its phosphorylation at a novel site, serine 398. J Biol Chem, 279(13), 12220-
12231.

Browne, G. J., & Proud, C. G. (2002). Regulation of peptide-chain elongation in
mammalian cells. Eur J Biochem, 269(22), 5360-5368.

Browne, G. J., & Proud, C. G. (2004). A novel mTOR-regulated phosphorylation site in
elongation factor 2 kinase modulates the activity of the kinase and its binding to
calmodulin. Mol Cell Biol, 24(7), 2986-2997.

Brugarolas, J., Lei, K., Hurley, R. L., Manning, B. D., Reiling, J. H., Hafen, E., et al.
(2004). Regulation of mTOR function in response to hypoxia by REDD1 and the
TSC1/TSC2 tumor suppressor complex. Genes Dev, 18(23), 2893-2904.

Brunet, A., Bonni, A., Zigmond, M. J., Lin, M. Z., Juo, P., Hu, L. S., et al. (1999). Akt
promotes cell survival by phosphorylating and inhibiting a Forkhead
transcription factor. Cell, 96(6), 857-868.

Burd, N. A., Holwerda, A. M., Selby, K. C., West, D. W., Staples, A. W., Cain, N. E., et
al. (2010). Resistance exercise volume affects myofibrillar protein synthesis and
anabolic signalling molecule phosphorylation in young men. J Physiol, 588(Pt
16), 3119-3130.

Burgomaster, K. A., Howarth, K. R., Phillips, S. M., Rakobowchuk, M., Macdonald, M.
J., McGee, S. L., et al. (2008). Similar metabolic adaptations during exercise

213



Adaptation to concurrent training: role of endurance training intensity

after low volume sprint interval and traditional endurance training in humans. J
Physiol, 586(1), 151-160.

Burleigh, 1. G. (1977). Observations on the number of nuclei within the fibres of some
red and white muscles. J Cell Sci, 23, 269-284.

Burnett, P. E., Barrow, R. K., Cohen, N. A., Snyder, S. H., & Sabatini, D. M. (1998).
RAFT1 phosphorylation of the translational regulators p70 S6 kinase and 4E-
BP1. Proc Natl Acad Sci U S A, 95(4), 1432-1437.

Cadore, E. L., Izquierdo, M., Alberton, C. L., Pinto, R. S., Conceicao, M., Cunha, G., et
al. (2012a). Strength prior to endurance intra-session exercise sequence
optimizes neuromuscular and cardiovascular gains in elderly men. Exp Gerontol,
47(2), 164-169.

Cadore, E. L., Izquierdo, M., Goncalves Dos Santos, M., Martins, J. B., Lhullier, F. L.,
Pinto, R. S., et al. (2012b). Hormonal Responses to Concurrent Strength and
Endurance Training with Different Exercise Orders. J Strength Cond Res,
26(12), 3281-3288.

Cadore, E. L., Izquierdo, M., Pinto, S. S., Alberton, C. L., Pinto, R. S., Baroni, B. M., et
al. (2012c). Neuromuscular adaptations to concurrent training in the elderly:
effects of intrasession exercise sequence. Age (Dordr), 35(3), 891-903.

Calnan, D. R., & Brunet, A. (2008). The FoxO code. Oncogene, 27(16), 2276-2288.

Calvo, J. A., Daniels, T. G., Wang, X., Paul, A., Lin, J., Spiegelman, B. M., et al.
(2008). Muscle-specific expression of PPARgamma coactivator-lalpha
improves exercise performance and increases peak oxygen uptake. J Appl
Physiol (1985), 104(5), 1304-1312.

Camera, D. M., Edge, J., Short, M. J., Hawley, J. A., & Coffey, V. G. (2010). Early
time course of Akt phosphorylation after endurance and resistance exercise. Med
Sci Sports Exerc, 42(10), 1843-1852.

Camera, D. M., West, D. W., Burd, N. A, Phillips, S. M., Garnham, A. P., Hawley, J.
A., et al. (2012). Low muscle glycogen concentration does not suppress the
anabolic response to resistance exercise. J Appl Physiol, 113(2), 206-214.

Camera, D. M., West, D. W., Phillips, S. M., Rerecich, T., Stellingwerff, T., Hawley, J.
A, et al. (2015). Protein ingestion increases myofibrillar protein synthesis after
concurrent exercise. Med Sci Sports Exerc, 47(1), 82-91.

Candow, D. G., Burke, N. C., Smith-Palmer, T., & Burke, D. G. (2006). Effect of whey
and soy protein supplementation combined with resistance training in young
adults. Int J Sport Nutr Exerc Metab, 16(3), 233-244.

214



Chapter 7 Reference list

Canto, C., Gerhart-Hines, Z., Feige, J. N., Lagouge, M., Noriega, L., Milne, J. C., et al.
(2009). AMPK regulates energy expenditure by modulating NAD+ metabolism
and SIRT1 activity. Nature, 458(7241), 1056-1060.

Cantrell, G. S., Schilling, B. K., Paquette, M. R., & Murlasits, Z. (2014). Maximal
strength, power, and aerobic endurance adaptations to concurrent strength and
sprint interval training. Eur J Appl Physiol, 114(4), 763-771.

Carrithers, J. A., Carroll, C. C., Coker, R. H., Sullivan, D. H., & Trappe, T. A. (2007).
Concurrent exercise and muscle protein synthesis: implications for exercise
countermeasures in space. Aviat Space Environ Med, 78(5), 457-462.

Centner, T., Yano, J., Kimura, E., McElhinny, A. S., Pelin, K., Witt, C. C., et al. (2001).
Identification of muscle specific ring finger proteins as potential regulators of
the titin kinase domain. J Mol Biol, 306(4), 717-726.

Cermak, N. M., Res, P. T., de Groot, L. C., Saris, W. H., & van Loon, L. J. (2012).
Protein supplementation augments the adaptive response of skeletal muscle to
resistance-type exercise training: a meta-analysis. Am J Clin Nutr, 96(6), 1454-
1464.

Chaillou, T., Kirby, T. J., & McCarthy, J. J. (2014). Ribosome biogenesis: emerging
evidence for a central role in the regulation of skeletal muscle mass. J Cell
Physiol, 229(11), 1584-1594.

Chaillou, T., Koulmann, N., Simler, N., Meunier, A., Serrurier, B., Chapot, R., et al.
(2012). Hypoxia transiently affects skeletal muscle hypertrophy in a functional
overload model. Am J Physiol Regul Integr Comp Physiol, 302(5), R643-654.

Chaillou, T., Lee, J. D., England, J. H., Esser, K. A., & McCarthy, J. J. (2013). Time
course of gene expression during mouse skeletal muscle hypertrophy. J Appl
Physiol (1985), 115(7), 1065-1074.

Chamari, K., Hachana, Y., Ahmed, Y. B., Galy, O., Sghaier, F., Chatard, J. C., et al.
(2004). Field and laboratory testing in young elite soccer players. Br J Sports
Med, 38(2), 191-196.

Chen, Z., Peng, I. C., Sun, W., Su, M. I., Hsu, P. H., Fu, Y., et al. (2009). AMP-
activated protein kinase functionally phosphorylates endothelial nitric oxide
synthase Ser633. Circ Res, 104(4), 496-505.

Chen, Z. P., McConell, G. K., Michell, B. J., Snow, R. J., Canny, B. J., & Kemp, B. E.
(2000). AMPK signaling in contracting human skeletal muscle: acetyl-CoA
carboxylase and NO synthase phosphorylation. Am J Physiol Endocrinol Metab,
279(5), E1202-1206.

215



Adaptation to concurrent training: role of endurance training intensity

Chen, Z. P., Stephens, T. J., Murthy, S., Canny, B. J., Hargreaves, M., Witters, L. A., et
al. (2003). Effect of exercise intensity on skeletal muscle AMPK signaling in
humans. Diabetes, 52(9), 2205-2212.

Chtara, M., Chaouachi, A., Levin, G. T., Chaouachi, M., Chamari, K., Amri, M., et al.
(2008). Effect of concurrent endurance and circuit resistance training sequence
on muscular strength and power development. J Strength Cond Res, 22(4),
1037-1045.

Churchley, E. G., Coffey, V. G., Pedersen, D. J., Shield, A., Carey, K. A., Cameron-
Smith, D., et al. (2007). Influence of preexercise muscle glycogen content on
transcriptional activity of metabolic and myogenic genes in well-trained
humans. J Appl Physiol, 102(4), 1604-1611.

Churchward-Venne, T. A., Burd, N. A., & Phillips, S. M. (2012). Nutritional regulation
of muscle protein synthesis with resistance exercise: strategies to enhance
anabolism. Nutr Metab (Lond), 9(1), 40.

Cochran, A. J., Little, J. P., Tarnopolsky, M. A., & Gibala, M. J. (2010). Carbohydrate
feeding during recovery alters the skeletal muscle metabolic response to
repeated sessions of high-intensity interval exercise in humans. J Appl Physiol,
108(3), 628-636.

Codogno, P. (2004). ATG genes and macroautophagy. Med Sci (Paris), 20(8-9), 734-
736.

Coffey, V. G., & Hawley, J. A. (2007). The molecular bases of training adaptation.
Sports Med, 37(9), 737-763.

Coffey, V. G., Jemiolo, B., Edge, J., Garnham, A. P., Trappe, S. W., & Hawley, J. A.
(2009a). Effect of consecutive repeated sprint and resistance exercise bouts on
acute adaptive responses in human skeletal muscle. Am J Physiol Regul Integr
Comp Physiol, 297(5), R1441-1451.

Coffey, V. G., Moore, D. R., Burd, N. A., Rerecich, T., Stellingwerff, T., Garnham, A.
P., et al. (2011). Nutrient provision increases signalling and protein synthesis in
human skeletal muscle after repeated sprints. Eur J Appl Physiol, 111(7), 1473-
1483.

Coffey, V. G., Pilegaard, H., Garnham, A. P., O'Brien, B. J., & Hawley, J. A. (2009b).
Consecutive bouts of diverse contractile activity alter acute responses in human
skeletal muscle. J Appl Physiol, 106(4), 1187-1197.

Coffey, V. G., Shield, A., Canny, B. J., Carey, K. A., Cameron-Smith, D., & Hawley, J.
A. (2006a). Interaction of contractile activity and training history on mRNA
abundance in skeletal muscle from trained athletes. Am J Physiol Endocrinol
Metab, 290(5), E849-855.

216



Chapter 7 Reference list

Coffey, V. G., Zhong, Z., Shield, A., Canny, B. J., Chibalin, A. V., Zierath, J. R., et al.
(2006b). Early signaling responses to divergent exercise stimuli in skeletal
muscle from well-trained humans. FASEB J, 20(1), 190-192.

Cohen, S., Brault, J. J., Gyqi, S. P., Glass, D. J., Valenzuela, D. M., Gartner, C., et al.
(2009). During muscle atrophy, thick, but not thin, filament components are
degraded by MuRF1-dependent ubiquitylation. J Cell Biol, 185(6), 1083-1095.

Coleman, M. E., DeMayo, F., Yin, K. C., Lee, H. M., Geske, R., Montgomery, C., et al.
(1995). Myogenic vector expression of insulin-like growth factor I stimulates
muscle cell differentiation and myofiber hypertrophy in transgenic mice. J Biol
Chem, 270(20), 12109-12116.

Collins, M. A., & Snow, T. K. (1993). Are adaptations to combined endurance and
strength training affected by the sequence of training? J Sports Sci, 11(6), 485-
491.

Corton, J. M., Gillespie, J. G., Hawley, S. A., & Hardie, D. G. (1995). 5-
aminoimidazole-4-carboxamide ribonucleoside. A specific method for activating
AMP-activated protein kinase in intact cells? Eur J Biochem, 229(2), 558-565.

Coyle, E. F. (1999). Physiological determinants of endurance exercise performance. J
Sci Med Sport, 2(3), 181-189.

Coyle, E. F., Coggan, A. R., Hemmert, M. K., & Walters, T. J. (1984). Glycogen usage
and performance relative to lactate threshold. Med Sci Sports Exerc, 16, 120-
121.

Coyle, E. F., Martin, W. H., Ehsani, A. A., Hagberg, J. M., Bloomfield, S. A., Sinacore,
D. R., et al. (1983). Blood lactate threshold in some well-trained ischemic heart
disease patients. J Appl Physiol, 54(1), 18-23.

Craig, B., Lucas, J., & Pohlman, R. (1991). Effects of running, weightlifting and a
combination of both on growth hormone release. J Appl Sport Sci Res, 5, 198-
203.

Creer, A., Gallagher, P., Slivka, D., Jemiolo, B., Fink, W., & Trappe, S. (2005).
Influence of muscle glycogen availability on ERK1/2 and Akt signaling after
resistance exercise in human skeletal muscle. J Appl Physiol, 99(3), 950-956.

Crozier, S. J., Kimball, S. R., Emmert, S. W., Anthony, J. C., & Jefferson, L. S. (2005).
Oral leucine administration stimulates protein synthesis in rat skeletal muscle. J
Nutr, 135(3), 376-382.

Cunningham, J. T., Rodgers, J. T., Arlow, D. H., Vazquez, F., Mootha, V. K., &
Puigserver, P. (2007). mTOR controls mitochondrial oxidative function through
a YY1-PGC-1lalpha transcriptional complex. Nature, 450(7170), 736-740.

217



Adaptation to concurrent training: role of endurance training intensity

Cuthbertson, D. J., Babraj, J., Smith, K., Wilkes, E., Fedele, M. J., Esser, K., et al.
(2006). Anabolic signaling and protein synthesis in human skeletal muscle after
dynamic shortening or lengthening exercise. Am J Physiol Endocrinol Metab,
290(4), E731-738.

Dardevet, D., Sornet, C., Vary, T., & Grizard, J. (1996). Phosphatidylinositol 3-kinase
and p70 s6 kinase participate in the regulation of protein turnover in skeletal
muscle by insulin and insulin-like growth factor 1. Endocrinology, 137(10),
4087-4094.

Davidsen, P. K., Gallagher, I. J., Hartman, J. W., Tarnopolsky, M. A., Dela, F., Helge,
J. W., et al. (2011). High responders to resistance exercise training demonstrate
differential regulation of skeletal muscle microRNA expression. J Appl Physiol
(1985), 110(2), 309-317.

Day, M. L., McGuigan, M. R., Brice, G., & Foster, C. (2004). Monitoring exercise
intensity during resistance training using the session RPE scale. J Strength Cond
Res, 18(2), 353-358.

de Souza, E. O., Tricoli, V., Franchini, E., Paulo, A. C., Regazzini, M., & Ugrinowitsch,
C. (2007). Acute effect of two aerobic exercise modes on maximum strength and
strength endurance. J Strength Cond Res, 21(4), 1286-1290.

de Souza, E. O., Tricoli, V., Roschel, H., Brum, P. C., Bacurau, A. V., Ferreira, J. C., et
al. (2013). Molecular Adaptations to Concurrent Training. Int J Sports Med,
34(3), 207-213.

DeFreitas, J. M., Beck, T. W., Stock, M. S., Dillon, M. A., & Kasishke, P. R., 2nd.
(2011). An examination of the time course of training-induced skeletal muscle
hypertrophy. Eur J Appl Physiol, 111(11), 2785-2790.

Dehoux, M., Gobier, C., Lause, P., Bertrand, L., Ketelslegers, J. M., & Thissen, J. P.
(2007). IGF-1 does not prevent myotube atrophy caused by proinflammatory
cytokines despite activation of Akt/Foxo and GSK-3beta pathways and
inhibition of atrogin-1 mRNA. Am J Physiol Endocrinol Metab, 292(1), E145-
150.

Deldicque, L., Atherton, P., Patel, R., Theisen, D., Nielens, H., Rennie, M. J., et al.
(2008). Decrease in Akt/PKB signalling in human skeletal muscle by resistance
exercise. Eur J Appl Physiol, 104(1), 57-65.

Deldicque, L., Theisen, D., & Francaux, M. (2005). Regulation of mTOR by amino
acids and resistance exercise in skeletal muscle. Eur J Appl Physiol, 94(1-2), 1-
10.

218



Chapter 7 Reference list

Derave, W., Hansen, B. F., Lund, S., Kristiansen, S., & Richter, E. A. (2000). Muscle
glycogen content affects insulin-stimulated glucose transport and protein kinase
B activity. Am J Physiol Endocrinol Metab, 279(5), E947-955.

Dever, T. E., & Green, R. (2012). The elongation, termination, and recycling phases of
translation in eukaryotes. Cold Spring Harb Perspect Biol, 4(7), a013706.

DeVol, D. L., Rotwein, P., Sadow, J. L., Novakofski, J., & Bechtel, P. J. (1990).
Activation of insulin-like growth factor gene expression during work-induced
skeletal muscle growth. Am J Physiol, 259(1 Pt 1), E89-95.

DeYoung, M. P., Horak, P., Sofer, A., Sgroi, D., & Ellisen, L. W. (2008). Hypoxia
regulates TSC1/2-mTOR signaling and tumor suppression through REDD1-
mediated 14-3-3 shuttling. Genes Dev, 22(2), 239-251.

Di Donato, D. M., West, D. W., Churchward-Venne, T. A., Breen, L., Baker, S. K., &
Phillips, S. M. (2014). Influence of aerobic exercise intensity on myofibrillar
and mitochondrial protein synthesis in young men during early and late
postexercise recovery. Am J Physiol Endocrinol Metab, 306(9), E1025-1032.

Dolezal, B. A., & Potteiger, J. A. (1998). Concurrent resistance and endurance training
influence basal metabolic rate in nondieting individuals. J Appl Physiol, 85(2),
695-700.

Donges, C. E., Burd, N. A., Duffield, R., Smith, G. C., West, D. W., Short, M. J., et al.
(2012). Concurrent resistance and aerobic exercise stimulates both myofibrillar
and mitochondrial protein synthesis in sedentary middle-aged men. J Appl
Physiol, 112(12), 1992-2001.

Dorrello, N. V., Peschiaroli, A., Guardavaccaro, D., Colburn, N. H., Sherman, N. E., &
Pagano, M. (2006). S6K1- and betaTRCP-mediated degradation of PDCDA4
promotes protein translation and cell growth. Science, 314(5798), 467-471.

Dreyer, H. C., Fujita, S., Cadenas, J. G., Chinkes, D. L., Volpi, E., & Rasmussen, B. B.
(2006). Resistance exercise increases AMPK activity and reduces 4E-BP1
phosphorylation and protein synthesis in human skeletal muscle. J Physiol,
576(Pt 2), 613-624.

Drummond, M. J., Dreyer, H. C., Pennings, B., Fry, C. S., Dhanani, S., Dillon, E. L., et
al. (2008a). Skeletal muscle protein anabolic response to resistance exercise and
essential amino acids is delayed with aging. J Appl Physiol, 104(5), 1452-1461.

Drummond, M. J., Fry, C. S., Glynn, E. L., Dreyer, H. C., Dhanani, S., Timmerman, K.
L., et al. (2009). Rapamycin administration in humans blocks the contraction-
induced increase in skeletal muscle protein synthesis. J Physiol, 587(Pt 7), 1535-
1546.

219



Adaptation to concurrent training: role of endurance training intensity

Drummond, M. J., Fry, C. S., Glynn, E. L., Timmerman, K. L., Dickinson, J. M.,
Walker, D. K., et al. (2011). Skeletal muscle amino acid transporter expression
is increased in young and older adults following resistance exercise. J Appl
Physiol, 111(1), 135-142.

Drummond, M. J., Fujita, S., Abe, T., Dreyer, H. C., Volpi, E., & Rasmussen, B. B.
(2008b). Human muscle gene expression following resistance exercise and
blood flow restriction. Med Sci Sports Exerc, 40(4), 691-698.

Drummond, M. J., McCarthy, J. J., Fry, C. S., Esser, K. A., & Rasmussen, B. B.
(2008c). Aging differentially affects human skeletal muscle microRNA
expression at rest and after an anabolic stimulus of resistance exercise and
essential amino acids. Am J Physiol Endocrinol Metab, 295(6), E1333-1340.

Dudley, G. A., & Djamil, R. (1985). Incompatibility of endurance- and strength-training
modes of exercise. J Appl Physiol (1985), 59(5), 1446-1451.

Edge, J., Bishop, D., & Goodman, C. (2006). The effects of training intensity on muscle
buffer capacity in females. Eur J Appl Physiol, 96(1), 97-105.

Edge, J., Bishop, D., Goodman, C., & Dawson, B. (2005). Effects of high- and
moderate-intensity training on metabolism and repeated sprints. Med Sci Sports
Exerc, 37(11), 1975-1982.

Efeyan, A., Comb, W. C., & Sabatini, D. M. (2015). Nutrient-sensing mechanisms and
pathways. Nature, 517(7534), 302-310.

Efeyan, A., Zoncu, R., Chang, S., Gumper, 1., Snitkin, H., Wolfson, R. L., et al. (2013).
Regulation of mTORC1 by the Rag GTPases is necessary for neonatal
autophagy and survival. Nature, 493(7434), 679-683.

Egan, B., O'Connor, P. L., Zierath, J. R., & O'Gorman, D. J. (2013). Time course
analysis reveals gene-specific transcript and protein kinetics of adaptation to
short-term aerobic exercise training in human skeletal muscle. PLoS One, 8(9),
e74098.

Eisenberg, B. R., Kennedy, J. M., & Wenderoth, M. P. (1989). Anonymous cellular and
molecular biology of muscle development. New York: AR Liss.

Elia, L., Contu, R., Quintavalle, M., Varrone, F., Chimenti, C., Russo, M. A., et al.
(2009). Reciprocal regulation of microRNA-1 and insulin-like growth factor-1
signal transduction cascade in cardiac and skeletal muscle in physiological and
pathological conditions. Circulation, 120(23), 2377-2385.

Enright, K., Morton, J., lga, J., & Drust, B. (2015). The effect of concurrent training
organisation in youth elite soccer players. Eur J Appl Physiol, 115(11), 2367-
2381.

220



Chapter 7 Reference list

Eskelinen, E. L., & Saftig, P. (2009). Autophagy: a lysosomal degradation pathway with
a central role in health and disease. Biochim Biophys Acta, 1793(4), 664-673.

Evans, W. J. (1995). What is sarcopenia? J Gerontol A Biol Sci Med Sci, 50 Spec No, 5-
8.

Evans, W. J., Phinney, S. D., & Young, V. R. (1982). Suction applied to a muscle
biopsy maximizes sample size. Med Sci Sports Exerc, 14(1), 101-102.

Fanzani, A., Conraads, V. M., Penna, F., & Martinet, W. (2012). Molecular and cellular
mechanisms of skeletal muscle atrophy: an update. J Cachexia Sarcopenia
Muscle, 3(3), 163-179.

Favier, F. B., Costes, F., Defour, A., Bonnefoy, R., Lefai, E., Bauge, S., et al. (2010).
Downregulation of Akt/mammalian target of rapamycin pathway in skeletal
muscle is associated with increased REDD1 expression in response to chronic
hypoxia. Am J Physiol Regul Integr Comp Physiol, 298(6), R1659-1666.

Fenton, T. R., & Gout, I. T. (2011). Functions and regulation of the 70kDa ribosomal S6
kinases. Int J Biochem Cell Biol, 43(1), 47-59.

Fernandez-Gonzalo, R., Lundberg, T. R., & Tesch, P. A. (2013). Acute molecular
responses in untrained and trained muscle subjected to aerobic and resistance
exercise training versus resistance training alone. Acta Physiol (Oxf), 209(4),
283-294.

Figueiredo, V. C., Caldow, M. K., Massie, V., Markworth, J. F., Cameron-Smith, D., &
Blazevich, A. J. (2015). Ribosome biogenesis adaptation in resistance training-
induced human skeletal muscle hypertrophy. Am J Physiol Endocrinol Metab,
309(1), E72-83.

Figueiredo, V. C., Markworth, J. F., Durainayagam, B. R., Pileggi, C. A., Roy, N. C.,
Barnett, M. P., et al. (2016a). Impaired Ribosome Biogenesis and Skeletal
Muscle Growth in a Murine Model of Inflammatory Bowel Disease. Inflamm
Bowel Dis, 22(2), 268-278.

Figueiredo, V. C., Roberts, L. A., Markworth, J. F., Barnett, M. P., Coombes, J. S.,
Raastad, T., et al. (2016b). Impact of resistance exercise on ribosome biogenesis
is acutely regulated by post-exercise recovery strategies. Physiol Rep, 4(2).

Fluck, M., & Hoppeler, H. (2003). Molecular basis of skeletal muscle plasticity--from
gene to form and function. Rev Physiol Biochem Pharmacol, 146, 159-216.

Fogarty, S., & Hardie, D. G. (2010). Development of protein kinase activators: AMPK
as a target in metabolic disorders and cancer. Biochim Biophys Acta, 1804(3),
581-591.

221



Adaptation to concurrent training: role of endurance training intensity

Folland, J. P., & Williams, A. G. (2007). The adaptations to strength training:
morphological and neurological contributions to increased strength. Sports Med,
37(2), 145-168.

Foster, C., Florhaug, J. A., Franklin, J., Gottschall, L., Hrovatin, L. A., Parker, S., et al.
(2001). A new approach to monitoring exercise training. J Strength Cond Res,
15(1), 109-115.

Fry, A. C. (2004). The role of resistance exercise intensity on muscle fibre adaptations.
Sports Med, 34(10), 663-679.

Fry, C. S., Drummond, M. J., Glynn, E. L., Dickinson, J. M., Gundermann, D. M.,
Timmerman, K. L., et al. (2011). Aging impairs contraction-induced human
skeletal muscle mTORCL signaling and protein synthesis. Skelet Muscle, 1(1),
11.

Fyfe, J. J., Bishop, D. J., & Stepto, N. K. (2014). Interference between Concurrent
Resistance and Endurance Exercise: Molecular Bases and the Role of Individual
Training Variables. Sports Med, 44(6), 743-762.

Gabriel, D. A., Kamen, G., & Frost, G. (2006). Neural adaptations to resistive exercise:
mechanisms and recommendations for training practices. Sports Med, 36(2),
133-149.

Gagan, J., Dey, B. K., Layer, R., Yan, Z., & Dutta, A. (2011). MicroRNA-378 targets
the myogenic repressor MyoR during myoblast differentiation. J Biol Chem,
286(22), 19431-19438.

Ganley, I. G., Lam du, H., Wang, J.,, Ding, X., Chen, S., & Jiang, X. (2009).
ULK1.ATG13.FIP200 complex mediates mTOR signaling and is essential for
autophagy. J Biol Chem, 284(18), 12297-12305.

Garber, C. E., Blissmer, B., Deschenes, M. R., Franklin, B. A., Lamonte, M. J., Lee, I.
M., et al. (2011). American College of Sports Medicine position stand. Quantity
and quality of exercise for developing and maintaining cardiorespiratory,
musculoskeletal, and neuromotor fitness in apparently healthy adults: guidance
for prescribing exercise. Med Sci Sports Exerc, 43(7), 1334-1359.

Garcia-Roves, P. M., Osler, M. E., Holmstrom, M. H., & Zierath, J. R. (2008). Gain-of-
function R225Q mutation in AMP-activated protein kinase gamma3 subunit
increases mitochondrial biogenesis in glycolytic skeletal muscle. J Biol Chem,
283(51), 35724-35734.

Geng, T., Li, P., Okutsu, M., Yin, X., Kwek, J., Zhang, M., et al. (2010). PGC-1alpha
plays a functional role in exercise-induced mitochondrial biogenesis and
angiogenesis but not fiber-type transformation in mouse skeletal muscle. Am J
Physiol Cell Physiol, 298(3), C572-579.

222



Chapter 7 Reference list

Gergley, J. C. (2009). Comparison of two lower-body modes of endurance training on
lower-body strength development while concurrently training. J Strength Cond
Res, 23(3), 979-987.

Ghosh, H. S., McBurney, M., & Robbins, P. D. (2010). SIRT1 negatively regulates the
mammalian target of rapamycin. PLoS One, 5(2), €9199.

Gibala, M. J., Little, J. P., Macdonald, M. J., & Hawley, J. A. (2012). Physiological
adaptations to low-volume, high-intensity interval training in health and disease.
J Physiol, 590(Pt 5), 1077-1084.

Gibala, M. J., Little, J. P., van Essen, M., Wilkin, G. P., Burgomaster, K. A., Safdar, A.,
et al. (2006). Short-term sprint interval versus traditional endurance training:
similar initial adaptations in human skeletal muscle and exercise performance. J
Physiol, 575(Pt 3), 901-911.

Gibala, M. J., McGee, S. L., Garnham, A. P., Howlett, K. F., Snow, R. J., &
Hargreaves, M. (2009). Brief intense interval exercise activates AMPK and p38
MAPK signaling and increases the expression of PGC-1alpha in human skeletal
muscle. J Appl Physiol, 106(3), 929-934.

Gingras, A. C., Raught, B., & Sonenberg, N. (1999). elF4 initiation factors: effectors of
mRNA recruitment to ribosomes and regulators of translation. Annu Rev
Biochem, 68, 913-963.

Glowacki, S. P., Martin, S. E., Maurer, A., Baek, W., Green, J. S., & Crouse, S. F.
(2004). Effects of resistance, endurance, and concurrent exercise on training
outcomes in men. Med Sci Sports Exerc, 36(12), 2119-2127.

Glynn, E. L., Fry, C. S., Drummond, M. J., Dreyer, H. C., Dhanani, S., Volpi, E., et al.
(2010). Muscle protein breakdown has a minor role in the protein anabolic
response to essential amino acid and carbohydrate intake following resistance
exercise. Am J Physiol Regul Integr Comp Physiol, 299(2), R533-540.

Goldberg, A. L. (1968). Role of insulin in work-induced growth of skeletal muscle.
Endocrinology, 83(5), 1071-1073.

Gollnick, P. D., Piehl, K., & Saltin, B. (1974). Selective glycogen depletion pattern in
human muscle fibres after exercise of varying intensity and at varying pedalling
rates. J Physiol, 241(1), 45-57.

Gomes, A. V., Waddell, D. S., Siu, R., Stein, M., Dewey, S., Furlow, J. D., et al. (2012).
Upregulation of proteasome activity in muscle RING finger 1-null mice
following denervation. FASEB J, 26(7), 2986-2999.

Goncharova, E. A., Goncharov, D. A., Eszterhas, A., Hunter, D. S., Glassberg, M. K.,
Yeung, R. S., et al. (2002). Tuberin regulates p70 S6 kinase activation and

223



Adaptation to concurrent training: role of endurance training intensity

ribosomal protein S6 phosphorylation. A role for the TSC2 tumor suppressor
gene in pulmonary lymphangioleiomyomatosis (LAM). J Biol Chem, 277(34),
30958-30967.

Goncharova, E. A., Goncharov, D. A., Li, H., Pimtong, W., Lu, S., Khavin, 1., et al.
(2011). mTORC?2 is required for proliferation and survival of TSC2-null cells.
Mol Cell Biol, 31(12), 2484-2498.

Goodman, C. A. (2014). The role of mTORC1 in regulating protein synthesis and
skeletal muscle mass in response to various mechanical stimuli. Rev Physiol
Biochem Pharmacol, 166, 43-95.

Goodman, C. A, Frey, J. W., Mabrey, D. M., Jacobs, B. L., Lincoln, H. C., You, J. S,
et al. (2011a). The role of skeletal muscle mTOR in the regulation of mechanical
load-induced growth. J Physiol, 589(Pt 22), 5485-5501.

Goodman, C. A., Mabrey, D. M., Frey, J. W., Miu, M. H., Schmidt, E. K., Pierre, P., et
al. (2011b). Novel insights into the regulation of skeletal muscle protein
synthesis as revealed by a new nonradioactive in vivo technique. FASEB J,
25(3), 1028-1039.

Goodman, C. A., Miu, M. H., Frey, J. W., Mabrey, D. M., Lincoln, H. C., Ge, Y., et al.
(2010). A phosphatidylinositol 3-kinase/protein kinase B-independent activation
of mammalian target of rapamycin signaling is sufficient to induce skeletal
muscle hypertrophy. Mol Biol Cell, 21(18), 3258-3268.

Gordon, B. S., Kelleher, A. R., & Kimball, S. R. (2013). Regulation of muscle protein
synthesis and the effects of catabolic states. Int J Biochem Cell Biol, Oct;45(10),
2147-2157.

Gormley, S. E., Swain, D. P., High, R., Spina, R. J., Dowling, E. A., Kotipalli, U. S., et
al. (2008). Effect of intensity of aerobic training on VO2max. Med Sci Sports
Exerc, 40(7), 1336-1343.

Gravelle, B. L., & Blessing, D. L. (2000). Physiological adaptation in women
concurrently training for strength and endurance. J Strength Cond Res, 14, 5-13.

Green, R., & Noller, H. F. (1997). Ribosomes and translation. Annu Rev Biochem, 66,
679-716.

Greer, E. L., Oskoui, P. R., Banko, M. R., Maniar, J. M., Gygi, M. P., Gyqgi, S. P., et al.
(2007). The energy sensor AMP-activated protein kinase directly regulates the
mammalian FOXO3 transcription factor. J Biol Chem, 282(41), 30107-301109.

Grieco, C. R., Swain, D. P., Colberg, S. R., Dowling, E. A., Baskette, K., Zarrabi, L., et
al. (2013). Effect of intensity of aerobic training on insulin sensitivity/resistance
in recreationally active adults. J Strength Cond Res, 27(8), 2270-2276.

224



Chapter 7 Reference list

Gulve, E. A., & Dice, J. F. (1989). Regulation of protein synthesis and degradation in
L8 myotubes. Effects of serum, insulin and insulin-like growth factors. Biochem
J, 260(2), 377-387.

Guo, H., Ingolia, N. T., Weissman, J. S., & Bartel, D. P. (2010). Mammalian
microRNAs predominantly act to decrease target mRNA levels. Nature,
466(7308), 835-840.

Gwinn, D. M., Shackelford, D. B., Egan, D. F., Mihaylova, M. M., Mery, A., Vasquez,
D. S., et al. (2008). AMPK phosphorylation of raptor mediates a metabolic
checkpoint. Mol Cell, 30(2), 214-226.

Ha, J., Daniel, S., Broyles, S. S., & Kim, K. H. (1994). Critical phosphorylation sites for
acetyl-CoA carboxylase activity. J Biol Chem, 269(35), 22162-22168.

Haddad, F., Baldwin, K. M., & Tesch, P. A. (2005). Pretranslational markers of
contractile protein expression in human skeletal muscle: effect of limb
unloading plus resistance exercise. J Appl Physiol (1985), 98(1), 46-52.

Hahn-Windgassen, A., Nogueira, V., Chen, C. C., Skeen, J. E., Sonenberg, N., & Hay,
N. (2005). Akt activates the mammalian target of rapamycin by regulating
cellular ATP level and AMPK activity. J Biol Chem, 280(37), 32081-32089.

Hakkinen, K., Alen, M., Kraemer, W. J., Gorostiaga, E., I1zquierdo, M., Rusko, H., et al.
(2003). Neuromuscular adaptations during concurrent strength and endurance
training versus strength training. Eur J Appl Physiol, 89(1), 42-52.

Hameed, M., Orrell, R. W., Cobbold, M., Goldspink, G., & Harridge, S. D. (2003).
Expression of IGF-1 splice variants in young and old human skeletal muscle
after high resistance exercise. J Physiol, 547(Pt 1), 247-254.

Hamilton, D. L., & Philp, A. (2013). Can AMPK mediated suppression of mTORC1
explain the concurrent training effect? Cel Mol Ex Physiol, 2(1).

Hamilton, D. L., Philp, A., MacKenzie, M. G., & Baar, K. (2010). A limited role for
P1(3,4,5)P3 regulation in controlling skeletal muscle mass in response to
resistance exercise. PLoS One, 5(7), e11624.

Hannan, K. M., Brandenburger, Y., Jenkins, A., Sharkey, K., Cavanaugh, A., Rothblum,
L., et al. (2003). mTOR-dependent regulation of ribosomal gene transcription
requires S6K1 and is mediated by phosphorylation of the carboxy-terminal
activation domain of the nucleolar transcription factor UBF. Mol Cell Biol,
23(23), 8862-8877.

Hardie, D. G., & Sakamoto, K. (2006). AMPK: a key sensor of fuel and energy status in
skeletal muscle. Physiology (Bethesda), 21, 48-60.

225



Adaptation to concurrent training: role of endurance training intensity

Harris, R. C., Hultman, E., & Nordesjo, L. O. (1974). Glycogen, glycolytic
intermediates and high-energy phosphates determined in biopsy samples of
musculus quadriceps femoris of man at rest. Methods and variance of values.
Scand J Clin Lab Invest, 33(2), 109-120.

Haskell, W. L., Lee, I. M., Pate, R. R., Powell, K. E., Blair, S. N., Franklin, B. A, et al.
(2007). Physical activity and public health: updated recommendation for adults
from the American College of Sports Medicine and the American Heart
Association. Med Sci Sports Exerc, 39(8), 1423-1434.

Hawley, J. A. (2002). Adaptations of skeletal muscle to prolonged, intense endurance
training. Clin Exp Pharmacol Physiol, 29(3), 218-222.

Hawley, J. A. (2009). Molecular responses to strength and endurance training: are they
incompatible? Appl Physiol Nutr Metab, 34(3), 355-361.

Hawley, J. A., Burke, L. M., Phillips, S. M., & Spriet, L. L. (2011). Nutritional
modulation of training-induced skeletal muscle adaptations. J Appl Physiol,
110(3), 834-845.

Hawley, J. A., & Gibala, M. J. (2012). What's new since Hippocrates? Preventing type 2
diabetes by physical exercise and diet. Diabetologia, 55(3), 535-539.

Hawley, J. A., & Noakes, T. D. (1992). Peak power output predicts maximal oxygen
uptake and performance time in trained cyclists. Eur J Appl Physiol Occup
Physiol, 65(1), 79-83.

Hawley, S. A., Selbert, M. A., Goldstein, E. G., Edelman, A. M., Carling, D., & Hardie,
D. G. (1995). 5'-AMP activates the AMP-activated protein kinase cascade, and
Ca2+/calmodulin activates the calmodulin-dependent protein kinase | cascade,
via three independent mechanisms. J Biol Chem, 270(45), 27186-27191.

Helgerud, J., Hoydal, K., Wang, E., Karlsen, T., Berg, P., Bjerkaas, M., et al. (2007).
Aerobic high-intensity intervals improve VO2max more than moderate training.
Med Sci Sports Exerc, 39(4), 665-671.

Helgerud, J., Rodas, G., Kemi, O. J., & Hoff, J. (2011). Strength and endurance in elite
football players. Int J Sports Med, 32(9), 677-682.

Henneman, E. (1957). Relation between size of neurons and their susceptibility to
discharge. Science, 126(3287), 1345-1347.

Hennessy, L., & Watson, A. (1994). The interference effects of training for strength and
endurance simultaneously. J Strength Cond Res, 12, 9-12.

226



Chapter 7 Reference list

Hickson, R. C. (1980). Interference of strength development by simultaneously training
for strength and endurance. Eur J Appl Physiol Occup Physiol, 45(2-3), 255-
263.

Hinnebusch, A. G., & Lorsch, J. R. (2012). The mechanism of eukaryotic translation
initiation: new insights and challenges. Cold Spring Harb Perspect Biol, 4(10).

Hitachi, K., & Tsuchida, K. (2013). Role of microRNAs in skeletal muscle hypertrophy.
Front Physiol, 4, 408.

Holloszy, J. O. (1967). Biochemical adaptations in muscle. Effects of exercise on
mitochondrial oxygen uptake and respiratory enzyme activity in skeletal muscle.
J Biol Chem, 242(9), 2278-2282.

Holloszy, J. O., & Coyle, E. F. (1984). Adaptations of skeletal muscle to endurance
exercise and their metabolic consequences. J Appl Physiol, 56(4), 831-838.

Hong, S. P., Leiper, F. C., Woods, A., Carling, D., & Carlson, M. (2003). Activation of
yeast Snfl and mammalian AMP-activated protein kinase by upstream kinases.
Proc Natl Acad Sci U S A, 100(15), 8839-8843.

Hopkins, W. G. (2015). Individual responses made easy. J Appl Physiol (1985),
118(12), 1444-1446.

Hopkins, W. G., Marshall, S. W., Batterham, A. M., & Hanin, J. (2009). Progressive
statistics for studies in sports medicine and exercise science. Med Sci Sports
Exerc, 41(1), 3-13.

Hornberger, T. A., Sukhija, K. B., & Chien, S. (2006). Regulation of mTOR by
mechanically induced signaling events in skeletal muscle. Cell Cycle, 5(13),
1391-1396.

Huang, J.,, & Manning, B. D. (2008). The TSC1-TSC2 complex: a molecular
switchboard controlling cell growth. Biochem J, 412(2), 179-190.

Hubal, M. J., Gordish-Dressman, H., Thompson, P. D., Price, T. B., Hoffman, E. P.,
Angelopoulos, T. J., et al. (2005). Variability in muscle size and strength gain
after unilateral resistance training. Med Sci Sports Exerc, 37(6), 964-972.

Hulmi, J. J., Silvennoinen, M., Lehti, M., Kivela, R., & Kainulainen, H. (2012). Altered
REDD1, myostatin, and Akt/mTOR/FoxO/MAPK signaling in streptozotocin-
induced diabetic muscle atrophy. Am J Physiol Endocrinol Metab, 302(3), E307-
315.

227



Adaptation to concurrent training: role of endurance training intensity

Hulston, C. J., Venables, M. C., Mann, C. H., Martin, C., Philp, A., Baar, K., et al.
(2010). Training with low muscle glycogen enhances fat metabolism in well-
trained cyclists. Med Sci Sports Exerc, 42(11), 2046-2055.

Hunter, G., Demment, R., & Miller, D. (1987). Development of strength and maximum
oxygen uptake during simultaneous training for strength and endurance. J Sports
Med Phys Fitness, 27, 269-275.

ladevaia, V., Liu, R., & Proud, C. G. (2014). mTORCL1 signaling controls multiple steps
in ribosome biogenesis. Semin Cell Dev Biol, 36, 113-120.

Inoki, K., Kim, J., & Guan, K. L. (2012). AMPK and mTOR in cellular energy
homeostasis and drug targets. Annu Rev Pharmacol Toxicol, 52, 381-400.

Inoki, K., Li, Y., Xu, T., & Guan, K. L. (2003a). Rheb GTPase is a direct target of
TSC2 GAP activity and regulates mTOR signaling. Genes Dev, 17(15), 1829-
1834.

Inoki, K., Li, Y., Zhu, T., Wu, J., & Guan, K. L. (2002). TSC2 is phosphorylated and
inhibited by Akt and suppresses mTOR signalling. Nat Cell Biol, 4(9), 648-657.

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

Isotani, S., Hara, K., Tokunaga, C., Inoue, H., Avruch, J., & Yonezawa, K. (1999).
Immunopurified mammalian target of rapamycin phosphorylates and activates
p70 S6 kinase alpha in vitro. J Biol Chem, 274(48), 34493-34498.

Jacinto, E., Loewith, R., Schmidt, A., Lin, S., Ruegg, M. A., Hall, A., et al. (2004).
Mammalian TOR complex 2 controls the actin cytoskeleton and is rapamycin
insensitive. Nat Cell Biol, 6(11), 1122-1128.

Jackson, J. R., Mula, J., Kirby, T. J., Fry, C. S., Lee, J. D., Ubele, M. F., et al. (2012).
Satellite cell depletion does not inhibit adult skeletal muscle regrowth following
unloading-induced atrophy. Am J Physiol Cell Physiol, 303(8), C854-861.

Jacobs, B. L., You, J. S., Frey, J. W., Goodman, C. A., Gundermann, D. M., &
Hornberger, T. A. (2013). Eccentric contractions increase the phosphorylation of
tuberous sclerosis complex-2 (TSC2) and alter the targeting of TSC2 and the
mechanistic target of rapamycin to the lysosome. J Physiol, 591(Pt 18), 4611-
4620.

Jager, S., Handschin, C., St-Pierre, J., & Spiegelman, B. M. (2007). AMP-activated
protein kinase (AMPK) action in skeletal muscle via direct phosphorylation of
PGC-1lalpha. Proc Natl Acad Sci U S A, 104(29), 12017-12022.

228



Chapter 7 Reference list

Jamart, C., Benoit, N., Raymackers, J. M., Kim, H. J., Kim, C. K., & Francaux, M.
(2012a). Autophagy-related and autophagy-regulatory genes are induced in
human muscle after ultraendurance exercise. Eur J Appl Physiol, 112(8), 3173-
3177.

Jamart, C., Francaux, M., Millet, G. Y., Deldicque, L., Frere, D., & Feasson, L. (2012b).
Modulation of autophagy and ubiquitin-proteasome pathways during ultra-
endurance running. J Appl Physiol (1985), 112(9), 1529-1537.

Jamart, C., Naslain, D., Gilson, H., & Francaux, M. (2013). Higher activation of
autophagy in skeletal muscle of mice during endurance exercise in the fasted
state. Am J Physiol Endocrinol Metab.

Jensen, T. E., Wojtaszewski, J. F., & Richter, E. A. (2009). AMP-activated protein
kinase in contraction regulation of skeletal muscle metabolism: necessary and/or
sufficient? Acta Physiol (Oxf), 196(1), 155-174.

Jentjens, R., & Jeukendrup, A. (2003). Determinants of post-exercise glycogen
synthesis during short-term recovery. Sports Med, 33(2), 117-144.

Jones, T. W., Howatson, G., Russell, M., & French, D. N. (2013). Performance and
neuromuscular adaptations following differing ratios of concurrent strength and
endurance training. J Strength Cond Res, 27(12), 3342-3351.

Jorgensen, S. B., Treebak, J. T., Viollet, B., Schjerling, P., Vaulont, S., Wojtaszewski, J.
F., et al. (2007). Role of AMPKalpha2 in basal, training-, and AICAR-induced
GLUT4, hexokinase Il, and mitochondrial protein expression in mouse muscle.
Am J Physiol Endocrinol Metab, 292(1), E331-339.

Jorgensen, S. B., Viollet, B., Andreelli, F., Frosig, C., Birk, J. B., Schjerling, P., et al.
(2004). Knockout of the alpha2 but not alphal 5-AMP-activated protein kinase
isoform abolishes 5-aminoimidazole-4-carboxamide-1-beta-4-ribofuranosidebut
not contraction-induced glucose uptake in skeletal muscle. J Biol Chem, 279(2),
1070-1079.

Jorgensen, S. B., Wojtaszewski, J. F., Viollet, B., Andreelli, F., Birk, J. B., Hellsten, Y.,
et al. (2005). Effects of alpha-AMPK knockout on exercise-induced gene
activation in mouse skeletal muscle. FASEB J, 19(9), 1146-1148.

Jung, C. H., Jun, C. B., Ro, S. H., Kim, Y. M., Otto, N. M., Cao, J., et al. (2009). ULK-
Atg13-FIP200 complexes mediate mTOR signaling to the autophagy machinery.
Mol Biol Cell, 20(7), 1992-2003.

Kadi, F., Schjerling, P., Andersen, L. L., Charifi, N., Madsen, J. L., Christensen, L. R.,
et al. (2004). The effects of heavy resistance training and detraining on satellite
cells in human skeletal muscles. J Physiol, 558(Pt 3), 1005-1012.

229



Adaptation to concurrent training: role of endurance training intensity

Kamei, Y., Miura, S., Suzuki, M., Kai, Y., Mizukami, J., Taniguchi, T., et al. (2004).
Skeletal muscle FOXO1 (FKHR) transgenic mice have less skeletal muscle
mass, down-regulated Type | (slow twitch/red muscle) fiber genes, and impaired
glycemic control. J Biol Chem, 279(39), 41114-41123.

Kantidakis, T., Ramsbottom, B. A., Birch, J. L., Dowding, S. N., & White, R. J. (2010).
mTOR associates with TFIIIC, is found at tRNA and 5S rRNA genes, and
targets their repressor Mafl. Proc Natl Acad Sci U S A, 107(26), 11823-11828.

Kapp, L. D., & Lorsch, J. R. (2004). The molecular mechanics of eukaryotic translation.
Annu Rev Biochem, 73, 657-704.

Karagounis, L. G., & Hawley, J. A. (2009). The 5' adenosine monophosphate-activated
protein kinase: regulating the ebb and flow of cellular energetics. Int J Biochem
Cell Biol, 41(12), 2360-2363.

Katta, A., Kakarla, S. K., Manne, N. D., Wu, M., Kundla, S., Kolli, M. B., et al. (2012).
Diminished muscle growth in the obese Zucker rat following overload is
associated with hyperphosphorylation of AMPK and dsRNA-dependent protein
kinase. J Appl Physiol, 113(3), 377-384.

Kaul, G., Pattan, G., & Rafeequi, T. (2011). Eukaryotic elongation factor-2 (eEF2): its
regulation and peptide chain elongation. Cell Biochem Funct, 29(3), 227-234.

Kaushik, V. K., Young, M. E., Dean, D. J., Kurowski, T. G., Saha, A. K., & Ruderman,
N. B. (2001). Regulation of fatty acid oxidation and glucose metabolism in rat
soleus muscle: effects of AICAR. Am J Physiol Endocrinol Metab, 281(2),
E335-340.

Kedar, V., McDonough, H., Arya, R., Li, H. H., Rockman, H. A., & Patterson, C.
(2004). Muscle-specific RING finger 1 is a bona fide ubiquitin ligase that
degrades cardiac troponin I. Proc Natl Acad Sci U S A, 101(52), 18135-18140.

Kelley, D. E., He, J., Menshikova, E. V., & Ritov, V. B. (2002). Dysfunction of
mitochondria in human skeletal muscle in type 2 diabetes. Diabetes, 51(10),
2944-2950.

Kelley, D. E., Mintun, M. A., Watkins, S. C., Simoneau, J. A., Jadali, F., Fredrickson,
A., et al. (1996). The effect of non-insulin-dependent diabetes mellitus and
obesity on glucose transport and phosphorylation in skeletal muscle. J Clin
Invest, 97(12), 2705-2713.

Kelly, D. P., & Scarpulla, R. C. (2004). Transcriptional regulatory circuits controlling
mitochondrial biogenesis and function. Genes Dev, 18(4), 357-368.

230



Chapter 7 Reference list

Kim, D. H., Sarbassov, D. D., Ali, S. M., King, J. E., Latek, R. R., Erdjument-Bromage,
H., et al. (2002). mTOR interacts with raptor to form a nutrient-sensitive
complex that signals to the cell growth machinery. Cell, 110(2), 163-175.

Kim, D. H., Sarbassov, D. D., Ali, S. M., Latek, R. R., Guntur, K. V., Erdjument-
Bromage, H., et al. (2003). GbetaL, a positive regulator of the rapamycin-
sensitive pathway required for the nutrient-sensitive interaction between raptor
and mTOR. Mol Cell, 11(4), 895-904.

Kim, E., Goraksha-Hicks, P., Li, L., Neufeld, T. P., & Guan, K. L. (2008). Regulation
of TORC1 by Rag GTPases in nutrient response. Nat Cell Biol, 10(8), 935-945.

Kim, J., Kundu, M., Viollet, B., & Guan, K. L. (2011). AMPK and mTOR regulate
autophagy through direct phosphorylation of Ulkl. Nat Cell Biol, 13(2), 132-
141.

Kimball, S. R. (2006). Interaction between the AMP-activated protein kinase and
mTOR signaling pathways. Med Sci Sports Exerc, 38(11), 1958-1964.

Kimball, S. R., Do, A. N., Kutzler, L., Cavener, D. R., & Jefferson, L. S. (2008). Rapid
turnover of the mTOR complex 1 (MTORC1) repressor REDD1 and activation
of mTORCL1 signaling following inhibition of protein synthesis. J Biol Chem,
283(6), 3465-3475.

Kirby, T. J., Lee, J. D., England, J. H., Chaillou, T., Esser, K. A., & McCarthy, J. J.
(2015). Blunted hypertrophic response in aged skeletal muscle is associated with
decreased ribosome biogenesis. J Appl Physiol (1985), Aug 15;119(4), 321-327.

Klionsky, D. J. (2007). Autophagy: from phenomenology to molecular understanding in
less than a decade. Nat Rev Mol Cell Biol, 8(11), 931-937.

Konopka, A. R., & Harber, M. P. (2014). Skeletal muscle hypertrophy after aerobic
exercise training. Exerc Sport Sci Rev, 42(2), 53-61.

Koopman, R., Zorenc, A. H., Gransier, R. J., Cameron-Smith, D., & van Loon, L. J.
(2006). Increase in S6K1 phosphorylation in human skeletal muscle following
resistance exercise occurs mainly in type Il muscle fibers. Am J Physiol
Endocrinol Metab, 290(6), E1245-1252.

Kraemer, W. J., Patton, J. F., Gordon, S. E., Harman, E. A., Deschenes, M. R,
Reynolds, K., et al. (1995). Compatibility of high-intensity strength and
endurance training on hormonal and skeletal muscle adaptations. J Appl Physiol,
78(3), 976-989.

Krawiec, B. J., Frost, R. A., Vary, T. C., Jefferson, L. S., & Lang, C. H. (2005).
Hindlimb casting decreases muscle mass in part by proteasome-dependent

231



Adaptation to concurrent training: role of endurance training intensity

proteolysis but independent of protein synthesis. Am J Physiol Endocrinol
Metab, 289(6), E969-980.

Krieg, J., Hofsteenge, J., & Thomas, G. (1988). Identification of the 40 S ribosomal
protein S6 phosphorylation sites induced by cycloheximide. J Biol Chem,
263(23), 11473-11477.

Kukreti, H., Amuthavalli, K., Harikumar, A., Sathiyamoorthy, S., Feng, P. Z,
Anantharaj, R., et al. (2013). Muscle-specific microRNA1 (miR1) targets heat
shock protein 70 (HSP70) during dexamethasone-mediated atrophy. J Biol
Chem, 288(9), 6663-6678.

Kumar, V., Selby, A., Rankin, D., Patel, R., Atherton, P., Hildebrandt, W., et al. (2009).
Age-related differences in the dose-response relationship of muscle protein
synthesis to resistance exercise in young and old men. J Physiol, 587(Pt 1), 211-
217.

Lagirand-Cantaloube, J., Offner, N., Csibi, A., Leibovitch, M. P., Batonnet-Pichon, S.,
Tintignac, L. A., et al. (2008). The initiation factor elF3-f is a major target for
atroginl/MAFbx function in skeletal muscle atrophy. EMBO J, 27(8), 1266-
1276.

Lambert, C. P., Frank, L. L., & Evans, W. J. (2004). Macronutrient considerations for
the sport of bodybuilding. Sports Med, 34(5), 317-327.

Landing, B. H., Dixon, L. G., & Wells, T. R. (1974). Studies on isolated human skeletal
muscle fibers, including a proposed pattern of nuclear distribution and a concept
of nuclear territories. Hum Pathol, 5(4), 441-461.

Laplante, M., & Sabatini, D. M. (2009). mTOR signaling at a glance. J Cell Sci, 122(Pt
20), 3589-3594.

Latres, E., Amini, A. R., Amini, A. A., Griffiths, J., Martin, F. J., Wel, Y., et al. (2005).
Insulin-like growth factor-1 (IGF-1) inversely regulates atrophy-induced genes
via the phosphatidylinositol 3-kinase/Akt/mammalian target of rapamycin
(PIBK/Akt/mTOR) pathway. J Biol Chem, 280(4), 2737-2744.

Le Carre, J., Lamon, S., & Leger, B. (2014). Validation of a multiplex reverse
transcription and pre-amplification method using TagMan((R)) MicroRNA
assays. Front Genet, 5, 413.

Le, X. F., Hittelman, W. N., Liu, J., McWatters, A., Li, C., Mills, G. B, et al. (2003).
Paclitaxel induces inactivation of p70 S6 kinase and phosphorylation of Thr421
and Ser424 via multiple signaling pathways in mitosis. Oncogene, 22(4), 484-
497.

232



Chapter 7 Reference list

Lee-Young, R. S., Koufogiannis, G., Canny, B. J., & McConell, G. K. (2008). Acute
exercise does not cause sustained elevations in AMPK signaling or expression.
Med Sci Sports Exerc, 40(8), 1490-1494.

Lee, D. F., Kuo, H. P, Chen, C. T., Hsu, J. M., Chou, C. K., Wei, Y., et al. (2007). IKK
beta suppression of TSC1 links inflammation and tumor angiogenesis via the
mTOR pathway. Cell, 130(3), 440-455.

Lee, D. F., Kuo, H. P., Chen, C. T., Weli, Y., Chou, C. K., Hung, J. Y., et al. (2008).
IKKbeta suppression of TSC1 function links the mTOR pathway with insulin
resistance. Int J Mol Med, 22(5), 633-638.

Lee, Y., Naseem, R. H., Park, B. H., Garry, D. J., Richardson, J. A., Schaffer, J. E., et
al. (2006). Alpha-lipoic acid prevents lipotoxic cardiomyopathy in acyl CoA-
synthase transgenic mice. Biochem Biophys Res Commun, 344(1), 446-452.

Leick, L., Hellsten, Y., Fentz, J., Lyngby, S. S., Wojtaszewski, J. F., Hidalgo, J., et al.
(2009). PGC-lalpha mediates exercise-induced skeletal muscle VEGF
expression in mice. Am J Physiol Endocrinol Metab, 297(1), E92-103.

Leick, L., Wojtaszewski, J. F., Johansen, S. T., Kiilerich, K., Comes, G., Hellsten, Y., et
al. (2008). PGC-1lalpha is not mandatory for exercise- and training-induced
adaptive gene responses in mouse skeletal muscle. Am J Physiol Endocrinol
Metab, 294(2), E463-474.

Leveritt, M., & Abernethy, P. (1999). Acute effects of high-intensity endurance exercise
on subsequent resistance activity. J Strength Cond Res, 13, 47-51.

Leveritt, M., Abernethy, P. J., Barry, B. K., & Logan, P. A. (1999). Concurrent strength
and endurance training. A review. Sports Med, 28(6), 413-427.

Leveritt, M., MacLaughlin, H., & Abernethy, P. J. (2000). Changes in leg strength 8 and
32 h after endurance exercise. J Sports Sci, 18(11), 865-871.

Levinger, 1., Goodman, C., Hare, D. L., Jerums, G., Toia, D., & Selig, S. (2009). The
reliability of the 1RM strength test for untrained middle-aged individuals. J Sci
Med Sport, 12(2), 310-316.

Lin, J., Wu, H., Tarr, P. T., Zhang, C. Y., Wu, Z., Boss, O., et al. (2002).
Transcriptional co-activator PGC-1 alpha drives the formation of slow-twitch
muscle fibres. Nature, 418(6899), 797-801.

Little, J. P., Gillen, J. B., Percival, M. E., Safdar, A., Tarnopolsky, M. A., Punthakee,
Z., et al. (2011a). Low-volume high-intensity interval training reduces
hyperglycemia and increases muscle mitochondrial capacity in patients with
type 2 diabetes. J Appl Physiol, 111(6), 1554-1560.

233



Adaptation to concurrent training: role of endurance training intensity

Little, J. P., Safdar, A., Bishop, D., Tarnopolsky, M. A., & Gibala, M. J. (2011b). An
acute bout of high-intensity interval training increases the nuclear abundance of
PGC-1alpha and activates mitochondrial biogenesis in human skeletal muscle.
Am J Physiol Regul Integr Comp Physiol, 300(6), R1303-1310.

Little, J. P., Safdar, A., Wilkin, G. P., Tarnopolsky, M. A., & Gibala, M. J. (2010). A
practical model of low-volume high-intensity interval training induces
mitochondrial biogenesis in human skeletal muscle: potential mechanisms. J
Physiol, 588(Pt 6), 1011-1022.

Liu, Y., Vertommen, D., Rider, M. H., & Lai, Y. C. (2013). Mammalian target of
rapamycin-independent S6K1 and 4E-BP1 phosphorylation during contraction
in rat skeletal muscle. Cell Signal, 25(9), 1877-1886.

Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods,
25(4), 402-408.

Loh, P. G,, Yang, H. S., Walsh, M. A., Wang, Q., Wang, X., Cheng, Z., et al. (2009).
Structural basis for translational inhibition by the tumour suppressor Pdcd4.
EMBO J, 28(3), 274-285.

Long, X., Lin, Y., Ortiz-Vega, S., Yonezawa, K., & Avruch, J. (2005a). Rheb binds and
regulates the mTOR kinase. Curr Biol, 15(8), 702-713.

Long, X., Ortiz-Vega, S., Lin, Y., & Avruch, J. (2005b). Rheb binding to mammalian
target of rapamycin (mTOR) is regulated by amino acid sufficiency. J Biol
Chem, 280(25), 23433-23436.

Lundberg, T. R., Fernandez-Gonzalo, R., Gustafsson, T., & Tesch, P. A. (2012).
Aerobic exercise alters skeletal muscle molecular responses to resistance
exercise. Med Sci Sports Exerc, 44(9), 1680-1688.

Lundberg, T. R., Fernandez-Gonzalo, R., Gustafsson, T., & Tesch, P. A. (2013).
Aerobic exercise does not compromise muscle hypertrophy response to short-
term resistance training. J Appl Physiol, 114(1), 81-89.

Lundberg, T. R., Fernandez-Gonzalo, R., Norrbom, J., Fischer, H., Tesch, P. A., &
Gustafsson, T. (2014a). Truncated splice variant PGC-1alpha4 is not associated
with exercise-induced human muscle hypertrophy. Acta Physiol (Oxf), 212(2),
142-151.

Lundberg, T. R., Fernandez-Gonzalo, R., & Tesch, P. A. (2014b). Exercise-induced
AMPK activation does not interfere with muscle hypertrophy in response to
resistance training in men. J Appl Physiol (1985), 116(6), 611-620.

234



Chapter 7 Reference list

Ma, L., Chen, Z., Erdjument-Bromage, H., Tempst, P., & Pandolfi, P. P. (2005).
Phosphorylation and functional inactivation of TSC2 by Erk implications for
tuberous sclerosis and cancer pathogenesis. Cell, 121(2), 179-193.

Ma, X. M., & Blenis, J. (2009). Molecular mechanisms of MTOR-mediated
translational control. Nat Rev Mol Cell Biol, 10(5), 307-318.

Maden-Wilkinson, T. M., Degens, H., Jones, D. A., & McPhee, J. S. (2013).
Comparison of MRI and DXA to measure muscle size and age-related atrophy
in thigh muscles. J Musculoskelet Neuronal Interact, 13(3), 320-328.

Mahoney, D. J., & Tarnopolsky, M. A. (2005). Understanding skeletal muscle
adaptation to exercise training in humans: contributions from microarray studies.
Phys Med Rehabil Clin N Am, 16(4), 859-873, vii.

Mahoney, S. J., Dempsey, J. M., & Blenis, J. (2009). Cell signaling in protein synthesis
ribosome biogenesis and translation initiation and elongation. Prog Mol Biol
Transl Sci, 90, 53-107.

Mammucari, C., Milan, G., Romanello, V., Masiero, E., Rudolf, R., Del Piccolo, P., et
al. (2007). FoxO3 controls autophagy in skeletal muscle in vivo. Cell Metab,
6(6), 458-471.

Mane, V. P., Heuer, M. A., Hillyer, P., Navarro, M. B., & Rabin, R. L. (2008).
Systematic method for determining an ideal housekeeping gene for real-time
PCR analysis. J Biomol Tech, 19(5), 342-347.

Manning, B. D., Tee, A. R., Logsdon, M. N., Blenis, J.,, & Cantley, L. C. (2002).
Identification of the tuberous sclerosis complex-2 tumor suppressor gene
product tuberin as a target of the phosphoinositide 3-kinase/akt pathway. Mol
Cell, 10(1), 151-162.

Marcotte, G. R., West, D. W., & Baar, K. (2015). The molecular basis for load-induced
skeletal muscle hypertrophy. Calcif Tissue Int, 96(3), 196-210.

Markovic, G. (2007). Does plyometric training improve vertical jump height? A meta-
analytical review. Br J Sports Med, 41(6), 349-355; discussion 355.

Mascher, H., Andersson, H., Nilsson, P. A., Ekblom, B., & Blomstrand, E. (2007).
Changes in signalling pathways regulating protein synthesis in human muscle in
the recovery period after endurance exercise. Acta Physiol (Oxf), 191(1), 67-75.

Mascher, H., Ekblom, B., Rooyackers, O., & Blomstrand, E. (2011). Enhanced rates of
muscle protein synthesis and elevated mTOR signalling following endurance
exercise in human subjects. Acta Physiol (Oxf), 202(2), 175-184.

235



Adaptation to concurrent training: role of endurance training intensity

Mathai, A. S., Bonen, A., Benton, C. R., Robinson, D. L., & Graham, T. E. (2008).
Rapid exercise-induced changes in PGC-lalpha mRNA and protein in human
skeletal muscle. J Appl Physiol (1985), 105(4), 1098-1105.

Mauro, A. (1961). Satellite cell of skeletal muscle fibers. J Biophys Biochem Cytol, 9,
493-495.

Mayer, C., Zhao, J., Yuan, X., & Grummt, I. (2004). mTOR-dependent activation of the
transcription factor TIF-I1A links rRNA synthesis to nutrient availability. Genes
Dev, 18(4), 423-434.

Mayhew, D. L., Hornberger, T. A., Lincoln, H. C., & Bamman, M. M. (2011).
Eukaryotic initiation factor 2B epsilon induces cap-dependent translation and
skeletal muscle hypertrophy. J Physiol, 589(Pt 12), 3023-3037.

McCarthy, J. J., & Esser, K. A. (2007a). Counterpoint: Satellite cell addition is not
obligatory for skeletal muscle hypertrophy. J Appl Physiol (1985), 103(3), 1100-
1102; discussion 1102-1103.

McCarthy, J. J., & Esser, K. A. (2007b). MicroRNA-1 and microRNA-133a expression
are decreased during skeletal muscle hypertrophy. J Appl Physiol (1985),
102(1), 306-313.

McCarthy, J. J., Mula, J., Miyazaki, M., Erfani, R., Garrison, K., Farooqui, A. B., et al.
(2011). Effective fiber hypertrophy in satellite cell-depleted skeletal muscle.
Development, 138(17), 3657-3666.

McCarthy, J. P., Pozniak, M. A., & Agre, J. C. (2002). Neuromuscular adaptations to
concurrent strength and endurance training. Med Sci Sports Exerc, 34(3), 511-
519.

McConell, G. K., Lee-Young, R. S., Chen, Z. P., Stepto, N. K., Huynh, N. N., Stephens,
T. J., et al. (2005). Short-term exercise training in humans reduces AMPK
signalling during prolonged exercise independent of muscle glycogen. J Physiol,
568(Pt 2), 665-676.

McElhinny, A. S., Kakinuma, K., Sorimachi, H., Labeit, S., & Gregorio, C. C. (2002).
Muscle-specific RING finger-1 interacts with titin to regulate sarcomeric M-line
and thick filament structure and may have nuclear functions via its interaction
with glucocorticoid modulatory element binding protein-1. J Cell Biol, 157(1),
125-136.

McGee, S. L., & Hargreaves, M. (2010). AMPK-mediated regulation of transcription in
skeletal muscle. Clin Sci (Lond), 118(8), 507-518.

McGee, S. L., Mustard, K. J., Hardie, D. G., & Baar, K. (2008a). Normal hypertrophy
accompanied by phosphoryation and activation of AMP-activated protein kinase

236



Chapter 7 Reference list

alphal following overload in LKB1 knockout mice. J Physiol, 586(6), 1731-
1741.

McGuigan, M. R., & Winchester, J. B. (2008). The relationship between isometric and
dynamic strength in college football players. J Sports Sci Med, 7(1), 101-105.

Merrill, G. F., Kurth, E. J., Hardie, D. G., & Winder, W. W. (1997). AICA riboside
increases AMP-activated protein kinase, fatty acid oxidation, and glucose uptake
in rat muscle. Am J Physiol, 273(6 Pt 1), E1107-1112.

Metcalfe, R. S., Babraj, J. A., Fawkner, S. G., & Vollaard, N. B. (2012). Towards the
minimal amount of exercise for improving metabolic health: beneficial effects of
reduced-exertion high-intensity interval training. Eur J Appl Physiol, 112(7),
2767-2775.

Mieulet, V., Roceri, M., Espeillac, C., Sotiropoulos, A., Ohanna, M., Oorschot, V., et al.
(2007). S6 kinase inactivation impairs growth and translational target
phosphorylation in muscle cells maintaining proper regulation of protein
turnover. Am J Physiol Cell Physiol, 293(2), C712-722.

Milanovic, Z., Sporis, G., & Weston, M. (2015). Effectiveness of High-Intensity
Interval Training (HIT) and Continuous Endurance Training for VO2max
Improvements: A Systematic Review and Meta-Analysis of Controlled Trials.
Sports Med, 45(10), 1469-1481.

Mitchell, C. J., Churchward-Venne, T. A., Parise, G., Bellamy, L., Baker, S. K., Smith,
K., et al. (2014). Acute post-exercise myofibrillar protein synthesis is not
correlated with resistance training-induced muscle hypertrophy in young men.
PLoS One, 9(2), e89431.

Mitchell, C. J., Churchward-Venne, T. A., West, D. W., Burd, N. A., Breen, L., Baker,
S. K., et al. (2012). Resistance exercise load does not determine training-
mediated hypertrophic gains in young men. J Appl Physiol (1985), 113(1), 71-
77.

Miyazaki, M., McCarthy, J. J., Fedele, M. J., & Esser, K. A. (2011). Early activation of
mTORC1 signalling in response to mechanical overload is independent of
phosphoinositide 3-kinase/Akt signalling. J Physiol, 589(Pt 7), 1831-1846.

Moller, A. B., Vendelbo, M. H., Rahbek, S. K., Clasen, B. F., Schjerling, P., Vissing,
K., et al. (2013). Resistance exercise, but not endurance exercise, induces
IKKbeta phosphorylation in human skeletal muscle of training-accustomed
individuals. Pflugers Arch.

Momcilovic, M., Hong, S. P., & Carlson, M. (2006). Mammalian TAK1 activates Snfl
protein kinase in yeast and phosphorylates AMP-activated protein kinase in
vitro. J Biol Chem, 281(35), 25336-25343.

237



Adaptation to concurrent training: role of endurance training intensity

Monier, S., Le Cam, A., & Le Marchand-Brustel, Y. (1983). Insulin and insulin-like
growth factor I. Effects on protein synthesis in isolated muscles from lean and
goldthioglucose-obese mice. Diabetes, 32(5), 392-397.

Moore, P. B., & Steitz, T. A. (2003). After the ribosome structures: how does peptidyl
transferase work? RNA, 9(2), 155-159.

Mora, A., Komander, D., van Aalten, D. M., & Alessi, D. R. (2004). PDK1, the master
regulator of AGC kinase signal transduction. Semin Cell Dev Biol, 15(2), 161-
170.

Morino, K., Petersen, K. F., Dufour, S., Befroy, D., Frattini, J., Shatzkes, N., et al.
(2005). Reduced mitochondrial density and increased IRS-1 serine
phosphorylation in muscle of insulin-resistant offspring of type 2 diabetic
parents. J Clin Invest, 115(12), 3587-3593.

Moritani, T., & deVries, H. A. (1979). Neural factors versus hypertrophy in the time
course of muscle strength gain. Am J Phys Med, 58(3), 115-130.

Moss, T., & Stefanovsky, V. Y. (1995). Promotion and regulation of ribosomal
transcription in eukaryotes by RNA polymerase I. Prog Nucleic Acid Res Mol
Biol, 50, 25-66.

Mounier, R., Lantier, L., Leclerc, J., Sotiropoulos, A., Foretz, M., & Viollet, B. (2011).
Antagonistic control of muscle cell size by AMPK and mTORC1. Cell Cycle,
10(16), 2640-2646.

Mounier, R., Lantier, L., Leclerc, J., Sotiropoulos, A., Pende, M., Daegelen, D., et al.
(2009). Important role for AMPKalphal in limiting skeletal muscle cell
hypertrophy. FASEB J, 23(7), 2264-2273.

Munday, M. R., Carling, D., & Hardie, D. G. (1988). Negative interactions between
phosphorylation of acetyl-CoA carboxylase by the cyclic AMP-dependent and
AMP-activated protein kinases. FEBS Lett, 235(1-2), 144-148.

Murakami, T., Hasegawa, K., & Yoshinaga, M. (2011). Rapid induction of REDD1
expression by endurance exercise in rat skeletal muscle. Biochem Biophys Res
Commun, 405(4), 615-6109.

Murphy, R. M., & Lamb, G. D. (2013). Important considerations for protein analyses
using antibody based techniques: down-sizing Western blotting up-sizes
outcomes. J Physiol, 591(Pt 23), 5823-5831.

Nader, G. A. (2006). Concurrent strength and endurance training: from molecules to
man. Med Sci Sports Exerc, 38(11), 1965-1970.

238



Chapter 7 Reference list

Nader, G. A., von Walden, F., Liu, C., Lindvall, J., Gutmann, L., Pistilli, E. E., et al.
(2014). Resistance exercise training modulates acute gene expression during
human skeletal muscle hypertrophy. J Appl Physiol (1985), 116(6), 693-702.

Nakada, S., Ogasawara, R., Kawada, S., Maekawa, T., & Ishii, N. (2016). Correlation
between Ribosome Biogenesis and the Magnitude of Hypertrophy in Overloaded
Skeletal Muscle. PLoS One, 11(1).

Nakashima, K., & Yakabe, Y. (2007). AMPK activation stimulates myofibrillar protein
degradation and expression of atrophy-related ubiquitin ligases by increasing
FOXO transcription factors in C2C12 myotubes. Biosci Biotechnol Biochem,
71(7), 1650-1656.

Nana, A., Slater, G. J., Hopkins, W. G., & Burke, L. M. (2012). Effects of daily
activities on dual-energy X-ray absorptiometry measurements of body
composition in active people. Med Sci Sports Exerc, 44(1), 180-189.

Nelson, A. G., Amall, D. A., Loy, S. F., Silvester, L. J., & Conlee, R. K. (1990).
Consequences of combining strength and endurance training regimens. Phys
Ther, 70(5), 287-294.

Newell, J., Higgins, D., Madden, N., Cruickshank, J., Einbeck, J., McMillan, K., et al.
(2007). Software for calculating blood lactate endurance markers. J Sports Sci,
25(12), 1403-1409.

Nojima, H., Tokunaga, C., Eguchi, S., Oshiro, N., Hidayat, S., Yoshino, K., et al.
(2003). The mammalian target of rapamycin (mTOR) partner, raptor, binds the
mTOR substrates p70 S6 kinase and 4E-BP1 through their TOR signaling (TOS)
motif. J Biol Chem, 278(18), 15461-15464.

O'Connor, R. S., & Pavlath, G. K. (2007). Point:Counterpoint: Satellite cell addition
is/is not obligatory for skeletal muscle hypertrophy. J Appl Physiol (1985),
103(3), 1099-1100.

Olesen, J., Kiilerich, K., & Pilegaard, H. (2010). PGC-1alpha-mediated adaptations in
skeletal muscle. Pflugers Arch, 460(1), 153-162.

Ortenblad, N., Westerblad, H., & Nielsen, J. (2013). Muscle glycogen stores and
fatigue. J Physiol, 15(591 (Pt 18)), 4405-4413.

Pallafacchina, G., Blaauw, B., & Schiaffino, S. (2013). Role of satellite cells in muscle
growth and maintenance of muscle mass. Nutr Metab Cardiovasc Dis, 23 Suppl
1, S12-18.

Park, E. H., Walker, S. E., Zhou, F., Lee, J. M., Rajagopal, V., Lorsch, J. R., et al.
(2013). Yeast eukaryotic initiation factor 4B (elF4B) enhances complex
assembly between elF4A and elF4G in vivo. J Biol Chem, 288(4), 2340-2354.

239



Adaptation to concurrent training: role of endurance training intensity

Park, S. H., Gammon, S. R., Knippers, J. D., Paulsen, S. R., Rubink, D. S., & Winder,
W. W. (2002). Phosphorylation-activity relationships of AMPK and acetyl-CoA
carboxylase in muscle. J Appl Physiol (1985), 92(6), 2475-2482.

Parkington, J. D., Siebert, A. P., LeBrasseur, N. K., & Fielding, R. A. (2003).
Differential activation of mTOR signaling by contractile activity in skeletal
muscle. Am J Physiol Regul Integr Comp Physiol, 285(5), R1086-1090.

Pearce, L. R., Huang, X., Boudeau, J., Pawlowski, R., Wullschleger, S., Deak, M., et al.
(2007). Identification of Protor as a novel Rictor-binding component of mTOR
complex-2. Biochem J, 405(3), 513-522.

Pearson, R. B., Dennis, P. B., Han, J. W., Williamson, N. A., Kozma, S. C., Wettenhall,
R. E., et al. (1995). The principal target of rapamycin-induced p70s6k
inactivation is a novel phosphorylation site within a conserved hydrophobic
domain. EMBO J, 14(21), 5279-5287.

Pende, M., Um, S. H., Mieulet, V., Sticker, M., Goss, V. L., Mestan, J., et al. (2004).
S6K1(-/-)/S6K2(-/-) mice exhibit perinatal lethality and rapamycin-sensitive 5'-
terminal oligopyrimidine mRNA translation and reveal a mitogen-activated
protein kinase-dependent S6 kinase pathway. Mol Cell Biol, 24(8), 3112-3124.

Perez-Schindler, J., Hamilton, D. L., Moore, D. R., Baar, K., & Philp, A. (2015).
Nutritional strategies to support concurrent training. Eur J Sport Sci, 15(1), 41-
52.

Perez-Schindler, J., Summermatter, S., Santos, G., Zorzato, F., & Handschin, C. (2013).
The transcriptional coactivator PGC-1alpha is dispensable for chronic overload-
induced skeletal muscle hypertrophy and metabolic remodeling. Proc Natl Acad
Sci U S A, 110(50), 20314-203109.

Perrone, C. E., Fenwick-Smith, D., & Vandenburgh, H. H. (1995). Collagen and stretch
modulate autocrine secretion of insulin-like growth factor-1 and insulin-like
growth factor binding proteins from differentiated skeletal muscle cells. J Biol
Chem, 270(5), 2099-2106.

Perry, C. G., Lally, J., Holloway, G. P., Heigenhauser, G. J., Bonen, A., & Spriet, L. L.
(2010). Repeated transient MRNA bursts precede increases in transcriptional and
mitochondrial proteins during training in human skeletal muscle. J Physiol,
588(Pt 23), 4795-4810.

Pestova, T. V., Lomakin, I. B., Lee, J. H., Choi, S. K., Dever, T. E., & Hellen, C. U.
(2000). The joining of ribosomal subunits in eukaryotes requires elF5B. Nature,
403(6767), 332-335.

240



Chapter 7 Reference list

Peterson, T. R., Laplante, M., Thoreen, C. C., Sancak, Y., Kang, S. A., Kuehl, W. M., et
al. (2009). DEPTOR is an mTOR inhibitor frequently overexpressed in multiple
myeloma cells and required for their survival. Cell, 137(5), 873-886.

Phillips, B. E., Williams, J. P., Gustafsson, T., Bouchard, C., Rankinen, T., Knudsen, S.,
et al. (2013). Molecular networks of human muscle adaptation to exercise and
age. PLOS Genetics, 9(3), 1-15.

Phillips, S. M., Tipton, K. D., Aarsland, A., Wolf, S. E., & Wolfe, R. R. (1997). Mixed
muscle protein synthesis and breakdown after resistance exercise in humans. Am
J Physiol, 273(1 Pt 1), E99-107.

Phillips, S. M., & Van Loon, L. J. (2011). Dietary protein for athletes: from
requirements to optimum adaptation. J Sports Sci, 29 Suppl 1, S29-38.

Philp, A., Chen, A., Lan, D., Meyer, G. A., Murphy, A. N., Knapp, A. E., et al. (2011a).
Sirtuin 1 (SIRT1) deacetylase activity is not required for mitochondrial
biogenesis or peroxisome proliferator-activated receptor-gamma coactivator-
lalpha (PGC-1lalpha) deacetylation following endurance exercise. J Biol Chem,
286(35), 30561-30570.

Philp, A., Hamilton, D. L., & Baar, K. (2011b). Signals mediating skeletal muscle
remodeling by resistance exercise: PI3-kinase independent activation of
mTORCL. J Appl Physiol, 110(2), 561-568.

Philp, A., & Schenk, S. (2013). Unraveling the complexities of SIRT1-mediated
mitochondrial regulation in skeletal muscle. Exerc Sport Sci Rev, 41(3), 174-
181.

Pijnappels, M., van der Burg, P. J.,, Reeves, N. D., & van Dieen, J. H. (2008).
Identification of elderly fallers by muscle strength measures. Eur J Appl Physiol,
102(5), 585-592.

Pilegaard, H., Saltin, B., & Neufer, P. D. (2003). Exercise induces transient
transcriptional activation of the PGC-lalpha gene in human skeletal muscle. J
Physiol, 546(Pt 3), 851-858.

Polge, C., Heng, A. E., Jarzaguet, M., Ventadour, S., Claustre, A., Combaret, L., et al.
(2011). Muscle actin is polyubiquitinylated in vitro and in vivo and targeted for
breakdown by the E3 ligase MuRF1. FASEB J, 25(11), 3790-3802.

Price, D. J., Gunsalus, J. R., & Avruch, J. (1990). Insulin activates a 70-kDa S6 kinase
through serine/threonine-specific phosphorylation of the enzyme polypeptide.
Proc Natl Acad Sci U S A, 87(20), 7944-7948.

241



Adaptation to concurrent training: role of endurance training intensity

Psilander, N., Frank, P., Flockhart, M., & Sahlin, K. (2012). Exercise with low glycogen
increases PGC-1lalpha gene expression in human skeletal muscle. Eur J Appl
Physiol, 113(4), 951-963.

Pugh, J. K., Faulkner, S. H., Jackson, A. P., King, J. A., & Nimmo, M. A. (2015). Acute
molecular responses to concurrent resistance and high-intensity interval exercise
in untrained skeletal muscle. Physiol Rep, 3(4).

Rakobowchuk, M., McGowan, C. L., de Groot, P. C., Bruinsma, D., Hartman, J. W.,
Phillips, S. M., et al. (2005). Effect of whole body resistance training on arterial
compliance in young men. Exp Physiol, 90(4), 645-651.

Rasmussen, B. B., & Phillips, S. M. (2003). Contractile and nutritional regulation of
human muscle growth. Exerc Sport Sci Rev, 31(3), 127-131.

Raue, U., Trappe, T. A., Estrem, S. T., Qian, H. R., Helvering, L. M., Smith, R. C., et
al. (2012). Transcriptome signature of resistance exercise adaptations: mixed
muscle and fiber type specific profiles in young and old adults. J Appl Physiol,
112(10), 1625-1636.

Reeves, N. D., Narici, M. V., & Maganaris, C. N. (2004). Effect of resistance training
on skeletal muscle-specific force in elderly humans. J Appl Physiol, 96(3), 885-
892.

Rehfeldt, C. (2007). In response to Point:Counterpoint: "Satellite cell addition is/is not
obligatory for skeletal muscle hypertrophy”. J Appl Physiol (1985), 103(3),
1104.

Reid, P. J., Mohammad-Qureshi, S. S., & Pavitt, G. D. (2012). Identification of
intersubunit domain interactions within eukaryotic initiation factor (elF) 2B, the
nucleotide exchange factor for translation initiation. J Biol Chem, 287(11),
8275-8285.

Rennie, M. J., Bohe, J., Smith, K., Wackerhage, H., & Greenhaff, P. (2006). Branched-
chain amino acids as fuels and anabolic signals in human muscle. J Nutr, 136(1
Suppl), 264S-268S.

Rhea, M. R. (2004). Determining the magnitude of treatment effects in strength training
research through the use of the effect size. J Strength Cond Res, 18(4), 918-920.

Richter, E. A., & Ruderman, N. B. (2009). AMPK and the biochemistry of exercise:
implications for human health and disease. Biochem J, 418(2), 261-275.

Richter, J. D., & Sonenberg, N. (2005). Regulation of cap-dependent translation by
elF4E inhibitory proteins. Nature, 433(7025), 477-480.

242



Chapter 7 Reference list

Roberts, L. A., Raastad, T., Markworth, J. F., Figueiredo, V. C., Egner, I. M., Shield,
A., et al. (2015). Post-exercise cold water immersion attenuates acute anabolic
signalling and long-term adaptations in muscle to strength training. J Physiol,
593(18), 4285-4301.

Rommel, C., Bodine, S. C., Clarke, B. A., Rossman, R., Nunez, L., Stitt, T. N., et al.
(2001). Mediation of IGF-1-induced skeletal myotube hypertrophy by
PI(3)K/Akt/mTOR and PI(3)K/Akt/GSK3 pathways. Nat Cell Biol, 3(11), 1009-
1013.

Ronnestad, B. R., Hansen, E. A., & Raastad, T. (2012). High volume of endurance
training impairs adaptations to 12 weeks of strength training in well-trained
endurance athletes. Eur J Appl Physiol, 112(4), 1457-1466.

Rose, A. J., Alsted, T. J., Jensen, T. E., Kobbero, J. B., Maarbjerg, S. J., Jensen, J., et al.
(2009a). A Ca(2+)-calmodulin-eEF2K-eEF2 signalling cascade, but not AMPK,
contributes to the suppression of skeletal muscle protein synthesis during
contractions. J Physiol, 587(Pt 7), 1547-1563.

Rose, A. J., Bisiani, B., Vistisen, B., Kiens, B., & Richter, E. A. (2009b). Skeletal
muscle eEF2 and 4EBP1 phosphorylation during endurance exercise is
dependent on intensity and muscle fiber type. Am J Physiol Regul Integr Comp
Physiol, 296(2), R326-333.

Rose, A. J., Frosig, C., Kiens, B., Wojtaszewski, J. F., & Richter, E. A. (2007). Effect of
endurance exercise training on Ca2+ calmodulin-dependent protein kinase 1l
expression and signalling in skeletal muscle of humans. J Physiol, 583(Pt 2),
785-795.

Rose, A. J., Kiens, B., & Richter, E. A. (2006). Ca2+-calmodulin-dependent protein
kinase expression and signalling in skeletal muscle during exercise. J Physiol,
574(Pt 3), 889-903.

Rossiter, H. B., Kowalchuk, J. M., & Whipp, B. J. (2006). A test to establish maximum
02 uptake despite no plateau in the O2 uptake response to ramp incremental
exercise. J Appl Physiol, 100(3), 764-770.

Ruas, J. L., White, J. P., Rao, R. R., Kleiner, S., Brannan, K. T., Harrison, B. C., et al.
(2012). A PGC-1lalpha isoform induced by resistance training regulates skeletal
muscle hypertrophy. Cell, 151(6), 1319-1331.

Ruiz, J. R., Sui, X., Lobelo, F., Morrow, J. R., Jr., Jackson, A. W., Sjostrom, M., et al.
(2008). Association between muscular strength and mortality in men:
prospective cohort study. BMJ, 337, a4309.

243



Adaptation to concurrent training: role of endurance training intensity

Russell, A. P., Lamon, S., Boon, H., Wada, S., Guller, I., Brown, E. L., et al. (2013).
Regulation of miRNAs in human skeletal muscle following acute endurance
exercise and short-term endurance training. J Physiol, 591(Pt 18), 4637-4653.

Ruvinsky, 1., & Meyuhas, O. (2006). Ribosomal protein S6 phosphorylation: from
protein synthesis to cell size. Trends Biochem Sci, 31(6), 342-348.

Ruvinsky, 1., Sharon, N., Lerer, T., Cohen, H., Stolovich-Rain, M., Nir, T., et al. (2005).
Ribosomal protein S6 phosphorylation is a determinant of cell size and glucose
homeostasis. Genes Dev, 19(18), 2199-2211.

Sabatini, D. M., Barrow, R. K., Blackshaw, S., Burnett, P. E., Lai, M. M., Field, M. E.,
et al. (1999). Interaction of RAFT1 with gephyrin required for rapamycin-
sensitive signaling. Science, 284(5417), 1161-1164.

Sale, D. G. (1987). Influence of exercise and training on motor unit activation. Exerc
Sport Sci Rev, 15, 95-151.

Sale, D. G., Jacobs, 1., MacDougall, J. D., & Garner, S. (1990). Comparison of two
regimens of concurrent strength and endurance training. Med Sci Sports Exerc,
22(3), 348-356.

Saleem, A., Adhihetty, P. J., & Hood, D. A. (2009). Role of p53 in mitochondrial
biogenesis and apoptosis in skeletal muscle. Physiol Genomics, 37(1), 58-66.

Saltin, B., & Gollnick, P. D. (1983). Skeletal muscle adaptability: significance for
metabolism and performance. In L. D. Peachley (Ed.), Handbook of Physiology,
Skeletal Muscle. (pp. 555-631). Bethesda, MD: American Physiological Society.

Salvadego, D., Domenis, R., Lazzer, S., Porcelli, S., Rittweger, J., Rizzo, G., et al.
(2013). Skeletal muscle oxidative function in vivo and ex vivo in athletes with
marked hypertrophy from resistance training. J Appl Physiol.

Sancak, Y., Bar-Peled, L., Zoncu, R., Markhard, A. L., Nada, S., & Sabatini, D. M.
(2010). Ragulator-Rag complex targets mTORCL to the lysosomal surface and is
necessary for its activation by amino acids. Cell, 141(2), 290-303.

Sancak, Y., Peterson, T. R., Shaul, Y. D., Lindquist, R. A., Thoreen, C. C., Bar-Peled,
L., et al. (2008). The Rag GTPases bind raptor and mediate amino acid signaling
to mTORCL1. Science, 320(5882), 1496-1501.

Sancak, Y., Thoreen, C. C., Peterson, T. R., Lindquist, R. A., Kang, S. A., Spooner, E.,
et al. (2007). PRAS40 is an insulin-regulated inhibitor of the mTORCL1 protein
kinase. Mol Cell, 25(6), 903-915.

244



Chapter 7 Reference list

Sanchez, A. M., Bernardi, H., Py, G., & Candau, R. B. (2014a). Autophagy is essential
to support skeletal muscle plasticity in response to endurance exercise. Am J
Physiol Regul Integr Comp Physiol, 307(8), R956-969.

Sanchez, A. M., Candau, R. B., & Bernardi, H. (2014b). FoxO transcription factors:
their roles in the maintenance of skeletal muscle homeostasis. Cell Mol Life Sci,
71(9), 1657-1671.

Sanchez, A. M., Candau, R. B., Csibi, A., Pagano, A. F., Raibon, A., & Bernardi, H.
(2012a). The role of AMP-activated protein kinase in the coordination of
skeletal muscle turnover and energy homeostasis. Am J Physiol Cell Physiol,
303(5), C475-485.

Sanchez, A. M., Csibi, A., Raibon, A., Cornille, K., Gay, S., Bernardi, H., et al.
(2012b). AMPK promotes skeletal muscle autophagy through activation of
forkhead FoxO3a and interaction with Ulk1. J Cell Biochem, 113(2), 695-710.

Sandri, M. (2013). Protein breakdown in muscle wasting: role of autophagy-lysosome
and ubiquitin-proteasome. Int J Biochem Cell Biol, 45(10), 2121-2129.

Sandri, M., Sandri, C., Gilbert, A., Skurk, C., Calabria, E., Picard, A., et al. (2004).
Foxo transcription factors induce the atrophy-related ubiquitin ligase atrogin-1
and cause skeletal muscle atrophy. Cell, 117(3), 399-412.

Sarbassov, D. D., Ali, S. M., Kim, D. H., Guertin, D. A., Latek, R. R., Erdjument-
Bromage, H., et al. (2004). Rictor, a novel binding partner of mTOR, defines a
rapamycin-insensitive and raptor-independent pathway that regulates the
cytoskeleton. Curr Biol, 14(14), 1296-1302.

Sato, T., Nakashima, A., Guo, L., & Tamanoi, F. (2009). Specific activation of
mTORC1 by Rheb G-protein in vitro involves enhanced recruitment of its
substrate protein. J Biol Chem, 284(19), 12783-12791.

Schalm, S. S., & Blenis, J. (2002). Identification of a conserved motif required for
mTOR signaling. Curr Biol, 12(8), 632-639.

Schieke, S. M., Phillips, D., McCoy, J. P., Jr., Aponte, A. M., Shen, R. F., Balaban, R.
S., et al. (2006). The mammalian target of rapamycin (MTOR) pathway
regulates mitochondrial oxygen consumption and oxidative capacity. J Biol
Chem, 281(37), 27643-27652.

Schulze, P. C., Fang, J., Kassik, K. A., Gannon, J., Cupesi, M., MacGillivray, C., et al.
(2005). Transgenic overexpression of locally acting insulin-like growth factor-1
inhibits  ubiquitin-mediated muscle atrophy in chronic left-ventricular
dysfunction. Circ Res, 97(5), 418-426.

245



Adaptation to concurrent training: role of endurance training intensity

Scott, J. W., Norman, D. G., Hawley, S. A., Kontogiannis, L., & Hardie, D. G. (2002).
Protein kinase substrate recognition studied using the recombinant catalytic
domain of AMP-activated protein kinase and a model substrate. J Mol Biol,
317(2), 309-323.

Serpiello, F. R., McKenna, M. J., Bishop, D. J., Aughey, R. J., Caldow, M. K.,
Cameron-Smith, D., et al. (2012). Repeated sprints alter signaling related to
mitochondrial biogenesis in humans. Med Sci Sports Exerc, 44(5), 827-834.

Seynnes, O. R., de Boer, M., & Narici, M. V. (2007). Early skeletal muscle hypertrophy
and architectural changes in response to high-intensity resistance training. J Appl
Physiol (1985), 102(1), 368-373.

Shin, S., Wolgamott, L., Yu, Y., Blenis, J., & Yoon, S. O. (2011). Glycogen synthase
kinase (GSK)-3 promotes p70 ribosomal protein S6 kinase (p70S6K) activity
and cell proliferation. Proc Natl Acad Sci U S A, 108(47), E1204-1213.

Sillanpaa, E., Laaksonen, D. E., Hakkinen, A., Karavirta, L., Jensen, B., Kraemer, W. J.,
et al. (2009). Body composition, fitness, and metabolic health during strength
and endurance training and their combination in middle-aged and older women.
Eur J Appl Physiol, 106(2), 285-296.

Silva, R. F., Cadore, E. L., Kothe, G., Guedes, M., Alberton, C. L., Pinto, S. S., et al.
(2012). Concurrent training with different aerobic exercises. Int J Sports Med,
33(8), 627-634.

Sofer, A., Lei, K., Johannessen, C. M., & Ellisen, L. W. (2005). Regulation of mTOR
and cell growth in response to energy stress by REDD1. Mol Cell Biol, 25(14),
5834-5845.

Spangenburg, E. E., Le Roith, D., Ward, C. W., & Bodine, S. C. (2008). A functional
insulin-like growth factor receptor is not necessary for load-induced skeletal
muscle hypertrophy. J Physiol, 586(1), 283-291.

Sporer, B. C., & Wenger, H. A. (2003). Effects of aerobic exercise on strength
performance following various periods of recovery. J Strength Cond Res, 17(4),
638-644.

Stec, M. J., Mayhew, D. L., & Bamman, M. M. (2015). The effects of age and
resistance loading on skeletal muscle ribosome biogenesis. J Appl Physiol
(1985), 119(8), 851-857.

Stein, S. C., Woods, A., Jones, N. A., Davison, M. D., & Carling, D. (2000). The
regulation of AMP-activated protein kinase by phosphorylation. Biochem J, 345
Pt 3, 437-443.

246



Chapter 7 Reference list

Steinberg, G. R., & Kemp, B. E. (2009). AMPK in Health and Disease. Physiol Rev,
89(3), 1025-1078.

Steinberg, G. R., Macaulay, S. L., Febbraio, M. A., & Kemp, B. E. (2006). AMP-
activated protein kinase--the fat controller of the energy railroad. Can J Physiol
Pharmacol, 84(7), 655-665.

Stitt, T. N., Drujan, D., Clarke, B. A., Panaro, F., Timofeyva, Y., Kline, W. O., et al.
(2004). The IGF-1/PI3K/Akt pathway prevents expression of muscle atrophy-
induced ubiquitin ligases by inhibiting FOXO transcription factors. Mol Cell,
14(3), 395-403.

Suriano, R., Edge, J., & Bishop, D. (2010). Effects of cycle strategy and fibre
composition on muscle glycogen depletion pattern and subsequent running
economy. Br J Sports Med, 44(6), 443-448.

Tan, J. G., Coburn, J. W., Brown, L. E., & Judelson, D. A. (2014). Effects of a single
bout of lower-body aerobic exercise on muscle activation and performance
during subsequent lower- and upper-body resistance exercise workouts. J
Strength Cond Res, 28(5), 1235-1240.

Tannerstedt, J., Apro, W., & Blomstrand, E. (2009). Maximal lengthening contractions
induce different signaling responses in the type | and type Il fibers of human
skeletal muscle. J Appl Physiol, 106(4), 1412-1418.

Tee, A. R., Fingar, D. C., Manning, B. D., Kwiatkowski, D. J., Cantley, L. C., & Blenis,
J. (2002). Tuberous sclerosis complex-1 and -2 gene products function together
to inhibit mammalian target of rapamycin (MTOR)-mediated downstream
signaling. Proc Natl Acad Sci U S A, 99(21), 13571-13576.

Ten Broek, R. W., Grefte, S., & Von den Hoff, J. W. (2010). Regulatory factors and cell
populations involved in skeletal muscle regeneration. J Cell Physiol, 224(1), 7-
16.

Terzis, G., Georgiadis, G., Stratakos, G., Vogiatzis, I., Kavouras, S., Manta, P., et al.
(2008). Resistance exercise-induced increase in muscle mass correlates with
p70S6 kinase phosphorylation in human subjects. Eur J Appl Physiol, 102(2),
145-152.

Tesch, P. A. (1988). Skeletal muscle adaptations consequent to long-term heavy
resistance exercise. Med Sci Sports Exerc, 20(5 Suppl), S132-134.

Thomson, D. M., Fick, C. A., & Gordon, S. E. (2008). AMPK activation attenuates
S6K1, 4E-BP1, and eEF2 signaling responses to high-frequency electrically
stimulated skeletal muscle contractions. J Appl Physiol, 104(3), 625-632.

247



Adaptation to concurrent training: role of endurance training intensity

Thomson, E., Ferreira-Cerca, S., & Hurt, E. (2013). Eukaryotic ribosome biogenesis at a
glance. J Cell Sci, 126(Pt 21), 4815-4821.

Thomson, J. A., Green, H. J., & Houston, M. E. (1979). Muscle glycogen depletion
patterns in fast twitch fibre subgroups of man during submaximal and
supramaximal exercise. Pflugers Arch, 379(1), 105-108.

Timmons, J. A., Knudsen, S., Rankinen, T., Koch, L. G., Sarzynski, M., Jensen, T., et
al. (2010). Using molecular classification to predict gains in maximal aerobic
capacity following endurance exercise training in humans. J Appl Physiol,
108(6), 1487-1496.

Tintignac, L. A., Lagirand, J., Batonnet, S., Sirri, V., Leibovitch, M. P., & Leibovitch,
S. A. (2005). Degradation of MyoD mediated by the SCF (MAFbx) ubiquitin
ligase. J Biol Chem, 280(4), 2847-2856.

Tjonna, A. E., Lee, S. J.,, Rognmo, O., Stolen, T. O., Bye, A., Haram, P. M., et al.
(2008). Aerobic interval training versus continuous moderate exercise as a
treatment for the metabolic syndrome: a pilot study. Circulation, 118(4), 346-
354,

Tong, J. F., Yan, X,, Zhu, M. J., & Du, M. (2009). AMP-activated protein kinase
enhances the expression of muscle-specific ubiquitin ligases despite its
activation of IGF-1/Akt signaling in C2C12 myotubes. J Cell Biochem, 108(2),
458-468.

Vainshtein, A., & Hood, D. A. (2015). The regulation of autophagy during exercise in
skeletal muscle. J Appl Physiol (1985), jap 00550 02015.

Vandesompele, J., De Preter, K., Pattyn, F., Poppe, B., Van Roy, N., De Paepe, A., et al.
(2002). Accurate normalization of real-time quantitative RT-PCR data by
geometric averaging of multiple internal control genes. Genome Biol, 3(7),
RESEARCHO0034.

Vissing, K., McGee, S. L., Farup, J., Kjolhede, T., Vendelbo, M. H., & Jessen, N.
(2011). Differentiated mTOR but not AMPK signaling after strength vs
endurance exercise in training-accustomed individuals. Scand J Med Sci Sports,
23(3), 355-366.

Voit, R., & Grummt, I. (2001). Phosphorylation of UBF at serine 388 is required for
interaction with RNA polymerase | and activation of rDNA transcription. Proc
Natl Acad Sci U S A, 98(24), 13631-13636.

Voit, R., Hoffmann, M., & Grummt, 1. (1999). Phosphorylation by G1-specific cdk-
cyclin complexes activates the nucleolar transcription factor UBF. EMBO J,
18(7), 1891-1899.

248



Chapter 7 Reference list

von Walden, F., Casagrande, V., Ostlund Farrants, A. K., & Nader, G. A. (2012).
Mechanical loading induces the expression of a Pol | regulon at the onset of
skeletal muscle hypertrophy. Am J Physiol Cell Physiol, 302(10), C1523-1530.

Wang, J., Zhong, C., Wang, F., Qu, F., & Ding, J. (2013). Crystal structures of S6K1
provide insights into the regulation mechanism of S6K1 by the hydrophobic
motif. Biochem J.

Wang, L., Mascher, H., Psilander, N., Blomstrand, E., & Sahlin, K. (2011). Resistance
exercise enhances the molecular signaling of mitochondrial biogenesis induced
by endurance exercise in human skeletal muscle. J Appl Physiol, 111(5), 1335-
1344,

Wang, X., Li, W., Williams, M., Terada, N., Alessi, D. R., & Proud, C. G. (2001).
Regulation of elongation factor 2 kinase by p90(RSK1) and p70 S6 kinase.
EMBO J, 20(16), 4370-4379.

Weigl, L. G. (2012). Lost in translation: regulation of skeletal muscle protein synthesis.
Curr Opin Pharmacol, 12(3), 377-382.

Welinder, C., & Ekblad, L. (2011). Coomassie staining as loading control in Western
blot analysis. J Proteome Res, 10(3), 1416-1419.

West, D. W., Burd, N. A., Tang, J. E., Moore, D. R., Staples, A. W., Holwerda, A. M.,
et al. (2010). Elevations in ostensibly anabolic hormones with resistance
exercise enhance neither training-induced muscle hypertrophy nor strength of
the elbow flexors. J Appl Physiol (1985), 108(1), 60-67.

West, D. W., Kujbida, G. W., Moore, D. R., Atherton, P., Burd, N. A., Padzik, J. P., et
al. (2009). Resistance exercise-induced increases in putative anabolic hormones
do not enhance muscle protein synthesis or intracellular signalling in young
men. J Physiol, 587(Pt 21), 5239-5247.

Weston, K. S., Wisloff, U., & Coombes, J. S. (2014a). High-intensity interval training
in patients with lifestyle-induced cardiometabolic disease: a systematic review
and meta-analysis. Br J Sports Med, 48(16), 1227-1234.

Weston, M., Taylor, K. L., Batterham, A. M., & Hopkins, W. G. (2014b). Effects of
low-volume high-intensity interval training (HIT) on fitness in adults: a meta-
analysis of controlled and non-controlled trials. Sports Med, 44(7), 1005-1017.

Wilkinson, S. B., Phillips, S. M., Atherton, P. J., Patel, R., Yarasheski, K. E.,
Tarnopolsky, M. A., et al. (2008). Differential effects of resistance and
endurance exercise in the fed state on signalling molecule phosphorylation and
protein synthesis in human muscle. J Physiol, 586(Pt 15), 3701-3717.

249



Adaptation to concurrent training: role of endurance training intensity

Wilson, J. M., Marin, P. J., Rhea, M. R., Wilson, S. M., Loenneke, J. P., & Anderson, J.
C. (2012). Concurrent training: a meta-analysis examining interference of
aerobic and resistance exercises. J Strength Cond Res, 26(8), 2293-2307.

Wintermeyer, W., Savelsbergh, A., Semenkov, Y. P., Katunin, V. ., & Rodnina, M. V.
(2001). Mechanism of elongation factor G function in tRNA translocation on the
ribosome. Cold Spring Harb Symp Quant Biol, 66, 449-458.

Wisloff, U., Stoylen, A., Loennechen, J. P., Bruvold, M., Rognmo, O., Haram, P. M., et
al. (2007). Superior cardiovascular effect of aerobic interval training versus
moderate continuous training in heart failure patients: a randomized study.
Circulation, 115(24), 3086-3094.

Withers, D. J., Ouwens, D. M., Nave, B. T., van der Zon, G. C., Alarcon, C. M,
Cardenas, M. E., et al. (1997). Expression, enzyme activity, and subcellular
localization of mammalian target of rapamycin in insulin-responsive cells.
Biochem Biophys Res Commun, 241(3), 704-7009.

Wohlgemuth, S. E., Seo, A. Y., Marzetti, E., Lees, H. A., & Leeuwenburgh, C. (2010).
Skeletal muscle autophagy and apoptosis during aging: effects of calorie
restriction and life-long exercise. Exp Gerontol, 45(2), 138-148.

Wojtaszewski, J. F., Birk, J. B., Frosig, C., Holten, M., Pilegaard, H., & Dela, F. (2005).
5'AMP activated protein kinase expression in human skeletal muscle: effects of
strength training and type 2 diabetes. J Physiol, 564(Pt 2), 563-573.

Wojtaszewski, J. F., MacDonald, C., Nielsen, J. N., Hellsten, Y., Hardie, D. G., Kemp,
B. E., et al. (2003). Regulation of 5’AMP-activated protein kinase activity and
substrate utilization in exercising human skeletal muscle. Am J Physiol
Endocrinol Metab, 284(4), E813-822.

Wojtaszewski, J. F., Mourtzakis, M., Hillig, T., Saltin, B., & Pilegaard, H. (2002).
Dissociation of AMPK activity and ACCheta phosphorylation in human muscle
during prolonged exercise. Biochem Biophys Res Commun, 298(3), 309-316.

Wolfe, R. R. (2006). The underappreciated role of muscle in health and disease. Am J
Clin Nutr, 84(3), 475-482.

Woo, S. Y., Kim, D. H., Jun, C. B., Kim, Y. M., Haar, E. V., Lee, S. |, et al. (2007).
PRR5, a novel component of mTOR complex 2, regulates platelet-derived
growth factor receptor beta expression and signaling. J Biol Chem, 282(35),
25604-25612.

Wu, H., Kanatous, S. B., Thurmond, F. A., Gallardo, T., Isotani, E., Bassel-Duby, R., et
al. (2002). Regulation of mitochondrial biogenesis in skeletal muscle by CaMK.
Science, 296(5566), 349-352.

250



Chapter 7 Reference list

Wu, X. N., Wang, X. K., Wu, S. Q., Lu, J., Zheng, M., Wang, Y. H., et al. (2011).
Phosphorylation of Raptor by p38beta participates in arsenite-induced
mammalian target of rapamycin complex 1 (mTORC1) activation. J Biol Chem,
286(36), 31501-31511.

Xie, Z., & Klionsky, D. J. (2007). Autophagosome formation: core machinery and
adaptations. Nat Cell Biol, 9(10), 1102-11009.

Xu, J., Li, R., Workeneh, B., Dong, Y., Wang, X., & Hu, Z. (2012). Transcription factor
FoxO1, the dominant mediator of muscle wasting in chronic kidney disease, is
inhibited by microRNA-486. Kidney Int, 82(4), 401-411.

Yang, D., Brunn, G. J., & Lawrence, J. C., Jr. (1999). Mutational analysis of sites in the
translational regulator, PHAS-I, that are selectively phosphorylated by mTOR.
FEBS Lett, 453(3), 387-390.

Yang, H. S., Jansen, A. P., Komar, A. A., Zheng, X., Merrick, W. C., Costes, S., et al.
(2003). The transformation suppressor Pdcd4 is a novel eukaryotic translation
initiation factor 4A binding protein that inhibits translation. Mol Cell Biol, 23(1),
26-37.

Yang, Q., Inoki, K., Ikenoue, T., & Guan, K. L. (2006). Identification of Sinl as an
essential TORC2 component required for complex formation and kinase
activity. Genes Dev, 20(20), 2820-2832.

Ydfors, M., Fischer, H., Mascher, H., Blomstrand, E., Norrbom, J., & Gustafsson, T.
(2013). The truncated splice variants, NT-PGC-lalpha and PGC-lalpha4,
increase with both endurance and resistance exercise in human skeletal muscle.
Physiol Rep, 1(6), e00140.

Yeo, W. K., McGee, S. L., Carey, A. L., Paton, C. D., Garnham, A. P., Hargreaves, M.,
et al. (2010). Acute signalling responses to intense endurance training
commenced with low or normal muscle glycogen. Exp Physiol, 95(2), 351-358.

Yip, C. K., Murata, K., Walz, T., Sabatini, D. M., & Kang, S. A. (2010). Structure of
the human mTOR complex | and its implications for rapamycin inhibition. Mol
Cell, 38(5), 768-774.

Yu, M., Stepto, N. K., Chibalin, A. V., Fryer, L. G., Carling, D., Krook, A., et al.
(2003). Metabolic and mitogenic signal transduction in human skeletal muscle
after intense cycling exercise. J Physiol, 546(Pt 2), 327-335.

Zacharewicz, E., Della Gatta, P., Reynolds, J., Garnham, A., Crowley, T., Russell, A.
P., et al. (2014). Identification of microRNAs linked to regulators of muscle
protein synthesis and regeneration in young and old skeletal muscle. PLoS One,
9(12), €114009.

251



Adaptation to concurrent training: role of endurance training intensity

Zacharewicz, E., Lamon, S., & Russell, A. P. (2013). MicroRNAs in skeletal muscle
and their regulation with exercise, ageing, and disease. Front Physiol, 4, 266.

Zargar, S., Moreira, T. S., Samimi-Seisan, H., Jeganathan, S., Kakade, D., Islam, N., et
al. (2011). Skeletal muscle protein synthesis and the abundance of the mRNA
translation initiation repressor PDCD4 are inversely regulated by fasting and
refeeding in rats. Am J Physiol Endocrinol Metab, 300(6), E986-992.

Zhang, C. S., Jiang, B., Li, M., Zhu, M., Peng, Y., Zhang, Y. L., et al. (2014). The
lysosomal v-ATPase-Ragulator complex is a common activator for AMPK and
mTORC1, acting as a switch between catabolism and anabolism. Cell Metab,
20(3), 526-540.

Zhao, J., Brault, J. J., Schild, A., Cao, P., Sandri, M., Schiaffino, S., et al. (2007).
FoxO3 coordinately activates protein degradation by the autophagic/lysosomal
and proteasomal pathways in atrophying muscle cells. Cell Metab, 6(6), 472-
483.

Zoncu, R., Bar-Peled, L., Efeyan, A., Wang, S., Sancak, Y., & Sabatini, D. M. (2011).
MTORC1 senses lysosomal amino acids through an inside-out mechanism that
requires the vacuolar H(+)-ATPase. Science, 334(6056), 678-683.

Zwetsloot, K. A., Westerkamp, L. M., Holmes, B. F., & Gavin, T. P. (2008). AMPK
regulates basal skeletal muscle capillarization and VEGF expression, but is not
necessary for the angiogenic response to exercise. J Physiol, 586(Pt 24), 6021-
6035.

252



Appendices



Adaptation to concurrent training: role of endurance training intensity

Appendix A: Information to participants form used for Study
1 (Chapter 3)

INFORMATION TO PARTICIPANTS
INVOLVED IN RESEARCH

You are invited to participate

You are invited to participate in a research project entitled “The effect of endurance exercise intensity on
the acute molecular responses induced by subsequent resistance exercise in recreationally active males”.

This project is being conducted by Mr Jackson Fyfe as part of a PhD study at Victoria University under the
supervision of Dr Nigel Stepto and Prof David Bishop from the College of Sport and Exercise Science.

Project explanation

Simultaneously incorporating both strength and endurance training into a training program is known as
concurrent training. While this is a common training approach that combines the benefits of both exercise
modes, concurrent training often results in less muscle mass, strength and power improvements
compared to undertaking strength training alone. However, very little is known regarding the factors which
worsen or reduce this interference effect and the mechanisms by which this occurs.

Recently, high-intensity interval training (HIT) has become a popular and time-efficient training approach
for improving aspects of health and performance. However, very little is currently known regarding the
effect of high-intensity endurance exercise on interference when performed concurrently with resistance
exercise.

This project will investigate the effect of endurance exercise intensity (i.e., HIT) on interference of the
anabolic responses to subsequent resistance exercise when performed in a concurrent manner.

You are eligible to participate in this study if you are:

e Male and aged between 18 and 35

¢ Recreationally active in BOTH resistance and endurance exercise (undertaking each exercise
mode 1-2 times per week for more than one year)

o Free from any current muscle or ligament injury of the lower body

e Free from any current or previous cardiovascular/respiratory condition or abnormality (e.g., heart
rhythm disturbance, elevated blood pressure, diabetes)

What will | be asked to do?

You will firstly be asked to fill out several short questionnaires about your family medical history and
exercise habits to assess your eligibility to participate in this study.

After confirming your eligibility for this study, you will undertake the following procedures, all conducted in
Building P, Victoria University Footscray park campus:

1. Familiarisation session
You will be required to attend initial familiarisation session (~1 hour), during which you will be familiarised
with all equipment and protocols to be performed in the preliminary testing and experimental trial sessions.
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2. Preliminary testing session
Approximately 2-4 days after the familiarisation, you will undertake preliminary testing session sessions,
during which you will undertake a graded exercise test (GXT) to determine your maximal aerobic capacity
(VO2max), lactate threshold (LT) and peak power (Wma) (~1 hour in duration), and a one repetition
maximum (1-RM) single leg press test to determine your maximal lower body strength (~30 mins).

The GXT is an incremental exercise test consisting of multiple 4-minute work stages at increasing
workloads, separated by 30 seconds recovery. The test will be terminated when you can no longer
complete the desired workload. In order to measure lactate threshold, venous blood samples (~2 mL) will
be obtained at rest, and immediately following completion of each work stage. After 5 minutes recovery,
you will again cycle against a high workload until you cannot continue, and expired gases will be
measured via a mouthpiece to calculate your maximal oxygen consumption (VO2max).

The 1-RM test will be conducted on a seated leg press machine. After a standard warm-up, you will
attempt to lift increasing loads until only one, but not a second, repetition is possible. Three minutes
recovery will be allowed between 1-RM attempts, and testing will be completed on both legs separately.

3. Experimental trials
Approximately one week after the preliminary testing session, you will begin the first of three experimental
trials (~ 5 hours each) each separated by at least one week.

An overview of the study design is provided in Figure 1 below:

Preliminary testing Experimental trials
[ A o L |
—{ Famit | ox1 | 1RM | Trial1 | Trial2 [ Trial3 —
Week 1 2 3 4 5

Figure 1. Study design overview

Upon arrival at the laboratory for each experimental trial, a plastic cannula will be placed into a forearm
vein for blood sampling and you will then be provided with a standardised breakfast. After resting quietly
for 45 min, you will then undertake either moderate intensity continuous (~30 min at 80% LT) or high-
intensity interval cycling (10 x 2 min at 120% LT, 1 min passive recovery) for experimental trials 1 and 2.
After resting quietly for 15 minutes, a muscle biopsy will be taken from an outer thigh muscle (i.e. the
vastus lateralis) and you will then complete 8 sets of 5 single leg press repetitions at 80% 1-RM for each
leg, with 3 minutes rest between sets. You will then rest quietly in the lab for 3 hours, during which
additional muscle samples will be obtained 1 and 3 hours after resistance exercise. During this 3-hour
recovery period you may watch movies or use a laptop quietly if you wish. Venous blood samples (~5 mL)
will be drawn from the cannula after 0, 2, 5, 10 and 15 minutes recovery from endurance exercise, and 0,
2,5, 10, 30, 60, 120 and 180 minutes after resistance exercise. For experimental trial 3 (RE only trial), you
will undertake identical procedures but with the omission of any endurance exercise prior to the resistance
exercise.

An overview of each experimental trial timeline is provided in Figure 2 below:
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HIT trial
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Figure 2. Experimental trial timelines

4. Exercise and diet control
You will be asked to refrain from any formal physical activity or training for at least 24 hours prior to each
experimental trial. Additionally, you will be provided with a standardised diet that you will be required to
strictly follow during the 24 hours prior to each experimental trial. On the morning of each experimental
trial you will be required to report to the laboratory in a fasted state and we will provide you with a
standardised breakfast upon your arrival.

The total time commitment for this study is approximately 17.5 hours across six separate Visits.

What will | gain from participating?

While we cannot guarantee that you will gain any benefits from your participation in this study, you will
however be provided with a $150 gift voucher after completing the study as compensation for your time.
You will also receive potentially valuable information regarding your aerobic fitness and strength levels.

How will the information | give be used?

All data collected will be stored under alphanumeric codes (i.e., without your name or personal details)
which will only be identifiable by the researchers. All muscle samples collected will be used to analyse
some proteins and genes involved with adaptations to training. The data that will be collected during the
study may be used in a thesis, at conference presentations and published in peer-reviewed scientific
journals. All data will be presented anonymously so your confidentiality is maintained. With your written
consent, photographs or videos may be taken during experimental trials for use in presentations or to
assist in future experimental set-ups. Any images will only be taken with your written consent and in all
cases you will be de-identified.

What are the potential risks of participating in this project?

The procedures involved in participating in this study are of low risk. Nevertheless, as in any invasive and
exercise procedure, there are small risks and some discomfort that may be experienced:

Exercise testing
You will experience the fatigue associated with strenuous exercise, particularly during the GXT.

Nevertheless, as in any physical activity, there is a very small possibility of injuries that include, but are not
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restricted to; muscle, ligament or tendon damage, breathing irregularities and dizziness. There is a high
probability that you might experience mild muscle soreness for 2-3 days following the 1-RM strength
testing, however this will not be more severe than is typically experienced after unaccustomed resistance
exercise. There is also a small risk of muscle, ligament or tendon injury during the 1-RM test. However, all
protocols are commonly performed in exercise physiology laboratories and potential risks to participants
have been minimised by employing appropriate warm-up procedures and researcher supervision.

Intravenous cannulation

Needle insertion into a vein is required for placement of a cannula into a forearm vein and you will feel
minor to moderate discomfort as a result. However, the needle is quickly removed and only a flexible
plastic tube remains in your vein for the duration of blood sampling (approximately 5 hours). When the
cannula is removed, direct pressure will be applied to the area to reduce the chances of bruising.
Cannulas are routinely placed into veins of participants in clinical research studies and in hospital patients.
The risks of IV cannulation are low, but very occasionally significant bruising or infection can occur. The
researchers are qualified and experienced in venous cannula placement and the use of aseptic
techniques.

Muscle biopsy
The muscle biopsy will be performed by a qualified medical doctor who is experienced in taking muscle

hiopsies. Xylocaine, a local anaesthetic, will be injected at the site of the muscle biopsy (vastus laterialis —
mid outer thigh). The anaesthetic may burn or sting when injected before the area becomes numb. After it
becomes numb minimal or no discomfort will be experienced during the procedure. Only slight pressure or
a slight “pulling” sensation will be felt. To extract the muscle biopsy a small incision needs to be made
where the muscle biopsy needle will be inserted. After the incision has been made a Bergstrom needle will
then be inserted to extract a small muscle sample (approx. 2 rice grains in size). Once the local
anaesthetic has worn off and for the next day or two the area will likely feel like you have been “corked”.
You should not feel any discomfort after 2-3 days. In rare cases haematomas have been reported,
although these symptoms typically disappear within a week. On very rare occasions, altered sensation
(numbness or tingling) on the skin near the site of the hiopsy has been reported; however this sensation
disappears over a period of a few weeks to months.

Who is conducting this study?

To express your interest in participating, or further information regarding this research, please contact:

Student researcher

Mr Jackson Fyfe

Tel: 03 9919 4066

Mob: 0419 371 076

Email: jackson.fyfe@live.vu.edu.au

Any queries about your participation in this project may be directed to the Chief Investigator listed above.

If you have any queries or complaints about the way you have been treated, you may contact the Ethics
Secretary, Victoria University Human Research Ethics Committee, Office for Research, Victoria University,
PO Box 14428, Melbourne, VIC, 8001 or phone (03) 9919 4781.
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Appendix B: Information to participants form used for Study
2 (Chapters 4 and 5)

INFORMATION TO PARTICIPANTS
INVOLVED IN RESEARCH

You are invited to participate

You are invited to participate in a research project entitled “The effect of endurance training intensity on
interference between concurrent resistance and endurance exercise in recreationally-active males”.

This project is being conducted by Mr Jackson Fyfe as part of a PhD study at Victoria University under the
supervision of Dr Nigel Stepto and Prof David Bishop from the College of Sport and Exercise Science.

Project explanation

Simultaneously incorporating both strength and endurance exercise into a training program is known as
concurrent training. While this is a common training approach that combines the benefits of both exercise
modes, concurrent training often results in less muscle mass and strength improvements compared to if
only strength training were performed. However, at present there is very little known about the factors
which worsen or reduce this ‘interference effect’.

High-intensity interval training (HIT) has recently become a popular and time-efficient training approach for
improving multiple aspects of health and performance. However, whether HIT is a favourable exercise
strategy to use when trying to simultaneously improve strength and muscle mass (i.e., concurrent training)
is unclear. Potentially, higher-intensity endurance exercise may interfere with the ability to perform, and
respond to, subsequent resistance exercise.

This project will compare the effects of HIT versus lower-intensity, traditional continuous endurance
exercise on the interference effect when performed concurrently with resistance exercise, compared to
undertaking resistance exercise alone.

You are eligible to participate in this study if you are:
e Male and aged between 18 and 40
¢ Recreationally active in resistance and/or endurance exercise (undertaking either exercise mode
1-2 times per week for more than one year)
e  Free from any current muscle or ligament injury of the lower body
o Free from any current or previous cardiovascular/respiratory condition or abnormality (e.g., heart
rhythm disturbance, elevated blood pressure, diabetes)

What will | be asked to do?

You will firstly meet with the student researcher and asked to fill out several short questionnaires about
your family medical history and exercise habits, to assess your eligibility to participate in this study.
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After confirming your eligibility for this study, you will undertake the following procedures, all conducted in
Building P at Victoria University Footscray park campus:

5. Familiarisation
You will be required to attend initial familiarisation session (~1 hour), during which you will be familiarised
with all equipment and testing protocols to be performed in the preliminary testing sessions.

6. Preliminary fitness testing
You will then undertake preliminary testing across the next three sessions to evaluate various aspects of
your fitness. The first session (~1 hour) involves a graded exercise test (GXT) performed on a cycle
ergometer to determine your aerobic fitness. The second session (~1 hour) will involve 1-repetition
maximal (1-RM) strength and power (jump) testing, and the third session will involve a DEXA scan (~15
min) to estimate your body composition.

e The graded exercise test (GXT) is an incremental exercise test consisting of multiple 4-minute work
stages at increasing workloads, separated by 30 seconds recovery. The test will be terminated when
you can no longer complete the desired workload. In order to measure lactate threshold, venous
blood samples (~1 mL) will be obtained at rest, and immediately following completion of each work
stage. After 5 minutes recovery, you will again cycle against a high resistance until you cannot
continue any further and expired gases will be measured via a mouthpiece to measure your maximal
oxygen consumption (VO2ma). Before starting the GXT and immediately afterwards, an extra blood
sample (~9 mL) will be obtained for the purposes of investigating the effects of the exercise on
immune function.

e The maximal strength (1-RM) testing will be conducted on a seated leg press machine and bench
press. After a standard warm-up, you will attempt to lift increasing loads until only one, but not a
second, repetition is possible. Three minutes recovery will be allowed between 1-RM attempts.

o The maximal power (jump) testing involves repeated body-weight jumps performed on a force plate
to measure your ability to produce force and power. The protocol will involve 3 maximal jumps (i.e., as
high as you can), separated by 3 minutes of recovery.

o A DEXA scan will be performed to estimate your body composition (i.e., lean mass vs. fat mass). This
involves lying still on the DEXA scanner for approximately 7 minutes while the scanner passes over
you to assess your body composition.

7. Training period
The week after completion of preliminary testing, you will begin the 8-week training program. You will be

RANDOMLY allocated to one of three training groups: 1) high-intensity interval training and resistance
training (HIT+RT), 2) lower-intensity continuous cycling and resistance training (CONT+RT) or 3)
resistance training only (RT only). Training sessions will be performed three (3) times per week and
consist of either HIT or CONT cycling followed by resistance training, or resistance training only,
depending on which group you are allocated to.

The HIT+RT group will perform multiple 2-min intervals separated by 1 min of recovery. The CONT+RT
group will perform lower-intensity continuous cycling with no intermittent recovery. An identical resistance
exercise session will be performed 10-min following each cycling bout. The RT only group will not perform
any cycling before the resistance exercise session.
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Each training session will last between ~40-110 min depending on the group you are allocated to.
Training sessions will typically be conducted between 6:00 to 9:00 AM, however this can vary depending
on your availability. Inmediately before the first training session only, a single resting muscle biopsy will
obtained from an outer thigh muscle (described below).

An overview of the study design is provided in Figure 1 below:

Preliminary testing 8-week training period Post-testing Acute biopsy trial

: . \ | . [ .  ——
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Figure 1. Study design overview

8. Mid- and post-training testing
Mid-way through the training program (in week 5), you will repeat the GXT and 1-RM testing so that all
training intensities can be re-adjusted for the remainder of the training program. After completion of the
training program, you will repeat all preliminary testing to evaluate how you have responded to the training
program. The GXT, power/1-RM testing, and DEXA scan will be repeated the week after completing the
training program.

9. Acute biopsy trial

The acute biopsy trial (~ 4 hours) will be performed at least 3 days after completion of the post-testing,
and involve performing a single bout of resistance exercise (8 sets of 5 leg press repetitions at 80% 1-RM,
3 min rest between sets). Participants in the HIT+RT and CONT+RT groups will also complete the
corresponding form of endurance training 10 minutes before the resistance exercise to mimic training
sessions complete during the training program. Upon arrival at the laboratory for the biopsy trial, a plastic
cannula will be placed into a forearm vein for blood sampling. After the resistance exercise you will be
required to rest quietly in the laboratory for 3 hours. Venous blood samples (~5 mL) will be drawn from the
cannula at rest, and after 0, 2, 5, 10, 30, 60, 120 and 180 minutes recovery from resistance exercise.
Muscle biopsies will be obtained from an outer thigh muscle (i.e., the vastus lateralis) immediately before,
and 1 and 3 hours after exercise (3 biopsies in total) to investigate how the muscle responds to the
exercise during early recovery. During this 3-hour recovery period you will be able to complete quiet
activities (e.g., read, watch movies, listen to music, etc.).

10. Exercise and diet control
For 24 hours prior to the pre-testingGXT,power/1-RM, DEXA scan and first training session, you will be
asked to refrain from any structured exercise and record a detailed food diary. You will then replicate this
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dietary intake as accurately as possible for the 24 hours prior to all post-training testing sessions and the
acute biopsy trial. On the morning of all testing sessions, the first training session and acute biopsy trial,
you will be required to report to the laboratory after an 8-10 h fast. Additionally, you will be required to
record another detailed food diary for three consecutive days during the first and last week of training to
determine whether your dietary habits change during the training period.

11. Exercise monitoring
During the study, you are allowed to maintain your normal levels of physical activity outside of the study.
However, it is important that any additional exercise is recorded for the purposes of measuring how much
extra exercise participants do outside of the study. To do this, the student researcher will send you an
online training diary questionnaire via email. This training diary will need to be completed 30 minutes after
each exercise session performed outside of the study, and submitted via email to the student researcher.
The questionairre consists of 4 simple questions regarding the exercise session you have just performed.

What will | gain from participating?

While we cannot guarantee that you will gain any benefits from your participation in this study, you will
receive high-quality exercise training supervised by sport scientists in a state-of-the-art research facility.
The training is expected to significantly improve various aspects of your health and fitness. In addition, you
will also receive potentially valuable information regarding your aerobic fitness and strength levels, and an
individualised report on your potential fithess improvements following the training period.

How will the information | give be used?

All data collected will be stored under alphanumeric codes (i.e., without your name or personal details)
which will only be identifiable by the researchers. All muscle samples collected will be used to analyse
some proteins and genes involved with adaptations to training. The data that will be collected during the
study may be used in a thesis, at conference presentations and published in peer-reviewed scientific
journals. All data will be presented anonymously so your confidentiality is maintained. With your written
consent, photographs or videos may be taken during experimental trials for use in presentations or to
assist in future experimental set-ups. Any images will only be taken with your written consent and in all
cases you will be de-identified.

What are the potential risks of participating in this project?

The procedures involved in participating in this study are of low risk. Nevertheless, as in any invasive and
exercise procedure, there are small risks and some discomfort that may be experienced:

Exercise testing and training

You will experience the fatigue associated with strenuous exercise, particularly during the GXT.
Nevertheless, as in any physical activity, there is a very small possibility of injuries that include, but are not
restricted to; muscle, ligament or tendon damage, breathing irregularities and dizziness. There is a high
probability that you might experience mild muscle soreness for 2-3 days following the 1-RM strength
testing, however this will not be more severe than is typically experienced after unaccustomed resistance
exercise. There is also a small risk of muscle, ligament or tendon injury during the 1-RM test. However, all
protocols are commonly performed in exercise physiology laboratories and potential risks to participants
have been minimised by employing appropriate warm-up procedures and researcher supervision.
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Intravenous cannulation/venepuncture

Needle insertion into a vein is required for placement of a cannula into a forearm vein and for
venepuncture. During the needle insertion you will feel minor to moderate discomfort. However, for the
intravenous cannulation (GXT and acute biopsy trial only) the needle is quickly removed and only a
flexible plastic tube remains in your vein for the duration of blood sampling (approximately 45 min and 4
hours for the GXT and acute biopsy trial, respectively). When the cannula is removed, direct pressure will
be applied to the area to reduce the chances of bruising. Cannulas are routinely placed into veins of
participants in clinical research studies and in hospital patients. The risks of IV cannulation are low, but
very occasionally significant bruising or infection can occur. The researchers are qualified and
experienced in venous cannula placement, venepuncture, and the use of sterile techniques.

Muscle biopsy
The muscle biopsy will be performed by a qualified medical doctor who is experienced in taking muscle

biopsies. Xylocaine, a local anaesthetic, will be injected at the site of the muscle biopsy (vastus lateralis —
mid outer thigh). The anaesthetic may burn or sting when injected before the area becomes numb. After it
becomes numb minimal or no discomfort will be experienced during the procedure. Only slight pressure or
a “pulling” sensation will be felt. To extract the muscle biopsy a small incision needs to be made where the
muscle biopsy needle will be inserted. After the incision has been made a Bergstrom needle will then be
inserted to extract a small muscle sample (approx. 2 rice grains in size). Once the local anaesthetic has
worn off and for the next day or two the area will likely feel like you have been “corked”. You should not
feel any discomfort after 2-3 days. In rare cases haematomas have been reported, although these
symptoms typically disappear within a week. On very rare occasions, altered sensation (numbness or
tingling) on the skin near the site of the biopsy has been reported; however this sensation disappears over
a period of a few weeks to months.

DEXA scan

During the DEXA scan you will be exposed to a very small level of radiation (~0.5 uSv per whole body
scan), which is substantially less than a 7 hour plane flight (50 puSv) or a standard chest X-ray (40 uSv).
The total dose of radiation you will be exposed to across the two DEXA scans conducted during the study
has been assessed by a Medical Physicist and the radiation dose determined to be safe and of negligible
risk.

Should you become distressed as a result of your participation in this study please feel free to consult Prof
Mark Anderson (registered psychologist at Victoria University) free-of-charge on (03) 99195413 or at

mark.andersen@vu.edu.au.

Who is conducting this study?

To express your interest in participating, or further information regarding this research, please contact:

Mr Jackson Fyfe

PhD researcher

Mob: 0419 371 076

Email: jackson.fyfe@live.vu.edu.au

Any queries about your participation in this project may be directed to the Chief Investigator listed above.

If you have any queries or complaints about the way you have been treated, you may contact the Ethics
Secretary, Victoria University Human Research Ethics Committee, Office for Research, Victoria University,
PO Box 14428, Melbourne, VIC, 8001 or phone (03) 9919 4781.
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Appendix C: Cardiovascular risk factor form used for Study
1 and 2 (Chapters 3, 4, and 5)

CARDIOVASCULAR AND OTHER RISK
FACTOR QUESTIONNAIRE

In order to be eligible to participate in the experiment investigating: “The effect of endurance exercise
intensity on acute molecular responses to subsequent resistance exercise in recreationally active males “,
you are required to complete the following questionnaire which is designed to assess the risk of you
having a cardiovascular event occurring during an exhaustive exercise bout.

Name: Date of birth:

Address: Phone:

Age: years Weight: kg Height: cm Gender: M
F

Give a brief description of your average activity pattern in the past 2 months:

Circle the appropriate response to the following questions.

1. Are you overweight? Yes No Don't know
2. Do you smoke? Yes No Social
3. Are you an asthmatic? Yes No Don't Know
4, Are you a diabetic? Yes No Don't Know
5. Does your family have a history of diabetes?

Yes No Don't Know
6. Do you have a thyroid disorder?

Yes No Don't Know
7. Does your family have a history of thyroid disorders?
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Yes No Don't Know
8. Do you have a pituitary disorder?

Yes No Don't Know
9. Does your family have a history of pituitary disorders?

Yes No Don't Know
10. Do you have a heart rhythm disturbance?

Yes No Don't Know
11. Do you have a high blood cholesterol level?

Yes No Don't Know
12. Do you have elevated blood pressure?

Yes No Don't Know
13. Are you being treated with diuretics?

Yes No Don't Know
14, Are you on any other medications?

Yes No Don't Know

List all medications:

15. Do you think you have any medical complaint or any other reason which you know of which you

think may prevent you from participating in strenuous exercise?

Yes No

If Yes, please elaborate

16. Have you had any musculoskeletal problems that have required medical treatment (eg, broken
bones, joint reconstruction etc)?

Yes No
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If Yes, please provide details (including dates)

17. Does your family have a history of premature cardiovascular problems
(e.g. heart attack, stroke)?

Yes No Don't Know

l, , believe that the answers to these questions are true

and correct.

Signed: Date:
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Appendix D: Informed consent form used for Study 1
(Chapter 3)

CONSENT FORM FOR PARTICIPANTS
INVOLVED IN RESEARCH

INFORMATION TO PARTICIPANTS:

You are invited to participate in research into the effects of endurance exercise intensity on interference of
the anabolic response to subsequent resistance exercise.

Aims of project

Simultaneously incorporating both strength and endurance training into a training program is known as
concurrent training. While this is a common training approach that combines the benefits of both exercise
modes, concurrent training often results in compromised muscle mass, strength and power gains
compared to undertaking strength training alone. However, very little is known regarding the factors which
worsen or reduce this interference effect and the mechanisms by which this occurs.

Recently, high-intensity interval training (HIT) has become a popular and time-efficient training approach
for improving aspects of health and performance. However, very little is currently known regarding the
effect of high-intensity endurance exercise on concurrent interference when performed concurrently with
resistance exercise.

This project will investigate the effect of endurance exercise intensity (i.e., HIT) on interference of the
anabolic responses to subsequent resistance exercise when performed in a concurrent manner.

Procedures involved

o |Initially you will attend a familiarisation session (~1 hour) so that you are comfortable with all
testing procedures to be undertaken during subsequent sessions.

¢ You will then undertake a preliminary testing session (~1.5 hours), during which you will
undertake a graded exercise test (GXT) to determine your maximal aerobic capacity (VOamax),
lactate threshold (LT) and peak power (Wmax), and a one repetition maximum (1-RM) single leg
press test to determine your maximal lower body strength

e Approximately one week later, you will begin the first of three experimental trials (~ 5 hours
each) each separated by approximately two weeks. These trials include both moderate or high-
intensity cycling and resistance exercise, or resistance exercise only, along with blood and
muscle sampling.

The total time commitment for this study is approximately 17.5 hours across five separate visits.

Risks involved

The procedures involved in participating in this study are of low risk. Nevertheless, as in any invasive and
exercise procedure, there are small risks and some discomfort that may be experienced.

All potential risks associated with participation in this study are fully explained in the information to
participants form.
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CERTIFICATION BY SUBJECT

L e (full name)

OF e (street address)
........................................................................ (suburb)...................(postcode)
PhONE: oo

EMAl: oo

certify that | am at least 18 years old and that | am voluntarily giving my consent to participate in the study:
“The effect of endurance exercise intensity on the acute molecular responses induced by subsequent
resistance in recreationally active males” exercise being conducted at Victoria University by Mr Jackson
Fyfe from the School of Sport and Exercise Science.

| certify that the objectives of the study, together with any risks and safeguards associated with the
procedures listed hereunder to be carried out in the research, have been fully explained to me by:
Mr Jackson Fyfe
and that | freely consent to participation involving the below mentioned procedures:
o Graded exercise test (VOzmaxand LT)
o Maximal strength (1-RM) test
« Moderate/high-intensity cycling and resistance exercise

« Blood and muscle sampling

| certify that | have had the opportunity to have any questions answered and that | understand that | can
withdraw from this study at any time and that this withdrawal will not jeopardise me in any way.

ADDITIONAL CONSENT

| also agree to allow photographs or video of me without identifying features to be used in publications or
conference presentations. | understand that | am free to withdraw my consent for this at any time without
prejudice.

[]Yes [JNo

I have been informed that the information | provide will be kept confidential.

Signed:

Date:

Any queries about your participation in this project may be directed to the student researcher:
Mr Jackson Fyfe

Tel: (03) 9919 4066
Mob: 0419 371 076
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Email: jackson.fyfe@live.vu.edu.au

If you have any queries or complaints about the way you have been treated, you may contact the
Research Ethics and Biosafety Manager, Victoria University Human Research Ethics Committee, Victoria
University, PO Box 14428, Melbourne, VIC, 8001 or phone (03) 9919 4148.
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Appendix E: Informed consent form used for Study 2
(Chapters 4 and 5)

CONSENT FORM FOR PARTICIPANTS
INVOLVED IN RESEARCH

INFORMATION TO PARTICIPANTS:

You are invited to participate in research investigating how different intensities of endurance exercise
affect the benefits of resistance training when performed simultaneously.

Aims of project

Simultaneously incorporating both strength and endurance exercise into a training program is known as
concurrent training. While this is a common training approach that combines the benefits of both exercise
modes, concurrent training often results in less muscle mass and strength improvements compared to if
only strength training were performed. Although very little is known about the factors which worsen or
lessen this ‘interference effect’, high endurance exercise intensities and/or volumes have been implicated.

High-intensity interval training (HIT) has recently become a popular and time-efficient training approach for
improving multiple aspects of health and performance. However, whether HIT is a favourable exercise
strategy to use when trying to simultaneously improve strength and muscle mass (i.e., concurrent training)
is unclear. Potentially, higher-intensity endurance exercise may interfere with the ability to perform, and
respond to, subsequent resistance exercise.

This project will compare the effects of HIT versus lower-intensity, traditional continuous endurance
exercise on the interference effect when performed concurrently with resistance exercise, compared to
undertaking resistance exercise alone.

Procedures involved

o The first visit will be a familiarisation session (~1 hour) during which you will be asked to
complete some questionnaires regarding your health, medical and exercise history. You will then
be familiarised with all testing procedures to be undertaken during subsequent sessions.

¢ You will then undertake preliminary testing across the next two sessions to evaluate various
aspects of your fitness. The first session (~1 hour) involves a graded exercise test (GXT)
performed on a cycle ergometer to determine your aerobic fitness, and a DEXA scan to estimate
your body composition. The second session (~1 hour) will involve 1-repetition maximum (1-RM)
strength and power (jump) testing.

o The following week you will begin the 8-week training program. Training sessions will be
performed 3 times per week and consist of either high-intensity (HIT) cycling followed by
resistance exercise continuous (CONT) cycling followed by resistance exercise, or resistance
exercise only, depending on the group you are randomly allocated to. Each training session will
last between ~40 — 110 minutes. Before the first training session only, a single resting muscle
biopsy will obtained from an outer thigh muscle.

o Atleast 3 days after completing the training program, you will undergo an acute biopsy trial (~ 4
hours), whereby you will perform a single bout of resistance exercise. Muscle biopsies will be
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obtained immediately before, and 1 and 3 hours after the resistance exercise (3 biopsies in total)
to investigate how the muscle responds to the exercise during early recovery. Blood samples will
also be obtained from a cannula inserted into a forearm vein at regular intervals throughout the
trial.

o After completion of the training program, you will repeat all preliminary testing to determine
how you have responded to the training program. Strength and jump testing will be performed as
part of the final training session, and the GXT and DEXA scan will be repeated at least 3 days
after the acute biopsy trial.

Risks involved

The procedures involved in participating in this study are of low risk. Nevertheless, as in any invasive and
exercise procedure, there are small risks and some discomfort that may be experienced.

All potential risks associated with participation in this study are fully explained in the ‘Information to
Participants’ form.

CERTIFICATION BY SUBJECT

L e (full name)

Of oo (street address)
........................................................................ (suburb)...................(postcode)
PRONE: ..o

EMal oo

certify that | am at least 18 years old and that | am voluntarily giving my consent to participate in the study:
“The effect of endurance training intensity on interference between concurrent resistance and endurance
exercise in recreationally-active males” being conducted at Victoria University by Mr Jackson Fyfe from the
College of Sport and Exercise Science.

| certify that the objectives of the study, together with any risks and safeguards associated with the
procedures listed hereunder to be carried out in the research, have been fully explained to me by:

Mr Jackson Fyfe
and that | freely consent to participation involving the below mentioned procedures:
 Graded exercise test (GXT)
» Maximal strength (1-RM) and power (jump) testing
e DEXA scan
« 3-week training program conducted three (3) times per week
« Blood and muscle sampling

| certify that | have had the opportunity to have any questions answered and that | understand that I can
withdraw from this study at any time and that this withdrawal will not jeopardise me in any way.
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ADDITIONAL CONSENT

| also agree to allow photographs or video of me without identifying features to be used in publications or
conference presentations. | understand that | am free to withdraw my consent for this at any time without
prejudice.

[]Yes [JNo

CONSENT FOR ADDITIONAL ANALYSES

By ticking this box, | agree to have my blood and cell samples preserved and analysed for molecular
markers related to immune cell function, based on the findings of this study.

[ ]Yes [JNo

| have been informed that the information | provide will be kept confidential.

Signed:

Date:

Any queries about your participation in this project may be directed to the student researcher:

Mr Jackson Fyfe
Mob: 0419 371 076
Email: jackson.fyfe@live.vu.edu.au

If you have any queries or complaints about the way you have been treated, you may contact the

Research Ethics and Biosafety Manager, Victoria University Human Research Ethics Committee, Victoria
University, PO Box 14428, Melbourne, VIC, 8001 or phone (03) 9919 4148.
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Appendix F: Muscle biopsy and venous catheterisation
guestionnaire form used for Study 1 and 2 (Chapters 3, 4, and
5)

MUSCLE BIOPSY & VENOUS
CATHETERISATION QUESTIONNAIRE

“The effect of endurance exercise intensity on acute molecular responses to subsequent
resistance exercise in recreationally active males.”

NAME:

ADDRESS:

DATE: AGE: years

1. Have you or your family suffered from any tendency to bleed excessively? (e.g. Haemophilia)

or bruise very easily? Yes No Don't Know
If yes, please elaborate

2. Are you allergic to local anaesthetic? Yes No Don't Know
If yes, please elaborate

3. Do you have any skin allergies? Yes No Don't Know
If yes, please elaborate

4, Have you any other allergies? Yes No Don't Know
If yes, please elaborate

5. Are you currently on any medication? Yes No
If yes, what is the medication?

6. Do you have any other medical problems? Yes No

If yes, please elaborate
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7. Have you ever fainted when you had an injection or blood sample taken?
Yes No Don’t know
If yes, please elaborate

8. Have you previously had heparin infused or injected?
Yes No Don't know
If yes, please elaborate

9. Do you or other members of your family have Raynauds disease, or suffer from very poor
circulation in the fingers, leading to painful fingers that turn white/blue?
Yes No Don't know

If yes, please elaborate

To the best of my knowledge, the above questionnaire has been completely accurately and truthfully.

Signature: Date:
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Appendix G: 24-hour food diary form used for Study 2
(Chapters 4 and 5)

INSTRUCTIONS FOR THE 24 HOURS BEFORE
PHYSIOLOGICAL TESTING

For the research project entitled: “The effect of endurance exercise intensity on interference
between concurrent endurance and resistance exercise in recreationally-active males*.

Please read carefully the following instructions to be followed prior to the following testing
sessions:

1. Graded exercise test (GXT)

2. Maximal strength (1-RM) and power (CMJ) testing
3. Body composition testing (DEXA)

4. First training session

The reasons for the following restrictions are to ensure, as best as possible, that each participant
reports to the laboratory in a similar physiological state when testing is repeated after the training
intervention.

Please avoid the following for the 24 hours prior to all testing sessions:

e Structured or strenuous exercise of any kind
o Caffeine or alcohol consumption
Please do the following for 24 hours before all testing sessions:

e Record all food and drink that is consumed during the entire 24 hour period (as
accurately as possible)
e Be as specific as possible: include brands of foods (e.g., Helga’s bread), amounts
(e.g., 2 slices, 20 grams, estimate where possible), and types (e.g., mixed grain).
Please do the following on the morning of all testing sessions:

e  On the morning of all testing sessions, you will be required to report to the lab after an
overnight fast (before you have had breakfast). Please do not eat or drink anything
(apart from water) in the morning before arriving at the lab.

The 24-hour food diary you complete before all testing sessions will then be returned to you
before you repeat the particular testing session after the training intervention. This will allow you
to repeat the food diary as accurately as possible.

If you have any questions whatsoever, please do not hesitate to contact me either by phone or
email:
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24-HOUR FOOD DIARY RECORD

For the research project: “The effect of endurance exercise intensity on interference between
concurrent endurance and resistance exercise in recreationally-active males".

Name:

Date of food diary:

Date of testing:

/ Test:

Arrival time:

Please record all food and drink consumed for the entire 24-hour period before fitness testing.

Meal

Food (include brand, type, flavour etc.)

Amount (estimate in grams
or litres if possible)

Breakfast

Mid-morning snack

Lunch

Mid-afternoon snack

Dinner

Dessert/snack

Approx. water intake:

mL
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Appendix H: 72-hour food diary form used for Study 2
(Chapters 4 and 5)

INSTRUCTIONS FOR THE 72-HOUR
72-HOUR FOOD DIARY RECORD

For the research project: “The effect of endurance exercise intensity on interference between
concurrent endurance and resistance exercise in recreationally-active males".

Name:

Date of food diary: / / to: / /

Pre- or post-training:

DAY ONE: / /

Amount (estimate in grams

Meal Food (include brand, type, flavour etc.) o litres if possible)

Breakfast

Mid-morning snack

Lunch

Mid-afternoon snack

Dinner
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Dessert/snack

Approx. water intake:

mL

DAY TWO:

/

Meal

Food (include brand, type, flavour etc.)

Amount (estimate in grams
or litres if possible)

Breakfast

Mid-morning snack

Lunch

Mid-afternoon snack

Dinner

Dessert/snack

Approx. water intake:

mL
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DAY THREE:

Meal

Food (include brand, type, flavour etc.)

Amount (estimate in grams
or litres if possible)

Breakfast

Mid-morning snack

Lunch

Mid-afternoon snack

Dinner

Dessert/snack

Approx. water intake:

mL
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Appendix I: Extended representative western blot images for
Study 1 (Chapter 3)’

RE only HIT+RE MICT+RE RE only HIT+RE MICT+RE
PRE +1h +3n PRE +1h +3h PRE +ih +3h PRE +1h +3h PRE +1h +3h PRE +1h +3h
X
p-ACC 579 - - le— ~280 kDa p-AMPI Thri72 .a — - . ' w | €— ~70kDa
pr— -— -— - — * | €= ~280kDa - (]
4
p-p70SBK1 Thezes e e . €— ~70kDa
Non-specific band ‘ R ‘ W8 «—~100kDa
MNon-specific band €— =50 kDa )
p-GSK-3a/p ez | — . - ! - s ¢ —45 kDa

-_ . - €— ~30kDa

p-cEF2TE6 | W - - . W | -95kDa
P-AE-BP1 Thosia7| e M e . | <— ~20 kDa

" After transfer, membranes were cut to approximately the size displayed in the images above to allow for
probing with multiple primary antibodies on a single membrane/gel. The above images therefore display

the largest available membrane area probed with each respective primary antibody.
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Appendix J: Extended representative western blot images for
Study 2 (Chapter 5)®

RT only HIT+RT MICT+RT
A A A
QQ{(, QO"D x,\(\ x,so QQS’/ QO% x,\‘o xn‘.:{\ QQ_Q/ QOCD x,\(\ x,,;o

p-TIF-1ASer649 — — e S e | (S s e e €— ~75 kDa

Non-specific band <— ~55 kDa
Toad TIF-1A | e e | S s amau| B S8 - |« -130kDa

p-UBFSer3es --.. e B e | <— ~95 kDa

Total UBF | T S s s | |00 S0 O e | (R B P B [ <05 kDa

Non-specific band | # . el - e ¢ o | «&—-~85kDa

Cyclin D1 W S | [ s | (S o e | «— ~37 kDa

8 After transfer, membranes were cut to approximately the size displayed in the images above to allow for
probing with multiple primary antibodies on a single membrane/gel. The above images therefore display
the largest available membrane area probed with each respective primary antibody. Images for each
protein and training group were obtained from separate gels and are therefore separated to indicate this.
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RT only HIT+RT MICT+RT
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Appendix K: Raw data for Study 1 (Chapter 3)

Study 1: Participant characteristics

Appendices

.. . 1-RM leg press | 1-RM leg press VO Lactate Peak aerobic
Participant | Height (cm) | Mass (kg) |~ Iegg[Eg]) (right |e3 Il[)kg]) (mL-kgLmin) | threshold (W) power (W)

1 175.7 757 178 183 407 134 215

2 166.0 67.5 168 173 433 176 246

3 179.7 733 110.5 1105 64.2 221 327

4 1775 110.0 228 223 34 151 254

5 186.9 79.2 178 178 51.8 212 321

6 178.9 80.1 138 153 418 150 225

7 183.4 89.3 178 203 44.4 180 285

8 178.6 94.6 2105 188 453 208 309
Mean 178.3 83.7 174 176 457 179 273

sD 6.1 13.7 37 34 9.0 32 44
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Study 1: Muscle glycogen data (mmol-kg™* dry mass)

Trial Participant PRE +1h +3 h
RE 1 479.6 493.6 446.7

RE 2 510.1 546.4 474.8

RE 3 466.5 422.4 490.6

RE 4 305.5 539.9 440.8

RE 5 294.1 362.2 265.1

RE 6 462.3 524.1 496.7

RE 7 463.2 387.8 396.0

RE 8 382.2 405.4 398.7
Mean 420.4 460.2 426.2

SD 82.7 73.9 75.3

Trial Participant POST +1h +3 h
HIT+RE 1 62.1 62.3 183.9
HIT+RE 2 176.4 203.0 238.5
HIT+RE 3 365.7 112.0 464.2
HIT+RE 4 300.6 258.0 264.2
HIT+RE 5 225.8 183.6 108.4
HIT+RE 6 299.7 172.8 229.7
HIT+RE 7 324.8 231.1 243.2
HIT+RE 8 117.7 306.5 257.4
Mean 234.1 191.1 248.7

SD 107.4 78.2 100.8

Trial Participant POST +1h +3 h
MICT+RE 1 203.7 214.6 367.0
MICT+RE 2 222.3 178.8 254.5
MICT+RE 3 207.8 115.1 159.0
MICT+RE 4 308.4 351.2 251.9
MICT+RE 5 179.3 233.2 229.0
MICT+RE 6 248.3 320.9 355.3
MICT+RE 7 326.7 434.5 491.5
MICT+RE 8 348.7 388.0 320.3
Mean 255.7 279.5 303.6

SD 63.8 111.0 102.7
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Study 1: Western blotting data

p-mTOR Ser 2448

Data expressed as fold difference from PRE (AU)

Trial Participant PRE +1h +3 h
RE 1 1.10 1.95 1.68
RE 2 0.22 0.51 0.50
RE 3 0.44 1.67 0.80
RE 4 2.01 1.56 1.06
RE 5 0.82 0.93 0.43
RE 6 1.83 1.34 1.04
RE 7 1.13 1.09 1.98
RE 8 0.46 0.58 0.08

Mean 1.00 1.20 0.95

SD 0.65 0.52 0.64

Trial Participant POST +1h +3 h
HIT+RE 1 1.62 1.31 0.51
HIT+RE 2 0.98 1.15 0.77
HIT+RE 3 2.08 0.82 1.40
HIT+RE 4 1.66 1.12 1.59
HIT+RE 5 1.83 1.54 1.15
HIT+RE 6 2.41 2.30 1.75
HIT+RE 7 1.93 3.53 3.48
HIT+RE 8 1.11 1.86 1.52
Mean 1.70 1.70 1.52

SD 0.48 0.87 0.90

Trial Participant POST +1h +3 h
MICT+RE 1 1.19 0.46 1.03
MICT+RE 2 0.82 0.33 1.37
MICT+RE 3 0.84 0.83 0.66
MICT+RE 4 0.67 0.65 0.05
MICT+RE 5 0.67 0.44 0.07
MICT+RE 6 1.08 1.89 2.29
MICT+RE 7 2.93 1.30 1.79
MICT+RE 8 0.44 0.49 0.63
Mean 1.08 0.80 0.99

SD 0.78 0.54 0.80
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Adaptation to concurrent training: role of endurance training intensity

p-p70S6K1 Thr389
Data expressed as fold difference from PRE (AU)

Trial Participant PRE +1h +3 h
RE 1 1.99 3.73 2.32

RE 2 0.69 1.73 0.83

RE 3 0.41 4.20 0.93

RE 4 0.80 2.18 0.63

RE 5 2.01 2.62 2.40

RE 6 0.36 0.76 0.79

RE 7 0.99 2.77 2.94

RE 8 0.73 2.12 2.11
Mean 1.00 2.51 1.62

SD 0.65 1.09 0.91

Trial Participant POST +1h +3 h
HIT+RE 1 0.93 2.04 1.05
HIT+RE 2 1.29 1.51 0.89
HIT+RE 3 3.30 3.38 0.94
HIT+RE 4 1.73 1.88 2.25
HIT+RE 5 0.99 1.26 2.04
HIT+RE 6 1.14 4.07 1.72
HIT+RE 7 1.00 3.46 3.27
HIT+RE 8 2.95 1.98 2.27
Mean 1.67 2.45 1.80

SD 0.94 1.04 0.83

Trial Participant POST +1h +3 h
MICT+RE 1 2.46 1.90 2.64
MICT+RE 2 1.37 2.69 1.00
MICT+RE 3 1.03 4.49 1.43
MICT+RE 4 1.13 2.16 0.72
MICT+RE 5 1.08 1.08 1.58
MICT+RE 6 3.66 1.35 2.58
MICT+RE 7 1.05 3.72 0.80
MICT+RE 8 0.63 3.05 0.77
Mean 1.55 2.55 1.44

SD 1.01 1.17 0.79
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p-4E-BP1 Thr37/46

Data expressed as fold difference from PRE (AU)

Trial Participant PRE +1h +3 h
RE 1 0.49 0.39 0.42

RE 2 0.29 0.25 0.33

RE 3 0.16 0.15 0.21

RE 4 0.15 0.20 0.52

RE 5 1.73 3.00 0.59

RE 6 2.88 2.86 1.24

RE 7 1.30 1.43 0.69

RE 8 1.00 1.18 0.57
Mean 1.00 1.18 0.57

SD 0.95 1.18 0.31

Trial Participant POST +1h +3 h
HIT+RE 1 0.24 0.21 0.28
HIT+RE 2 0.39 0.43 0.42
HIT+RE 3 0.20 0.27 0.36
HIT+RE 4 0.48 0.41 0.22
HIT+RE 5 1.29 2.57 1.65
HIT+RE 6 1.13 1.40 2.53
HIT+RE 7 0.55 0.61 0.54
HIT+RE 8 0.61 0.84 0.86
Mean 0.61 0.84 0.86

SD 0.40 0.80 0.82

Trial Participant POST +1h +3 h
MICT+RE 1 0.20 0.32 0.32
MICT+RE 2 0.43 0.25 0.24
MICT+RE 3 0.41 0.22 0.36
MICT+RE 4 0.42 0.65 0.38
MICT+RE 5 1.46 3.09 2.68
MICT+RE 6 1.28 1.75 1.81
MICT+RE 7 1.19 0.83 1.31
MICT+RE 8 0.77 1.02 1.01
Mean 0.77 1.02 1.01

SD 0.48 0.98 0.88
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Adaptation to concurrent training: role of endurance training intensity

p-eEF2 Thr56
Data expressed as fold difference from PRE (AU)

Trial Participant PRE +1h +3 h
RE 1 0.89 1.20 1.39
RE 2 0.71 0.99 1.03
RE 3 0.97 0.81 1.15
RE 4 1.29 1.18 1.09
RE 5 0.76 0.65 0.42
RE 6 1.04 1.02 1.16
RE 7 1.07 0.99 0.74
RE 8 1.26 0.49 0.21

Mean 1.00 0.92 0.90

SD 0.21 0.25 0.41

Trial Participant POST +1h +3 h
HIT+RE 1 1.50 0.97 0.59
HIT+RE 2 0.32 0.74 0.44
HIT+RE 3 1.24 0.60 0.84
HIT+RE 4 1.07 1.13 1.13
HIT+RE 5 0.36 0.70 0.44
HIT+RE 6 0.21 0.63 0.71
HIT+RE 7 0.63 0.77 0.78
HIT+RE 8 0.97 0.56 0.91
Mean 0.79 0.76 0.73

SD 0.47 0.20 0.24

Trial Participant POST +1h +3 h
MICT+RE 1 0.49 0.47 0.85
MICT+RE 2 0.55 0.71 0.78
MICT+RE 3 0.50 0.37 0.53
MICT+RE 4 1.14 1.27 0.58
MICT+RE 5 0.25 0.61 0.42
MICT+RE 6 1.58 0.68 0.91
MICT+RE 7 0.78 1.14 0.78
MICT+RE 8 0.48 0.71 0.77
Mean 0.72 0.75 0.70

SD 0.44 0.31 0.17
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p-rps6 Ser235/236

Data expressed as fold difference from PRE (AU)

Trial Participant PRE +1h +3 h
RE 1 3.49 1.77 2.05

RE 2 0.48 0.93 2.54

RE 3 0.20 2.10 0.56

RE 4 0.60 4.83 1.28

RE 5 0.86 2.76 0.83

RE 6 1.07 0.99 12.01

RE 7 0.91 2.39 7.13

RE 8 0.40 5.76 1.72
Mean 1.00 2.69 3.52

SD 1.05 1.74 4.01

Trial Participant POST +1h +3 h
HIT+RE 1 2.12 1.44 1.12
HIT+RE 2 1.78 0.68 0.84
HIT+RE 3 0.91 0.91 0.60
HIT+RE 4 0.65 0.95 2.83
HIT+RE 5 3.22 2.31 13.27
HIT+RE 6 2.10 9.53 3.55
HIT+RE 7 1.70 10.40 14.22
HIT+RE 8 4.33 6.52 2.07
Mean 2.10 4.09 4.81

SD 1.20 4.09 5.61

Trial Participant POST +1h +3 h
MICT+RE 1 1.39 0.85 1.08
MICT+RE 2 0.78 0.64 0.63
MICT+RE 3 0.73 0.45 4.18
MICT+RE 4 0.26 2.12 0.40
MICT+RE 5 3.98 1.71 1.94
MICT+RE 6 2.50 9.62 11.09
MICT+RE 7 2.11 8.02 2.79
MICT+RE 8 0.52 1.44 0.59
Mean 1.53 3.11 2.84

SD 1.26 3.60 3.58
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Adaptation to concurrent training: role of endurance training intensity

p-GSK-3p Ser9
Data expressed as fold difference from PRE (AU)

Trial Participant PRE +1h +3 h
RE 1 3.30 5.40 2.77

RE 2 0.21 0.42 0.28

RE 3 1.06 4.76 1.47

RE 4 0.41 0.62 0.93

RE 5 1.65 4.83 1.63

RE 6 0.92 0.95 0.56

RE 7 0.27 1.07 1.05

RE 8 0.17 0.52 0.88
Mean 1.00 2.32 1.20

SD 1.06 2.23 0.77

Trial Participant POST +1h +3 h
HIT+RE 1 1.73 2.31 0.76
HIT+RE 2 0.39 0.38 0.35
HIT+RE 3 5.23 4.20 1.82
HIT+RE 4 0.99 0.41 0.48
HIT+RE 5 0.98 5.18 5.06
HIT+RE 6 1.19 2.32 1.27
HIT+RE 7 0.30 1.22 1.11
HIT+RE 8 1.45 0.83 0.85
Mean 1.53 2.11 1.46

SD 1.57 1.78 1.52

Trial Participant POST +1h +3 h
MICT+RE 1 2.18 0.94 2.11
MICT+RE 2 0.41 0.45 0.41
MICT+RE 3 4.69 4.47 2.59
MICT+RE 4 0.22 0.90 0.52
MICT+RE 5 4.25 1.10 1.37
MICT+RE 6 3.31 1.14 1.40
MICT+RE 7 0.54 1.22 0.38
MICT+RE 8 0.16 0.80 0.21
Mean 1.97 1.38 1.12

SD 1.90 1.27 0.89
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p-ACC Ser79
Data expressed as fold difference from PRE (AU)

Trial Participant PRE +1h +3 h
RE 1 0.57 0.58 0.98
RE 2 0.24 0.16 0.37
RE 3 1.42 0.59 0.37
RE 4 2.04 0.48 0.08
RE 5 0.43 0.10 0.01
RE 6 0.89 0.46 0.29
RE 7 0.97 0.87 0.46
RE 8 1.43 0.12 0.01

Mean 1.00 0.42 0.32

SD 0.60 0.27 0.32

Trial Participant POST +1h +3 h
HIT+RE 1 6.74 1.73 0.36
HIT+RE 2 4,72 1.52 1.11
HIT+RE 3 9.43 0.67 1.30
HIT+RE 4 3.60 0.69 0.59
HIT+RE 5 4.58 0.78 0.61
HIT+RE 6 4.00 0.69 0.73
HIT+RE 7 5.55 0.55 0.70
HIT+RE 8 4.74 0.31 2.14
Mean 5.42 0.87 0.94

SD 1.88 0.49 0.57

Trial Participant POST +1h +3 h
MICT+RE 1 3.88 0.11 0.10
MICT+RE 2 3.28 0.29 0.27
MICT+RE 3 9.83 0.15 0.51
MICT+RE 4 1.25 0.18 0.07
MICT+RE 5 4.70 0.56 0.42
MICT+RE 6 6.06 0.30 0.52
MICT+RE 7 8.74 0.56 0.64
MICT+RE 8 4.63 0.70 0.65
Mean 5.29 0.35 0.40

SD 2.84 0.22 0.23
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Adaptation to concurrent training: role of endurance training intensity

p-AMPK Thrl172
Data expressed as fold difference from PRE (AU)

Trial Participant PRE +1h +3 h
RE 1 2.24 3.28 4.52

RE 2 0.41 4.57 1.22

RE 3 0.44 1.31 0.72

RE 4 0.73 3.14 6.80

RE 5 1.95 1.80 3.98

RE 6 0.40 0.35 0.66

RE 7 1.10 5.47 4.53

RE 8 0.74 0.87 3.82
Mean 1.00 2.60 3.28

SD 0.72 1.82 2.20

Trial Participant POST +1h +3 h
HIT+RE 1 5.25 3.99 1.00
HIT+RE 2 2.41 4.79 1.60
HIT+RE 3 5.65 5.68 1.50
HIT+RE 4 1.18 1.93 1.45
HIT+RE 5 0.40 0.62 5.96
HIT+RE 6 0.56 1.34 0.55
HIT+RE 7 1.13 8.52 6.48
HIT+RE 8 2.87 2.84 2.89
Mean 2.43 3.71 2.68

SD 2.05 2.60 2.29

Trial Participant POST +1h +3 h
MICT+RE 1 0.93 2.12 1.36
MICT+RE 2 2.81 9.32 3.53
MICT+RE 3 1.14 5.12 2.25
MICT+RE 4 1.96 2.53 1.89
MICT+RE 5 11.23 2.74 3.52
MICT+RE 6 2.23 0.87 2.57
MICT+RE 7 1.33 4.97 0.87
MICT+RE 8 0.49 2.54 1.24
Mean 2.76 3.78 2.15

SD 3.50 2.65 1.01
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Study 1: gPCR mRNA data

MuRF-1 mRNA
Data expressed as fold difference from PRE (AU)

Trial Participant PRE +3 h
RE 1 1.00 0.01

RE 2 2.34 1.71

RE 3 0.67 3.43

RE 4 1.18 3.14

RE 5 0.85 3.28

RE 6 0.60 0.84

RE 7 0.29 2.40

RE 8 1.07 6.18
Mean 1.00 2.62

SD 0.61 1.88

Trial Participant POST +3 h
HIT+RE 1 0.03 0.03
HIT+RE 2 0.05 0.01
HIT+RE 3 1.12 2.95
HIT+RE 4 0.00 0.10
HIT+RE 5 1.24 39.90
HIT+RE 6 1.07 24.91
HIT+RE 7 0.93 20.49
HIT+RE 8 0.02 0.43
Mean 0.56 11.10

SD 0.57 15.38

Trial Participant POST +3 h
MICT+RE 1 0.33 0.15
MICT+RE 2 0.00 6.58
MICT+RE 3 3.91 9.78
MICT+RE 4 0.73 4.44
MICT+RE 5 1.55 17.98
MICT+RE 6 0.01 10.75
MICT+RE 7 0.04 5.03
MICT+RE 8 1.37 9.70
Mean 0.99 8.05

SD 1.33 5.33
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Adaptation to concurrent training: role of endurance training intensity

Atrogin-1 mRNA
Data expressed as fold difference from PRE (AU)

Trial Participant PRE +3 h
RE 1 0.01 0.02

RE 2 1.48 1.47

RE 3 0.34 0.59

RE 4 2.32 0.55

RE 5 2.39 0.82

RE 6 0.46 0.15

RE 7 0.37 0.33

RE 8 0.63 0.51
Mean 1.00 0.55

SD 0.94 0.45

Trial Participant POST +3 h
HIT+RE 1 0.01 0.00
HIT+RE 2 0.02 0.00
HIT+RE 3 1.57 2.08
HIT+RE 4 0.18 0.15
HIT+RE 5 0.45 2.07
HIT+RE 6 0.72 1.60
HIT+RE 7 1.00 0.40
HIT+RE 8 0.10 0.04
Mean 0.51 0.79

SD 0.56 0.95

Trial Participant POST +3 h
MICT+RE 1 0.21 0.00
MICT+RE 2 0.05 0.17
MICT+RE 3 2.05 0.71
MICT+RE 4 0.27 0.14
MICT+RE 5 3.55 4.25
MICT+RE 6 0.15 0.47
MICT+RE 7 0.01 0.90
MICT+RE 8 1.22 0.89
Mean 0.94 0.94

SD 1.27 1.38

294



PGC-10 mRNA
Data expressed as fold difference from PRE (AU)

Trial Participant PRE +3 h
RE 1 0.01 0.09
RE 2 2.39 0.82
RE 3 0.29 1.31
RE 4 0.90 1.58
RE 5 0.83 0.90
RE 6 141 1.13
RE 7 0.59 2.16
RE 8 1.58 2.89

Mean 1.00 1.36

SD 0.77 0.86

Trial Participant POST +3 h
HIT+RE 1 0.10 0.06
HIT+RE 2 0.11 0.02
HIT+RE 3 0.39 4.68
HIT+RE 4 0.13 0.10
HIT+RE 5 1.93 28.94
HIT+RE 6 0.75 19.23
HIT+RE 7 0.69 19.47
HIT+RE 8 0.11 0.56
Mean 0.53 9.13

SD 0.63 11.60

Trial Participant POST +3 h
MICT+RE 1 0.21 0.06
MICT+RE 2 0.08 0.19
MICT+RE 3 1.21 6.53
MICT+RE 4 0.21 1.90
MICT+RE 5 2.01 14.57
MICT+RE 6 0.14 10.01
MICT+RE 7 0.03 17.11
MICT+RE 8 4.89 28.94
Mean 1.10 9.91

SD 1.69 10.02
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Adaptation to concurrent training: role of endurance training intensity

Rheb mRNA

Data expressed as fold difference from PRE (AU)
Trial Participant PRE +3 h
RE 1 0.13 1.45
RE 2 1.35 5.81
RE 3 0.31 19.81
RE 4 2.14 8.22
RE 5 2.32 19.50
RE 6 0.55 3.52
RE 7 0.25 9.49
RE 8 0.94 7.20
Mean 1.00 9.37
SD 0.86 6.84
Trial Participant POST +3 h
HIT+RE 1 0.13 3.02
HIT+RE 2 0.15 1.47
HIT+RE 3 1.49 5.46
HIT+RE 4 1.72 0.00
HIT+RE 5 1.58 12.72
HIT+RE 6 1.30 7.83
HIT+RE 7 0.09 10.61
HIT+RE 8 0.06 2.34
Mean 0.81 5.43
SD 0.77 4.57
Trial Participant POST +3 h
MICT+RE 1 0.15 1.57
MICT+RE 2 0.11 4.46
MICT+RE 3 5.48 18.90
MICT+RE 4 0.30 4.92
MICT+RE 5 2.39 10.70
MICT+RE 6 0.00 12.02
MICT+RE 7 0.16 12.91
MICT+RE 8 1.05 19.55
Mean 1.21 10.63
SD 1.91 6.63
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TSC2 mRNA

Data expressed as fold difference from PRE (AU)

Trial Participant PRE +3 h
RE 1.00 0.24 0.09
RE 2.00 2.28 1.53
RE 3.00 1.01 0.61
RE 4.00 0.12 1.23
RE 5.00 0.54 2.30
RE 6.00 1.25 0.42
RE 7.00 0.78 2.57
RE 8.00 1.79 1.05

Mean 1.00 1.23

SD 0.81 0.95

Trial Participant POST +3 h
HIT+RE 1.00 0.03 1.84
HIT+RE 2.00 1.63 0.14
HIT+RE 3.00 1.18 1.16
HIT+RE 4.00 1.48 1.64
HIT+RE 5.00 4.11 0.86
HIT+RE 6.00 2.11 3.22
HIT+RE 7.00 0.70 3.33
HIT+RE 8.00 0.16 1.74
Mean 1.43 1.74

SD 1.71 1.45

Trial Participant POST +3 h
MICT+RE 1.00 0.91 0.49
MICT+RE 2.00 0.11 2.11
MICT+RE 3.00 1.14 3.75
MICT+RE 4.00 0.96 2.21
MICT+RE 5.00 1.08 0.32
MICT+RE 6.00 1.02 4,12
MICT+RE 7.00 0.06 2.46
MICT+RE 8.00 3.12 2.20
Mean 1.05 2.21

SD 1.43 1.45
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Adaptation to concurrent training: role of endurance training intensity

Myostatin mMRNA
Data expressed as fold difference from PRE (AU)

Trial Participant PRE +3 h
RE 1 0.04 0.26

RE 2 1.05 1.20

RE 3 0.83 1.88

RE 4 0.92 1.32

RE 5 1.48 2.36

RE 6 1.83 0.76

RE 7 1.66 3.55

RE 8 0.19 0.26
Mean 1.00 1.45

SD 0.65 1.12

Trial Participant POST +3 h
HIT+RE 1 0.24 1.03
HIT+RE 2 1.33 1.39
HIT+RE 3 3.93 0.62
HIT+RE 4 1.45 1.56
HIT+RE 5 2.84 5.90
HIT+RE 6 1.14 0.64
HIT+RE 7 1.26 2.20
HIT+RE 8 0.41 0.34
Mean 1.58 1.71

SD 1.23 1.80

Trial Participant POST +3 h
MICT+RE 1 0.46 0.21
MICT+RE 2 0.56 1.17
MICT+RE 3 0.56 2.78
MICT+RE 4 0.56 1.27
MICT+RE 5 0.81 1.01
MICT+RE 6 0.59 1.19
MICT+RE 7 0.33 3.06
MICT+RE 8 0.59 0.39
Mean 0.56 1.38

SD 0.14 1.02
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Fox-O1 mRNA

Data expressed as fold difference from PRE (AU)

Trial Participant PRE +3 h
RE 1 1.83 0.72
RE 2 0.96 0.71
RE 3 0.30 0.49
RE 4 0.88 2.94
RE 5 0.77 0.31
RE 6 1.12 1.44
RE 7 1.15 0.73
RE 8 Insufficient sample | Insufficient sample
Mean 1.00 1.05
SD 0.46 0.90
Trial Participant POST +3 h
HIT+RE 1 0.17 1.29
HIT+RE 2 0.62 0.82
HIT+RE 3 0.46 1.44
HIT+RE 4 0.72 1.48
HIT+RE 5 3.21 2.84
HIT+RE 6 0.84 0.74
HIT+RE 7 0.02 0.32
HIT+RE 8 Insufficient sample | Insufficient sample
Mean 0.86 1.27
SD 1.07 0.81
Trial Participant POST +3 h
MICT+RE 1 0.28 0.73
MICT+RE 2 0.63 1.14
MICT+RE 3 0.78 1.36
MICT+RE 4 0.18 0.92
MICT+RE 5 0.63 1.30
MICT+RE 6 0.12 0.34
MICT+RE 7 1.25 0.11
MICT+RE 8 Insufficient sample | Insufficient sample
Mean 0.55 0.84
SD 0.40 0.48
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Adaptation to concurrent training: role of endurance training intensity

Study 1: gPCR microRNA data

miR-1
Data expressed as fold difference from PRE (AU)

Trial Participant PRE +1h +3 h
RE 1 0.09 1.30 0.26
RE 2 1.55 1.50 1.38
RE 3 1.64 1.90 1.77
RE 4 1.13 1.04 0.84
RE 5 0.69 0.65 0.70
RE 6 1.02 1.18 1.03
RE 7 0.68 1.11 0.88
RE 8 1.20 1.31 1.53

Mean 1.00 1.25 1.05

SD 0.51 0.36 0.49

Trial Participant POST +1h +3 h
HIT+RE 1 2.08 2.02 1.91
HIT+RE 2 0.77 0.24 1.26
HIT+RE 3 1.54 1.34 1.22
HIT+RE 4 0.66 0.21 0.36
HIT+RE 5) 0.77 1.13 1.03
HIT+RE 6 1.00 0.87 1.34
HIT+RE 7 1.72 1.23 0.96
HIT+RE 8 0.44 0.54 0.87
Mean 1.12 0.95 1.12

SD 0.58 0.61 0.44

Trial Participant POST +1h +3 h
MICT+RE 1 1.37 0.42 1.62
MICT+RE 2 0.98 0.69 0.62
MICT+RE 3 2.35 2.89 2.75
MICT+RE 4 0.93 1.90 1.21
MICT+RE 5 1.24 0.91 1.05
MICT+RE 6 0.22 0.60 0.92
MICT+RE 7 1.01 0.66 0.89
MICT+RE 8 1.26 1.45 1.67
Mean 1.17 1.19 1.34

SD 0.59 0.85 0.67

300




miR-133a

Data expressed as fold difference from PRE (AU)

Trial Participant PRE +1h +3 h
RE 1 3.79 0.89 1.71
RE 2 0.51 0.48 0.29
RE 3 0.97 0.86 0.69
RE 4 0.45 0.38 0.34
RE 5 0.36 0.30 0.32
RE 6 0.54 0.58 0.56
RE 7 0.70 0.48 0.40
RE 8 0.68 0.69 0.77

Mean 1.00 0.58 0.63

SD 1.14 0.22 0.47

Trial Participant POST +1h +3 h
HIT+RE 1 1.04 0.77 0.85
HIT+RE 2 0.35 0.11 0.35
HIT+RE 3 0.59 0.53 0.49
HIT+RE 4 0.28 0.23 0.32
HIT+RE 5 0.33 0.42 0.46
HIT+RE 6 0.46 0.47 0.57
HIT+RE 7 0.60 0.46 0.19
HIT+RE 8 0.22 0.29 0.75
Mean 0.49 0.41 0.50

SD 0.26 0.21 0.22

Trial Participant POST +1h +3 h
MICT+RE 1 0.79 0.62 0.56
MICT+RE 2 0.58 0.56 0.41
MICT+RE 3 0.87 0.85 0.71
MICT+RE 4 0.55 0.73 0.48
MICT+RE 5 0.50 0.41 0.28
MICT+RE 6 0.46 0.55 0.43
MICT+RE 7 0.56 0.52 0.41
MICT+RE 8 0.76 0.87 0.74
Mean 0.64 0.64 0.50

SD 0.15 0.16 0.16
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Adaptation to concurrent training: role of endurance training intensity

miR-378
Data expressed as fold difference from PRE (AU)

Trial Participant PRE +1h +3 h
RE 1 2.55 0.96 1.51
RE 2 0.78 0.62 0.64
RE 3 0.97 1.26 1.20
RE 4 0.64 0.64 0.68
RE 5 0.41 0.41 0.47
RE 6 0.79 0.69 0.72
RE 7 0.86 0.82 0.84
RE 8 1.00 0.86 0.99

Mean 1.00 0.78 0.88

SD 0.65 0.26 0.34

Trial Participant POST +1h +3 h
HIT+RE 1 1.00 0.86 1.04
HIT+RE 2 0.46 0.16 0.71
HIT+RE 3 0.59 0.62 0.65
HIT+RE 4 0.45 0.34 0.57
HIT+RE 5 0.41 0.49 0.54
HIT+RE 6 0.67 0.61 0.69
HIT+RE 7 1.06 0.90 0.81
HIT+RE 8 0.31 0.30 0.92
Mean 0.62 0.54 0.74

SD 0.28 0.26 0.17

Trial Participant POST +1h +3 h
MICT+RE 1 1.11 0.92 1.05
MICT+RE 2 0.42 0.52 0.40
MICT+RE 3 1.27 1.56 1.37
MICT+RE 4 0.54 0.80 0.58
MICT+RE 5 0.71 0.63 0.61
MICT+RE 6 0.64 0.64 0.75
MICT+RE 7 0.82 0.63 0.61
MICT+RE 8 1.09 1.29 1.66
Mean 0.82 0.87 0.88

SD 0.30 0.37 0.44
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Data expressed as fold difference from PRE (AU)

Trial Participant PRE +1h +3 h
RE 1 1.71 0.80 1.22
RE 2 0.86 0.99 0.85
RE 3 0.86 1.27 1.01
RE 4 0.71 1.15 0.75
RE 5 0.49 1.11 0.76
RE 6 0.84 0.73 0.70
RE 7 1.16 0.93 0.79
RE 8 1.37 1.23 1.48

Mean 1.00 1.03 0.94

SD 0.39 0.20 0.28

Trial Participant POST +1h +3 h
HIT+RE 1 0.83 0.88 0.93
HIT+RE 2 0.58 0.33 0.78
HIT+RE 3 0.61 0.59 0.55
HIT+RE 4 0.56 0.70 0.95
HIT+RE 5 0.47 0.49 0.66
HIT+RE 6 0.70 0.79 0.70
HIT+RE 7 1.12 1.15 1.21
HIT+RE 8 0.39 0.56 1.12
Mean 0.66 0.69 0.86

SD 0.23 0.25 0.23

Trial Participant POST +1h +3 h
MICT+RE 1 1.64 1.71 1.18
MICT+RE 2 0.48 0.58 0.51
MICT+RE 3 1.35 1.53 2.50
MICT+RE 4 0.54 0.99 0.59
MICT+RE 5 0.84 0.88 0.86
MICT+RE 6 0.44 0.77 0.59
MICT+RE 7 1.03 0.94 0.70
MICT+RE 8 1.29 1.51 1.45
Mean 0.95 1.11 1.05

SD 0.45 0.41 0.67

303

Appendices



v0€

Adaptation to concurrent training: role of endurance training intensity

Study 1: Physiological and psychological data from single-bout experimental trials

Venous blood lactate (mmol-L™)

Time point during exercise

. - 10 | 16 22 28 | 34 | +2 | +5 | +10 | +15 End +2 | +5 | +#10 | +30 | +60 | +90 | +180
Trial Participant | Rest | Pre . . : : . ; ; . . leg ; ; . . . . )
min | min | min | Min | min | min | Min | Min | Min Dress min | min | min | min | Mmin | min | Min
HIT+RE 1 03 | 05 |19 |33 | 38 |46 | 42 |51] 49 | 41 | 33 17 |22 |18 | 14 | 09 | 06 | 0.7 | 0.6
HIT+RE 2 07 | 07 |44 | 63 | 78 | 84|92 82|86 | 83 | 7.2 31 1302924 |17 | 10 | 09 | 06
HIT+RE 3 06 | 09 [ 39|60 | 73 | 81|84 |77|80 | 71 | 64 27 130 26| 22 | 15 | 11 | 10 | 07
HIT+RE 4 08 | 1.0 | 25 | 37 | 40 |42 | 44 |44 | 42 | 36 | 31 25 |30 25|17 | 11 | 08 | 0.7 | 06
HIT+RE 5 05 | 07 |23 |36 | 49 | 5769 |67 |65 | 56 | 45 13 [ 14|14 13 | 08 | 0.7 | 06 | 05
HIT+RE 6 08 | 10 |37 |58 | 68 | 70|72 |73 |67 | 60 | 46 35 | 35|34 |28 |15 | 12 | 10 | 08
HIT+RE 7 05 | 08 | 21|32 | 45 | 45|45 38| 33 | 22 | 17 12 |12 11|09 | 05 | 08 | 04 | 04
HIT+RE 8 08 | 08 |19 | 27 | 34 |33 |42 |37 |25 | 23 | 17 16 [ 1412 |12 | 07 | 06 | 04 | 04
Mean 06 | 08 | 28 | 43 | 53 | 57| 61 | 58| 56 | 49 | 41 22 |23 121 |17 |11 | 09 | 0.7 | 06
SD 02 | 02 1015 ] 17 |19 ] 20 18|22 | 22 | 20 09 1090807 | 04 ] 02] 02] 01
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Time point during exercise
: - 10 | 16 22 28 | 34 | +2 | +5 | +10 | +15 End +2 | +b | +10 | +30 | +60 | +90 | +180
Trial Participant | Rest | Pre : . : . . : . . . leg : ; : : : : .
min | min | Min | min | min | Min | Min | Min | min Dress min | min | min | Mmin | Min | min | min
MICT+RE 1 04 | 08 | 17|24 | 26 |25 |27 |27 | 25| 18 | 17 15 | 14 |14 ] 1.2 |[NA | 1.2 | NA| 06
MICT+RE 2 04 | 05 |12 |16 | 18 |23 |22 |17| 16 | 15 | 14 12 |13 |15] 14 | 09 | 0.7 | 0.7 | 05
MICT+RE 3 06 | 08 |14 |16 | 16 |17 |16 |18 | 16 | 14 | 1.2 19 [ 18|16 | 15 | 09 | 0.7 | 06 | 05
MICT+RE 4 06 | 1.2 | 19|20 | 23 |23 |21 21|20 | 14 | 1.2 34 | 34120 | 23 | 12 | 09 | 09 | 08
MICT+RE 5 06 | 10 |16 | 29 | 34 |34 |33 32|29 | 22 | 18 13 | 11|11 09 | 07 | 05 | 05 | 05
MICT+RE 6 09 | 08 |18 |27 | 29 |31|34 29|26 | 23 |[NNA| 17 |18 | 18| 18 | 1.1 | 1.0 | 08 | 0.7
MICT+RE 7 06 | 10 | 22| 23| 23 |23 |26 |21 | 18 | 16 | 1.3 15 |13 |12 ] 11 | 07 | 06 | 06 | 05
MICT+RE 8 0509 |12 |14 | 14 |15 |15 |15 | 13 | 12 | 1.3 15 |14 |12 ] 11 | 09 | 08 | 0.7 | 0.6
Mean 06 | 09 |16 | 21 | 23 |24 |24 22|20 | 16 | 14 17 |17 |15] 14 | 09 | 08 | 0.7 | 0.6
SD 02 | 02 | 04|06 | 07 |06 |07 06| 06 | 04 | 0.2 07 |07]03| 04 | 02 | 02 ] 01 | 01
=
Time point during exercise
Trial Participant Rest +45 +$O +95 End leg +.2 +5 min +1.O +?30 +6.0 +90 +1.80
min min min press min min min min min min
RT only 1 0.7 0.9 0.8 N/A 1.6 1.5 1.5 1.3 0.8 0.7 0.6 N/A
RT only 2 0.7 0.8 0.7 0.7 1.2 1.3 1.1 1.1 0.9 0.6 0.7 0.4
RT only 3 0.6 0.8 0.7 0.8 2.3 1.6 1.6 1.5 1.3 0.9 0.8 0.9
RT only 4 0.7 1.1 0.8 0.7 3.2 3.5 2.8 2.0 0.9 0.8 0.8 N/A
RT only 5 0.7 1.1 0.8 0.7 1.3 1.2 N/A 0.8 0.7 0.5 0.5 0.5
RT only 6 0.7 0.9 0.9 0.9 1.7 1.6 1.6 1.4 0.7 0.6 0.7 0.6
RT only 7 0.5 1.0 0.7 0.8 1.1 1.2 0.9 0.9 0.6 0.5 0.5 0.4
RT only 8 0.7 1.0 0.6 0.6 1.0 N/A 1.0 0.8 0.5 0.5 0.4 0.4
Mean 0.7 1.0 0.7 0.8 1.7 1.7 15 1.2 0.8 0.6 0.6 0.5
SD 0.1 0.1 0.1 0.1 0.7 0.8 0.6 0.4 0.2 0.2 0.2 0.2
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Adaptation to concurrent training: role of endurance training intensity

Venous blood glucose (mmol-L™)

Time point during exercise

. . 10 | 16 | 22 | 28 | 34 | +2 | +5 | +10 | +15 End +2 | +5 | +10 | +30 | +60 | +90 | +180
Trial Participant | Rest | Pre . . : . . . . . : leg ; . . . . . .
min | min | min | min | min | min | Min | Min | Min Dress min | min | min | min | Min | Min | Min
HIT+RE 1 53 | 59 | 39 |41 |47 |52 5462|5855 |39 ]| 44 |45 |42 | 47 | 44 | 42 | 41 | 41
HIT+RE 2 37 | 39 | 31 |31 |36 | 38|42 46 |46 | 44 | 40 | 42 |43 |44 | 42 | 41 | 44 | 43 | 43
HIT+RE 3 37 | 47 |1 32 | 35|40 | 44 | 48 |56 |51 | 47 | 44| 32 |38 38| 37 |38 | 41 | 41 | 39
HIT+RE 4 45 | 39 | 31 | 37|41 | 44|45 | 5049 | 48 | 48 | 43 |45 |44 | 35 | 45 | 44 | 46 | 45
HIT+RE 5 53 | 79 | 62 |52 50 50|54 60]52]52 51| 38 40|39 38|39 |39 |43 | 43
HIT+RE 6 37 | 27 | 32 | 36|38 40|41 |43 |42 |40 | 38| 38 |40 4139 |38 | 37 | 39 | 41
HIT+RE 7 41 | 30 | 21 |32 |38 |41 |42 |44 44| 41 | 41 | 45 |46 |44 | 44 | A7 | 47 | 47 | 47
HIT+RE 8 46 | 21 | 25 |31 [ 37 | 38|42 |42 43 | 41 | 44 | 43 |43 |43 | 46 | 43 | 44 | 45 | 44
Mean 44 | 42 | 34 | 37|41 |43 |46 |50 |48 | 46 | 43 | 41 |42 |42 | 41 | 42 | 42 | 43 | 43
SD 07 ]19 |12 |07 05 05]05]08]05|05 04| 04 03]02,04 03] 03] 03] 03
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Time point during exercise

: .- 10 | 16 22 28 | 34 | +2 | +5 | +10 | +15 End +2 | +5 | +10 | +30 | +60 | +90 | +180
Trial Participant | Rest | Pre : . : . . ; . : : leg ; . . X X . .
min | min | min | min | min | min | Mmin | Min | Min Dress min | min | min | min | Mmin | Mmin | Min
MICT+RE 1 45 | 54 | 39 |36 | 35 |38 |41 |43 |44 | 40 | 42 | 44 | 44 | 45| 38 | NA| 42 | NJA| 44
MICT+RE 2 46 | 54 |39 |36 | 36 |38 |32 |32 [31]32 |33 ]| 39 |38[37 |37 |41 | 40 | 41 | 42
MICT+RE 3 42 | 48 | 41 | 34| 32 |32 |31 |40 [40 | 40 | 43 | 45 |46 |45 | 46 | 46 | 43 | 40 | 43
MICT+RE 4 46 | 45 | 32 |37 | 43 |44 | 46 | 43 |46 | 48 | 50 | 47 | 47 |36 | 47 | 45 | 46 | 47 | 45
MICT+RE 5 43 | 58 | 43 | 34| 32 |33 |33 4139 |36 |36 | 41 |42 |42 | 42 | 43 | 43 | 42 | 43
MICT+RE 6 39 | 45 |32 |32 ] 31 |33 |37 |37 38| 40 | NA| 40 |40 |41 | 40 | 41 | 39 | 41 | 42
MICT+RE 7 42 | 40 | 38 [ 38| 39 |41 |42 | 45|42 | 41 | 40 | 46 |43 | 45| 45 | 44 | 43 | 43 | 42
MICT+RE 8 45 | 26 | 26 | 29| 34 |39 |42 |44 |42 | 42 | 40 | 47 | 47 |43 | 45 | 46 | 45 | 48 | 49
Mean 44 | 46 | 36 | 34| 35 |37 |38 |41 |40 | 40 | 41 | 43 |43 |42 | 42 | 44 | 43 | 43 | 44
SD 02 | 10 | 05 |03] 04 |04 ] 06|04 |05/ 05|05 03 |03|]04]04]02]02]03]02
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Adaptation to concurrent training: role of endurance training intensity

Time point during exercise

End

Trial Participant | Rest | +45 min +80 +95 leg +.2 +.5 +1.0 +3.’O +§0 +90 +1.80
min | min Dress min | Mmin | Min | min | min | min | min

RT only 1 4.3 4.5 33 |[N/A | 40 39 | 39 [ 39 | 40| 39 | 41 N/A
RT only 2 4.6 5.3 42 | 44 4.7 46 | 46 | 45 | 43 | 44 | 46 4.5
RT only 3 4.4 3.5 3.1 | 37 4.6 30 | 44 | 43 | 40 | 57 | 49 4.7
RT only 4 4.8 4.3 3.8 | 3.9 4.6 45 | 44 | 43 | 42 | 45 | 45 | N/A
RT only 5 4.7 6.2 4.2 | 3.7 4.0 3.7 | NNA| 38 | 39 | 40 | 4.2 4.2
RT only 6 3.9 4.7 45 | 4.7 4.5 44 | 43 | 43 | 44 | 44 | 4.1 4.4
RT only 7 4.5 3.5 3.7 | 3.7 4.5 47 | 45 | 48 | 47 | 40 | 44 4.4
RT only 8 4.5 3.1 42 | 4.6 47 |N/A | 45 | 47 | 47 | 47 | 47 4.5
Mean 4.5 4.4 39 | 41 4.4 41 | 44 | 43 | 43 | 44 | 44 4.5

SD 0.3 1.0 05 | 04 0.3 06 | 02 |03 |03 ]| 06 | 03 0.2
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Heart rate (beats-min™)

Time point during cycling

Trial Participant Rest 10 min 16 min 22 min 28 min 34 min
HIT+RE 1 72 152 171 178 183 184
HIT+RE 2 45 151 160 165 168 172
HIT+RE 3 67 176 185 188 190 191
HIT+RE 4 78 165 168 170 174 175
HIT+RE 5 75 167 176 180 185 186
HIT+RE 6 51 156 160 163 165 172
HIT+RE 7 56 156 162 167 171 174
HIT+RE 8 62 160 164 169 169 172
Mean 63 160 168 173 176 178
SD 12 9 9 9 9 8

60€

Time point during cycling

Trial Participant Rest 10 min 16 min 22 min 28 min 34 min
MICT+RE 1 67 117 132 137 143 144
MICT+RE 2 45 110 120 128 128 134
MICT+RE 3 61 129 138 142 147 145
MICT+RE 4 79 128 138 146 146 144
MICT+RE 5 68 135 158 165 165 167
MICT+RE 6 56 114 125 135 134 130
MICT+RE 7 56 119 127 132 134 137
MICT+RE 8 62 129 125 125 130 128
Mean 62 123 133 139 141 141
SD 10 9 12 13 12 12
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Adaptation to concurrent training: role of endurance training intensity

Rating of perceived exertion (RPE [AU])

Time point during cycling

Trial Participant Rest 10 min 16 min 22 min 28 min 34 min
HIT+RE 1 6 15 16 17 18 18
HIT+RE 2 6 13 14 15 17 17
HIT+RE 3 6 17 19 19 20 20
HIT+RE 4 6 13 14 14 15 17
HIT+RE 5 6 14 15 16 17 18
HIT+RE 6 6 15 15 16 17 18
HIT+RE 7 6 12 13 14 15 16
HIT+RE 8 6 13 14 15 16 17
Mean 6 14 15 16 17 18
SD 0 2 2 2 2 1

Time point during cycling

Trial Participant Rest 10 min 16 min 22 min 28 min 34 min
MICT+RE 1 6 9 9 10 11 11
MICT+RE 2 6 12 12 13 13 13
MICT+RE 3 6 10 13 14 15 15
MICT+RE 4 6 8 10 11 11 11
MICT+RE 5 6 11 13 14 15 15
MICT+RE 6 6 9 9 9 9 9
MICT+RE 7 6 9 11 11 11 11
MICT+RE 8 6 10 12 13 14 15
Mean 6 10 11 12 12 13
SD 0 1 2 2 2 2




Appendix L: Raw data for Study 2 (Chapters 4 and 5)

Study 2: Maximal (1-RM) strength data

1-RM leg press (kg)

Appendices

Group | Participant| PRE MID POST A PRE (kg)
RT only 1 353 408 433 80.0
RT only 2 253 325 428 175.0
RT only 3 293 328 393 100.0
RT only 4 353 394 423 70.0
RT only 5 363 383 438 75.0
RT only 6 323 388 473 150.0
RT only 7 193 253 293 100.0
RT only 8 273 323 413 140.0
Mean 300.5 350.3 411.8 111.3
SD 59.2 52.2 53.1 39.0

Group | Participant| PRE MID POST A PRE (kg)
HIT+RT 1 300 328 353 53.0
HIT+RT 2 213 238 278 65.0
HIT+RT 3 323 398 423 100.0
HIT+RT 4 393 423 463 70.0
HIT+RT 5 283 313 358 75.0
HIT+RT 6 238 283 343 105.0
HIT+RT 7 323 373 423 100.0
HIT+RT 8 318 368 423 105.0
Mean 298.9 340.5 383.0 84.1
SD 55.7 61.7 60.2 20.7

Group | Participant| PRE MID POST A PRE (kg)
MICT+RT 1 173 203 263 90.0
MICT+RT 2 383 403 438 55.0
MICT+RT 3 278 333 348 70.0
MICT+RT 4 245.5 293 343 97.5
MICT+RT 5 303 353 348 45.0
MICT+RT 6 343 388 428 85.0
MICT+RT 7 313 373 393 80.0
Mean 291.2 335.1 365.9 74.6
SD 68.3 68.8 59.9 19.1

311



Adaptation to concurrent training: role of endurance training intensity

1-RM bench press (kg)

Group Participant | PRE MID POST A PRE (kg)
RT only 1 90 107.5 115 25.0
RT only 2 62.5 Did not test 72.5 10.0
RT only 3 70 82.5 90 20.0
RT only 4 60 72.5 75 15.0
RT only 5 92.5 95 95 2.5
RT only 6 92.5 100 102.5 10.0
RT only 7 35 42.5 45 10.0
RT only 8 55 60 70 15.0
Mean 69.7 80.0 83.1 13.4
SD 20.8 23.3 22.0 6.9

Group Participant | PRE MID POST A PRE (kg)
HIT+RT 1 80 85 90 10.0
HIT+RT 2 52.5 57.5 67.5 15.0
HIT+RT 3 80 82.5 87.5 7.5
HIT+RT 4 100 107.5 115 15.0
HIT+RT 5 90 95 102.5 12.5
HIT+RT 6 80 90 93 13.0
HIT+RT 7 85 95 95 10.0
HIT+RT 8 60 67.5 72.5 12.5
Mean 78.4 85.0 90.4 11.9
SD 15.4 16.0 15.3 2.6

Group Participant | PRE MID POST A PRE (kg)
MICT+RT 1 50 55 60 10.0
MICT+RT 2 125 120 130 5.0
MICT+RT 3 65 70 75 10.0
MICT+RT 4 77.5 88 90 12.5
MICT+RT 5 60 67.5 72.5 12.5
MICT+RT 6 92.5 97.5 107.5 15.0
MICT+RT 7 85 90 95 10.0
Mean 79.3 84.0 90.0 10.7
SD 24.9 21.8 23.7 3.1
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Study 2: Counter-movement jump (CMJ) data

Appendices

Peak CMJ force (N)
Group | Participant | PRE MID POST A PRE (N)
RT only 1 2307.1 2355.4 2347.6 40.5
RT only 2 1597.0 1727.4 1809.9 212.8
RT only 3 1898.5 1854.6 1975.7 77.3
RT only 4 1794.6 1927.5 2097.6 303.0
RT only 5 2145.2 2160.5 2186.3 41.1
RT only 6 1837.2 1793.0 1918.4 81.2
RT only 7 1583.4 1563.5 1655.6 72.2
RT only 8 1611.6 1715.6 1828.3 216.7
Mean 1846.8 1887.2 1977.4 130.6
SD 265.5 257.8 224.4 99.1
Group | Participant | PRE MID POST A PRE (N)
HIT+RT 1 1992.5 2039.3 2069.9 77.4
HIT+RT 2 1375.7 1409.3 1295.5 -80.2
HIT+RT 3 1832.5 1655.3 1792.0 -40.5
HIT+RT 4 1944.4 2000.4 1999.2 54.8
HIT+RT 5 1790.5 | Did not test 1947.2 156.7
HIT+RT 6 1468.9 1564.4 1432.2 -36.7
HIT+RT 7 1853.7 1818.5 1915.7 62.1
HIT+RT 8 1957.4 1963.1 1823.5 -133.9
Mean 1777.0 1778.6 1784.4 7.4
SD 230.6 241.6 276.7 95.9
Group | Participant | PRE MID POST A PRE (N)
MICT+RT 1 1419.3 1377.0 1464.6 45.3
MICT+RT 2 2419.4 2293.8 2104.0 -315.4
MICT+RT 3 1850.1 1827.4 1827.4 -22.7
MICT+RT 4 2115.4 2116.3 2044.7 -70.7
MICT+RT 5 1810.6 1808.2 2044.7 234.1
MICT+RT 6 1693.1 1616.0 1710.1 17.0
MICT+RT 7 1796.3 1658.1 1734.2 -62.1
Mean 1872.0 1813.8 1847.1 -24.9
SD 317.7 309.9 231.8 164.1
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Adaptation to concurrent training: role of endurance training intensity

Peak CMJ power (W)

Group Participant | PRE MID POST A PRE (W)
RT only 1 2498.8 2655.0 2980.7 482.0
RT only 2 2997.0 3002.0 3474.5 4775
RT only 3 2461.1 2566.8 2565.9 104.8
RT only 4 2874.5 2796.8 4123.2 1248.7
RT only 5 3227.2 3043.0 3288.7 61.5
RT only 6 3093.4 2930.7 3045.7 -47.7
RT only 7 2828.3 2853.9 2868.2 39.9
RT only 8 2702.1 3158.5 3320.2 618.2
Mean 2835.3 2875.8 3208.4 373.1
SD 272.3 199.2 468.0 432.0
Group Participant | PRE MID POST A PRE (W)
HIT+RT 1 2587.1 2920.0 2933.7 346.6
HIT+RT 2 2226.3 2332.0 2004.1 -222.2
HIT+RT 3 2714.6 2724.2 2710.5 -4.1
HIT+RT 4 3051.9 3092.5 3282.7 230.8
HIT+RT 5 2348.4 | Did not test 2605.3 257.0
HIT+RT 6 2407.0 2370.8 2471.3 64.3
HIT+RT 7 2949.8 2872.5 2882.8 -67.0
HIT+RT 8 3309.8 3315.9 3501.5 191.7
Mean 2699.3 2804.0 2799.0 99.6
SD 378.9 360.6 468.6 190.8
Group Participant | PRE MID POST A PRE (W)
MICT+RT 1 2096.3 2569.2 2677.4 581.1
MICT+RT 2 3942.7 3791.4 3739.4 -203.3
MICT+RT 3 2796.7 2856.1 2856.1 59.4
MICT+RT 4 3481.7 3254.6 3588.2 106.5
MICT+RT 5 2312.5 2438.6 2300.5 -12.0
MICT+RT 6 2692.9 2642.9 2987.2 294.3
MICT+RT 7 3097.8 3086.5 3092.6 -5.2
Mean 2917.2 2948.5 3034.5 117.3
SD 646.4 470.6 501.2 253.1
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Peak CMJ velocity (m-s™)

Appendices

Group Participant | PRE MID POST | APRE (m's?)
RT only 1 1.10 1.29 1.46 0.36
RT only 2 2.02 1.89 2.24 0.22
RT only 3 1.61 1.63 1.59 -0.03
RT only 4 1.75 1.68 2.32 0.57
RT only 5 1.92 1.89 1.97 0.05
RT only 6 2.43 2.41 2.31 -0.12
RT only 7 2.25 2.20 2.16 -0.09
RT only 8 1.98 2.19 2.31 0.33
Mean 1.88 1.90 2.04 0.16
SD 0.41 0.36 0.34 0.25

Group Participant | PRE MID POST | APRE (m's?)
HIT+RT 1 1.72 1.72 1.73 0.01
HIT+RT 2 1.81 1.86 1.74 -0.07
HIT+RT 3 1.75 1.77 1.73 -0.02
HIT+RT 4 1.70 1.69 1.82 0.12
HIT+RT 5 1.62 Did not test 1.88 0.26
HIT+RT 6 1.82 1.75 1.93 0.10
HIT+RT 7 1.76 1.74 1.68 -0.08
HIT+RT 8 2.21 2.20 2.28 0.07
Mean 1.80 1.82 1.85 0.05
SD 0.18 0.18 0.19 0.11

Group Participant | PRE MID POST | APRE (ms™)
MICT+RT 1 1.68 1.88 1.86 0.18
MICT+RT 2 1.85 1.86 1.93 0.08
MICT+RT 3 1.71 1.72 1.72 0.01
MICT+RT 4 1.92 1.83 2.16 0.24
MICT+RT 5 1.62 1.69 1.70 0.08
MICT+RT 6 1.86 1.88 2.03 0.17
MICT+RT 7 2.15 2.09 2.16 0.00
Mean 1.83 1.85 1.94 0.11
SD 0.18 0.13 0.19 0.09
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Adaptation to concurrent training: role of endurance training intensity

Peak CMJ displacement (m)

Group Participant PRE MID POST A PRE (m)
RT only 1 0.277 0.299 0.321 0.045
RT only 2 0.454 0.431 0.594 0.140
RT only 3 0.375 0.382 0.371 -0.004
RT only 4 0.387 0.439 0.464 0.077
RT only 5 0.522 0.525 0.545 0.023
RT only 6 0.665 0.646 0.610 -0.055
RT only 7 0.637 0.628 0.597 -0.040
RT only 8 0.494 0.560 0.634 0.140
Mean 0.476 0.489 0.517 0.041
SD 0.132 0.122 0.118 0.075

Group Participant PRE MID POST A PRE (m)
HIT+RT 1 0.394 0.454 0.437 0.042
HIT+RT 2 0.467 0.464 0.443 -0.023
HIT+RT 3 0.441 0.440 0.434 -0.007
HIT+RT 4 0.408 0.411 0.435 0.027
HIT+RT 5 0.349 | Did not test 0.487 0.138
HIT+RT 6 0.439 0.407 0.477 0.038
HIT+RT 7 0.410 0.420 0.392 -0.018
HIT+RT 8 0.550 0.565 0.625 0.076
Mean 0.432 0.451 0.466 0.034
SD 0.059 0.054 0.071 0.054

Group Participant PRE MID POST A PRE (m)
MICT+RT 1 0.416 0.447 0.434 0.019
MICT+RT 2 0.468 0.465 0.489 0.021
MICT+RT 3 0.460 0.429 0.429 -0.031
MICT+RT 4 0.493 0.475 0.614 0.121
MICT+RT 5 0.359 0.420 0.417 0.058
MICT+RT 6 0.494 0.482 0.555 0.061
MICT+RT 7 0.633 0.580 0.614 -0.019
Mean 0.475 0.471 0.507 0.033
SD 0.085 0.053 0.087 0.052
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Study 2: Graded exercise testing (GXT) data

Absolute VOjpear (L-min™)
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Group Participant PRE MID POST A PRE (L-min™)
RT only 1 2.93 3.11 2.74 -0.19
RT only 2 4.32 3.78 4.46 0.14
RT only 3 3.16 3.54 3.58 0.43
RT only 4 2.75 3.55 2.82 0.07
RT only 5 3.55 Did not test 3.66 0.11
RT only 6 4.40 4.06 3.60 -0.80
RT only 7 2.37 2.51 2.59 0.23
RT only 8 4.18 3.91 3.84 -0.34
Mean 3.46 3.49 3.41 -0.05
SD 0.78 0.53 0.64 0.39

Group Participant PRE MID POST A PRE (L-min™)
HIT+RT 1 3.19 3.35 3.50 0.31
HIT+RT 2 457 4.31 4.45 -0.12
HIT+RT 3 3.47 3.37 3.69 0.23
HIT+RT 4 3.35 3.55 3.99 0.64
HIT+RT 5 3.63 3.95 3.86 0.23
HIT+RT 6 3.86 3.61 4.07 0.20
HIT+RT 7 3.09 3.61 3.49 0.40
HIT+RT 8 5.24 4.84 4.61 -0.63
Mean 3.80 3.82 3.96 0.16
SD 0.75 0.52 0.41 0.38

Group Participant PRE MID POST A PRE (L-min™)
MICT+RT 1 3.65 3.91 3.86 0.21
MICT+RT 2 3.44 3.74 3.53 0.10
MICT+RT 3 4.03 5.70 3.76 -0.27
MICT+RT 4 3.30 3.08 3.67 0.37
MICT+RT 5 3.88 453 4.37 0.49
MICT+RT 6 3.10 3.47 3.71 0.60
MICT+RT 7 4.09 4.30 4.09 0.00
Mean 3.64 4.10 3.86 0.21
SD 0.38 0.85 0.29 0.30
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Adaptation to concurrent training: role of endurance training intensity

Relative VOpeax (ML-kg™-min™)

A PRE (mLkg
Group Participant | PRE MID POST L min™?)
RT only 1 25.8 27.3 23.9 -1.9
RT only 2 53.0 45.7 53.0 0.0
RT only 3 34.4 38.0 38.2 3.8
RT only 4 30.5 34.7 33.2 2.7
RT only 5 41.2 Did not test 41.9 0.6
RT only 6 61.5 56.3 49.0 -12.6
RT only 7 37.2 38.8 39.0 1.8
RT only 8 53.8 48.9 47.6 -6.3

Mean 42.2 41.3 40.7 -1.5
SD 12.6 8.9 94 54
A PRE (mLkg

Group Participant PRE MID POST “min™)
HIT+RT 1 34.1 35.5 37.5 3.4
HIT+RT 2 68.2 64.5 64.9 -3.3
HIT+RT 3 46.9 49.9 49.1 2.3
HIT+RT 4 35.0 37.4 42.6 7.6
HIT+RT 5 42.2 46.0 44.2 2.0
HIT+RT 6 95.5 51.5 58.4 2.9
HIT+RT 7 34.2 38.2 37.1 2.8
HIT+RT 8 62.4 56.6 53.6 -8.9
Mean 47.3 47.4 48.4 1.1
SD 13.4 10.2 10.0 5.0

A PRE (mL-kg

Group Participant | PRE MID POST L min™?)
MICT+RT 1 48.2 51.2 49.6 15
MICT+RT 2 32.2 36.3 34.7 2.5
MICT+RT 3 48.6 62.3 45.0 -3.7
MICT+RT 4 40.6 37.4 42.4 1.8
MICT+RT 5 47.1 54.0 52.1 5.0
MICT+RT 6 36.8 41.1 43.1 6.4
MICT+RT 7 50.1 52.4 50.9 0.8
Mean 43.4 47.8 454 2.0
SD 6.9 9.7 6.1 3.2
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Lactate threshold (W)

Appendices

Group Participant PRE MID POST A PRE (W)
RT only 1 79 103 97 18
RT only 2 208 219 241 33
RT only 3 154 Did not test 162 8
RT only 4 137 126 133 -3
RT only 5 177 190 193 16
RT only 6 197 176 167 -31
RT only 7 88 88 92 4
RT only 8 122 169 154 32
Mean 145 153 155 10
SD 48 48 49 21
Group Participant PRE MID POST A PRE (W)
HIT+RT 1 152 155 162 11
HIT+RT 2 271 260 273 2
HIT+RT 3 156 158 173 17
HIT+RT 4 134 150 182 48
HIT+RT 5 176 176 191 16
HIT+RT 6 177 167 186 8
HIT+RT 7 135 128 137 2
HIT+RT 8 258 262 260 2
Mean 182 182 196 13
SD 53 51 47 15
Group Participant PRE MID POST A PRE (W)
MICT+RT 1 186 181 198 12
MICT+RT 2 109 122 153 45
MICT+RT 3 119 147 136 17
MICT+RT 4 100 128 138 38
MICT+RT 5 252 241 252 0
MICT+RT 6 155 168 169 14
MICT+RT 7 191 167 171 -21
Mean 159 165 174 15
SD 55 40 40 22
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Adaptation to concurrent training: role of endurance training intensity

Peak aerobic power (W)

Group Participant PRE MID POST A PRE (W)
RT only 1 189 186 208 19
RT only 2 317 338 345 28
RT only 3 240 240 248 8
RT only 4 210 193 193 -17
RT only 5 280 278 261 -19
RT only 6 294 278 247 -47
RT only 7 157 159 157 0
RT only 8 270 270 253 -17
Mean 245 243 239 -6
SD 56 60 56 24

Group Participant PRE MID POST A PRE (W)
HIT+RT 1 235 249 254 19
HIT+RT 2 348 371 365 17
HIT+RT 3 240 255 274 34
HIT+RT 4 246 220 273 27
HIT+RT 5 259 285 318 58
HIT+RT 6 295 307 316 21
HIT+RT 7 231 248 250 19
HIT+RT 8 375 368 361 -14
Mean 279 288 301 23
SD 55 57 46 20

Group Participant PRE MID POST A PRE (W)
MICT+RT 1 274 286 308 34
MICT+RT 2 219 195 236 16
MICT+RT 3 273 279 255 -18
MICT+RT 4 230 243 251 21
MICT+RT 5 351 349 347 -4
MICT+RT 6 250 249 270 20
MICT+RT 7 270 280 287 17
Mean 267 269 279 12
SD 43 47 38 17

320




Study 2: Dual X-ray Absorptiometry (DXA) data

Total lean mass (g)

Group Participant PRE POST A PRE (g)
RT only 1 71555.5 71867.9 312.4
RT only 2 63392.2 64736.4 1344.2
RT only 3 60374.2 61443.6 1069.4
RT only 4 61409.6 60125.2 -1284.4
RT only 5 66760.8 66245.5 -515.3
RT only 6 57572.0 58736.9 1164.9
RT only 7 46829.5 49102.6 2273.1
RT only 8 58966.8 61951.0 2984.2
Mean 60857.6 61776.1 918.6
SD 7244.8 6582.5 1396.0
Group Participant PRE POST A PRE (g)
HIT+RT 1 64164.6 66267.5 2102.9
HIT+RT 2 52135.0 53122.4 987.4
HIT+RT 3 54831.0 56543.2 1712.2
HIT+RT 4 67959.4 67834.7 -124.7
HIT+RT 5 64831.6 63949.4 -882.2
HIT+RT 6 54046.2 55201.7 1155.5
HIT+RT 7 58253.9 60114.3 1860.4
HIT+RT 8 64211.5 64560.7 349.2
Mean 60054.2 60949.2 895.1
SD 5962.1 5505.1 1044.1
Group Participant PRE POST A PRE (g)
MICT+RT 1 55581.9 57310.0 1728.1
MICT+RT 2 71191.7 69209.0 -1982.7
MICT+RT 3 59193.0 60777.3 1584.3
MICT+RT 4 60181.9 60593.0 411.1
MICT+RT 5 58000.8 64027.5 6026.7
MICT+RT 6 61877.6 63074.5 1196.9
MICT+RT 7 61140.3 61950.3 810.0
Mean 61023.9 62420.2 1396.3
SD 4948.8 3684.9 2393.0
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Adaptation to concurrent training: role of endurance training intensity

Upper-body lean mass (g)

Group Participant PRE POST A PRE (g)
RT only 1 49338.1 48245.1 -1093.0
RT only 2 39790.6 41041.1 1250.5
RT only 3 40057.0 40855.7 798.7
RT only 4 40711.7 38956.0 -1755.7
RT only 5 43206.1 42647.0 -559.1
RT only 6 37149.2 37571.7 422.5
RT only 7 29979.5 30199.1 219.6
RT only 8 37337.1 38872.9 1535.8
Mean 39696.2 39798.6 102.4
SD 5515.2 5082.1 1152.2
Group Participant PRE POST A PRE (g)
HIT+RT 1 41277.2 43819.2 2542.0
HIT+RT 2 32333.9 32878.4 544.5
HIT+RT 3 35508.5 36644.7 1136.2
HIT+RT 4 42933.1 41998.3 -934.8
HIT+RT 5 42037.3 41586.6 -450.7
HIT+RT 6 36599.0 37006.9 407.9
HIT+RT 7 37585.3 38922.0 1336.7
HIT+RT 8 40641.4 40233.5 -407.9
Mean 38614.5 39136.2 521.7
SD 3699.0 3531.0 1138.2
Group Participant PRE POST A PRE (g)
MICT+RT 1 35294.0 36177.0 883.0
MICT+RT 2 46295.8 44751.8 -1544.0
MICT+RT 3 38106.4 38036.3 -70.1
MICT+RT 4 37755.6 38217.8 462.2
MICT+RT 5 36790.1 40878.6 4088.5
MICT+RT 6 40931.5 41684.4 752.9
MICT+RT 7 39695.4 39608.1 -87.3
Mean 39267.0 39907.7 640.7
SD 3603.5 2826.4 1722.3
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Lower-body lean mass (g)

Group Participant PRE POST A PRE (g)
RT only 1 22217.4 23622.8 1405.4
RT only 2 23601.6 23695.3 93.7
RT only 3 20317.2 20587.9 270.7
RT only 4 20697.9 21169.2 471.3
RT only 5 23554.7 23598.5 43.8
RT only 6 20422.8 21165.2 742.4
RT only 7 16850.0 18903.5 2053.5
RT only 8 21629.7 23078.1 1448.4
Mean 211614 21977.6 816.2
SD 2173.8 1780.5 738.6
Group Participant PRE POST A PRE (g)
HIT+RT 1 22887.4 22448.3 -439.1
HIT+RT 2 19801.1 20244.0 442.9
HIT+RT 3 19322.5 19898.5 576.0
HIT+RT 4 25026.3 25836.4 810.1
HIT+RT 5 22794.3 22362.8 -431.5
HIT+RT 6 17447.2 18194.8 747.6
HIT+RT 7 20668.6 21192.3 523.7
HIT+RT 8 23570.1 24327.2 757.1
Mean 21439.7 21813.0 373.4
SD 2536.5 2473.2 514.7
Group Participant PRE POST A PRE (g)
MICT+RT 1 20287.9 21133.0 845.1
MICT+RT 2 24895.9 24457.2 -438.7
MICT+RT 3 21086.6 22741.0 1654.4
MICT+RT 4 22426.3 22375.2 -51.1
MICT+RT 5 21210.7 23148.9 1938.2
MICT+RT 6 20946.1 21390.1 444.0
MICT+RT 7 214449 22342.2 897.3
Mean 21756.9 22512.5 755.6
SD 1525.4 1114.3 857.2

323

Appendices



Adaptation to concurrent training: role of endurance training intensity

Body fat (%)

Group | Participant PRE POST A PRE (%)
RT only 1 30.5 30.2 -0.3
RT only 2 13.7 11.9 -1.8
RT only 3 25.5 25.3 -0.2
RT only 4 22.0 18.7 -3.3
RT only 5 13.1 15.3 2.2
RT only 6 10.1 9.6 -0.5
RT only 7 15.8 15.2 -0.6
RT only 8 14.6 14.5 -0.1
Mean 18.2 17.6 -0.6
SD 7.1 6.9 1.6

Group | Participant PRE POST A PRE (%)
HIT+RT 1 21.6 20.0 -1.6
HIT+RT 2 9.8 9.5 -0.3
HIT+RT 3 17.8 15.9 -1.9
HIT+RT 4 19.4 18.7 -0.7
HIT+RT 5 16.0 17.4 1.4
HIT+RT 6 12.1 11.3 -0.8
HIT+RT 7 26.9 27.8 0.9
HIT+RT 8 12.5 13.9 1.4
Mean 17.0 16.8 -0.2
SD 5.6 5.7 1.3

Group | Participant PRE POST A PRE (%)
MICT+RT 1 15.8 14.8 -1.0
MICT+RT 2 25.2 24.0 -1.2
MICT+RT 3 19.5 18.6 -0.9
MICT+RT 4 17.5 18.8 1.3
MICT+RT 5 20.2 16.9 -3.3
MICT+RT 6 18.9 18.5 -0.4
MICT+RT 7 14.6 13.6 -1.0
Mean 18.8 17.9 -0.9
SD 3.5 3.4 14
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Study 2: Internal training load data

Total session internal training load (AU)

Training week

Group Participant 1 2 3 4 5 6 7 8
RT only 1 855 865 835 966 826 966 760 240
RT only 2 575 550 575 605 440 484 520 225
RT only 3 725 560 930 860 945 825 855 245
RT only 4 720 910 885 600 N/A N/A N/A 250
RT only 5 535 615 620 680 765 720 816 280
RT only 6 520 480 484 520 565 500 604 245
RT only 7 690 615 610 580 655 620 610 300
RT only 8 750 760 760 615 805 727.5 750 240
Mean 671.3 669.4 712.4 678.3 714.4 691.8 702.1 253.1
SD 117.3 156.9 162.4 154.0 172.0 173.3 124.7 24.5
Training week
Group Participant 1 2 3 4 5 6 7 8
HIT+RT 1 1556.5 | 1745.5 1807 1416 1776 1765.5 1963 783
HIT+RT 2 1289 1664 2025 1701 1799 1944 2079 1364
HIT+RT 3 1141 1345 1504 1260 1630 1401 1803 1071
HIT+RT 4 1065 1012 1166 1323 926 1274 1435 660
HIT+RT 5 N/A N/A N/A 1175 1542 1330 1800 656
HIT+RT 6 855 1128 1260 1227 1449 1657 2088 1235
HIT+RT 7 1197 1257 1332 1197 1520 1610 1778 504
HIT+RT 8 1004 1059 1329 881 1510 1694 1569 1048
Mean 1158.2 | 1315.8 | 1489.0 1272.5 1519.0 1584.4 1814.4 915.1
SD 224.3 289.7 315.1 232.2 271.0 231.4 230.8 308.1
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Adaptation to concurrent training: role of endurance training intensity

Training week

Group Participant 1 2 3 4 5 6 7 8
MICT+RT 1 1197 1385 1431 1333 1480 1659 1757 1071
MICT+RT 2 1319 733 981 822 1732 1587 1096 949
MICT+RT 3 240 1155 1161 1230 1381 1438 1402 1184
MICT+RT 4 828 1125 1260 1167 1449 1652 1808 1184
MICT+RT 5 444 697 877.5 870 944 1030 1147 690
MICT+RT 6 12745 | 1421 1539 1213 1329 1322.5 1486 948
MICT+RT 7 1040 1424 1940 1444 1690.5 1875 1766.5 1184

Mean 906.1 | 1134.3 1312.8 1154.1 1429.4 1509.1 1494.6 1030.0
SD 422.7 311.4 361.5 229.7 261.6 274.5 297.0 183.4




LZE

Cycling-only internal training load (AU)

Training week

Group Participant 1 2 3 4 5 6 7 8
HIT+RT 1 434 442 660.5 398 670 643 840 256
HIT+RT 2 499 627 781 595 812 960 942 554
HIT+RT 3 434 543 662 420 664 701 910 422
HIT+RT 4 276 367 607 368 580 579 633 238
HIT+RT 5 N/A N/A N/A 388 603 672 878 256
HIT+RT 6 414 419 540 394 696 774 1015 496
HIT+RT 7 414 468 540 414 574 701 986 438
HIT+RT 8 397 448 720 321 725 771 837 412

Mean 409.7 | 473.4 644.4 412.3 665.5 725.1 880.1 384.0
SD 67.4 86.0 89.6 80.1 80.7 1145 118.7 119.9
Training week
Group Participant 1 2 3 4 5 6 7 8
MICT+RT 1 276 364 450 302 470 576 630 348
MICT+RT 2 302 249 421 250 548 472 370 322
MICT+RT 3 60 234 299 322 412 451 487 290
MICT+RT 4 233 318 479 345 522 605 773 406
MICT+RT 5 158 289 302 256 351 381 592 290
MICT+RT 6 276 312 403.5 276 364 512 558.5 306
MICT+RT 7 322 419 720 486 725 835 895.5 496
Mean 232.4 | 312.1 439.2 319.6 484.6 547.4 615.1 351.1
SD 93.0 64.3 141.8 81.1 129.8 147.6 175.1 75.7
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Adaptation to concurrent training: role of endurance training intensity

Total-study internal training load (AU)

Ffre_scrlbed Non-prescribed Combined
Group | Participant (W|t.h|.n-study) (external to study) training load
training load training load (AU) (AU)
(AU)

RT only 1 6313 3920 10233
RT only 2 3974 1040 5014
RT only 3 5945 1855 7800
RT only 4 3365 720 4085
RT only 5 5031 0 5031
RT only 6 3918 840 4758
RT only 7 4680 0 4680
RT only 8 5408 60 5468

Mean 4829.2 1054.4 5883.6

SD 1038.5 1321.4 2077.0

Rre§cr|bed Non-prescribed Combined
Group | Participant (W't.h'.n'StUdy) (external to study) training load
training load training load (AU) (AU)
(AU)

HIT+RT 1 12813 1755 14568
HIT+RT 2 13865 655 14520
HIT+RT 3 11155 2760 13915
HIT+RT 4 8861 3500 12361
HIT+RT 5 6503 15855 22358
HIT+RT 6 10899 1590 12489
HIT+RT 7 10395 1500 11895
HIT+RT 8 10094 15493 25587
Mean 10573 5389 15962

SD 2269.5 6406.3 5117.7
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P.re_scrlbed Non-prescribed Combined
Group | Participant (W't.h |_n-study) (external to study) training load
training load training load (AU) (AU)
(AU)
MICT+RT 1 11313 13260 24573
MICT+RT 2 9219 255 9474
MICT+RT 3 9191 850 10041
MICT+RT 4 10473 1740 12213
MICT+RT 5 6700 205 6905
MICT+RT 6 10533 594 11127
MICT+RT 7 12364 1590 13954
Mean 9970.4 2642.0 12612.4
SD 1824.5 4720.6 5719.3
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Adaptation to concurrent training: role of endurance training intensity

Study 2: Average nutritional intake from baseline 72 h food diary

Average energ

Average

Average fat

Average CHO

Group | Participant | ., o (kJ-day™) p(r;}g_r;. :jr;t);';}lk)e mtglé(; é%kg intake (g-kg™-day™)
RT only 1 8300.3 0.81 0.87 171
RT only 2 9175.6 1.32 1.13 2.44
RT only 3 6193.9 0.90 0.83 2.26
RT only 4 5300.5 0.78 0.51 179
RT only 5 8491.7 1.42 114 2.47
RT only 6 9636.9 1.80 1.38 3.50
RT only 7 6877.9 0.80 0.82 2.23
RT only 8 7501.4 1.05 1.14 241
Mean 7684.8 111 0.98 2.35
SD 1495.5 0.37 0.27 0.55

- Average ener Average Average fat Average CHO

Group | Participant intakeg(kJ- daygl); p(r;}g_r;. :jr;t);';}lk)e mtglé(; égikg intake (ggkg.l_ day™)
HIT+RT 1 10286 13 15 2.1
HIT+RT 2 914538 2.0 1.7 3.1
HIT+RT 3 10149 15 1.7 3.1
HIT+RT 4 73795 11 1.2 2.1
HIT+RT 5 9903.6 1.4 1.6 3.2
HIT+RT 6 9699.5 10 1.9 3.4
HIT+RT 7 5925.4 0.9 0.6 19
HIT+RT 8 7624.9 11 1.2 2.0
Mean 8764.2 1.29 1.42 2.61
SD 1595.8 0.34 0.43 0.63

- Average ener Average Average fat Average CHO

Group | Participant intakeg(kJ- daygl); p(r;}g_r;. :jr;t);';}lk)e mtglé(; égikg intake (ggkg.l_ day™)
MICT+RT 1 6548.4 1.02 1.04 2.07
MICT+RT 2 9152.2 1.52 1.22 3.08
MICT+RT 3 6654.7 0.76 0.76 2.58
MICT+RT 4 7308.2 115 0.76 2.72
MICT+RT 5 9853.7 1.26 1.16 3.71
MICT+RT 6 8930.9 1.41 1.18 3.04
MICT+RT 7 6876 0.87 0.80 2.62
Mean 7903.4 1.14 0.99 2.83
SD 1367.7 0.28 0.21 0.51
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Study 2: Western blotting data

p-mTOR Ser2448
Data expressed as fold change from PRE (AU)

Group Participant PRE POST +1h +3 h
RT only 1 0.5 0.7 0.6 2.0
RT only 2 0.6 2.2 3.5 3.1
RT only 3 2.3 0.5 4.0 6.2
RT only 4 0.6 0.2 0.8 2.5
RT only 5 2.8 4.3 3.6 1.1
RT only 6 0.3 0.3 0.3 0.6
RT only 7 0.5 0.5 11 0.8
RT only 8 0.3 0.5 2.9 1.6
Mean 1.0 1.2 2.1 2.2

SD 1.0 1.4 15 1.8

Group Participant PRE POST +1h +3 h
HIT+RT 1 1.0 0.8 3.7 2.3
HIT+RT 2 11 1.7 1.8 2.0
HIT+RT 3 15 1.0 1.2 1.2
HIT+RT 4 1.2 15 15 14
HIT+RT 5 1.4 1.3 1.9 1.4
HIT+RT 6 0.6 0.4 11 11
HIT+RT 7 0.6 1.2 0.6 2.2
HIT+RT 8 0.6 0.8 0.8 3.4
Mean 1.0 1.1 1.6 1.9

SD 0.4 0.4 1.0 0.8

Group Participant PRE POST +1h +3 h
MICT+RT 1 1.9 0.5 0.4 0.6
MICT+RT 2 0.4 0.8 0.8 1.0
MICT+RT 3 0.4 0.3 0.3 0.2
MICT+RT 4 0.3 0.7 1.9 1.3
MICT+RT 5 1.8 1.0 1.0 2.2
MICT+RT 6 1.0 0.3 4.9 0.5
MICT+RT 7 11 14 1.6 2.7
Mean 1.0 0.7 1.6 1.2

SD 0.7 0.4 1.6 0.9
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Adaptation to concurrent training: role of endurance training intensity

p-p70S6K1 Thr389
Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +1h +3 h
RT only 1 15 2.8 4.1 7.5
RT only 2 0.5 1.0 2.3 3.1
RT only 3 0.7 1.6 1.7 4.5
RT only 4 1.0 0.9 1.8 2.6
RT only 5 1.0 3.6 3.7 0.6
RT only 6 0.7 0.6 1.8 5.4
RT only 7 1.8 0.5 2.4 1.7
RT only 8 0.8 2.5 2.3 3.1
Mean 1.0 1.7 2.5 3.6

SD 0.4 1.2 0.9 2.2

Group | Participant PRE POST +1h +3 h
HIT+RT 1 0.4 2.1 14 2.1
HIT+RT 2 1.8 1.5 1.0 4.9
HIT+RT 3 0.4 0.9 1.3 1.2
HIT+RT 4 1.2 14 1.7 0.7
HIT+RT 5 0.4 1.1 4.2 1.6
HIT+RT 6 14 2.7 4.8 2.5
HIT+RT 7 0.5 1.7 1.1 1.9
HIT+RT 8 1.9 1.8 11 14
Mean 1.0 1.7 2.1 2.0

SD 0.7 0.6 1.5 1.3

Group | Participant PRE POST +1h +3 h
MICT+RT 1 11 2.3 11 2.0
MICT+RT 2 1.4 1.1 1.3 1.5
MICT+RT 3 0.9 0.7 1.5 1.5
MICT+RT 4 15 2.2 15 1.2
MICT+RT 5 0.8 0.6 2.0 0.8
MICT+RT 6 0.4 11 1.7 1.0
MICT+RT 7 0.8 1.3 2.0 1.3
Mean 1.0 1.3 1.6 1.3

SD 0.4 0.7 0.3 0.4
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p-rps6 Ser235/236
Data expressed as fold change from PRE (AU)

Group Participant PRE POST +1h +3 h
RT only 1 0.3 0.6 14.9 9.3
RT only 2 0.6 0.9 2.3 16.4
RT only 3 0.4 0.9 8.0 27.6
RT only 4 2.0 4.3 13.3 8.1
RT only 5 1.3 0.1 4.2 6.5
RT only 6 0.4 0.2 0.6 1.1
RT only 7 0.2 0.2 1.8 0.5

RT only 8 2.8 9.4 91.3 113.8
Mean 1.0 2.1 17.1 22.9

SD 0.9 3.2 30.5 37.8

Group Participant PRE POST +1h +3 h
HIT+RT 1 11 2.2 60.3 5.6
HIT+RT 2 2.7 2.7 2.7 9.7
HIT+RT 3 0.8 0.8 18.9 24.1
HIT+RT 4 15 0.8 5.7 1.6
HIT+RT 5 1.0 2.5 26.2 7.5
HIT+RT 6 0.7 0.4 1.6 0.7
HIT+RT 7 0.1 0.2 0.2 0.3
HIT+RT 8 0.2 0.2 1.0 2.2
Mean 1.0 1.2 14.6 6.5
SD 0.8 1.1 20.8 7.9

Group Participant PRE POST +1h +3 h
MICT+RT 1 0.3 0.4 11 1.8
MICT+RT 2 0.2 0.4 4.9 2.6
MICT+RT 3 1.4 0.8 4.0 5.8
MICT+RT 4 1.8 1.2 10.8 1.7
MICT+RT 5 15 1.1 17.3 3.1
MICT+RT 6 0.7 1.0 12.1 2.7
MICT+RT 7 1.1 1.5 5.4 0.8
Mean 1.0 0.9 7.9 2.7
SD 0.6 0.4 5.6 1.6
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Adaptation to concurrent training: role of endurance training intensity

p-GSK-3p Ser9
Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +1h +3 h
RT only 1 2.6 1.6 1.8 2.7
RT only 2 0.7 1.5 1.4 2.3
RT only 3 1.8 1.0 0.3 0.3
RT only 4 0.9 0.9 1.9 2.0
RT only 5 0.3 0.8 1.2 0.9
RT only 6 0.7 0.6 0.6 0.8
RT only 7 0.6 0.5 0.8 0.7
RT only 8 0.4 2.0 1.9 2.1
Mean 1.0 1.1 1.2 15

SD 0.8 0.5 0.6 0.9

Group | Participant PRE POST +1h +3 h
HIT+RT 1 0.5 11 1.8 1.6
HIT+RT 2 1.1 1.4 1.6 3.0
HIT+RT 3 0.9 0.9 1.1 1.2
HIT+RT 4 1.0 0.9 1.0 0.9
HIT+RT 5 1.2 1.2 1.9 1.3
HIT+RT 6 0.9 0.9 15 14
HIT+RT 7 1.3 1.4 1.3 1.4
HIT+RT 8 1.2 1.9 15 15
Mean 1.0 1.2 15 15

SD 0.3 0.3 0.3 0.6

Group | Participant PRE POST +1h +3 h
MICT+RT 1 0.9 1.3 15 1.6
MICT+RT 2 1.4 1.8 1.9 1.9
MICT+RT 3 0.8 0.9 0.9 1.4
MICT+RT 4 15 1.6 14 15
MICT+RT 5 0.9 1.1 1.5 0.9
MICT+RT 6 0.7 0.7 1.0 0.8
MICT+RT 7 0.7 1.2 1.4 1.0
Mean 1.0 1.2 14 1.3

SD 0.3 0.4 0.3 0.4
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p-TIF-1A Ser649
Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +1h +3 h
RT only 1 1.3 3.9 7.2 23.3
RT only 2 1.5 1.4 2.0 14.3
RT only 3 0.8 1.8 3.1 8.7
RT only 4 2.0 1.3 2.6 2.5
RT only 5 0.6 2.0 5.5 0.6
RT only 6 0.4 0.4 0.9 3.5
RT only 7 1.0 0.2 1.5 0.8
RT only 8 0.4 15 2.5 4.6
Mean 1.0 1.6 3.1 7.3

SD 0.6 1.1 2.1 7.9

Group | Participant PRE POST +1h +3 h
HIT+RT 1 0.2 1.8 3.6 2.1
HIT+RT 2 1.4 1.7 1.1 7.7
HIT+RT 3 0.6 2.9 3.3 3.0
HIT+RT 4 1.3 1.3 2.2 11
HIT+RT 5 0.4 0.6 3.1 0.6
HIT+RT 6 0.8 2.8 3.9 2.1
HIT+RT 7 0.8 3.4 1.9 9.6
HIT+RT 8 2.6 1.6 15 7.9
Mean 1.0 2.0 2.6 4.2

SD 0.8 1.0 1.0 3.5

Group | Participant PRE POST +1h +3 h
MICT+RT 1 0.6 11 0.7 14
MICT+RT 2 0.9 0.8 1.2 0.3
MICT+RT 3 1.5 15 3.9 2.8
MICT+RT 4 2.6 2.3 1.3 11
MICT+RT 5 0.6 0.4 2.5 0.7
MICT+RT 6 0.4 1.3 1.0 0.9
MICT+RT 7 0.5 1.1 1.1 0.8
Mean 1.0 1.2 1.7 1.1

SD 0.8 0.6 1.1 0.8
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Adaptation to concurrent training: role of endurance training intensity

p-UBF Ser388
Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +1h +3 h
RT only 1 0.8 0.9 1.6 3.2
RT only 2 0.5 0.9 0.9 2.5
RT only 3 0.6 0.6 1.7 2.1
RT only 4 0.4 0.6 1.2 11
RT only 5 0.7 1.2 1.9 1.1
RT only 6 1.8 1.0 1.8 2.9
RT only 7 2.2 0.6 2.5 1.3
RT only 8 1.0 0.9 0.8 1.7
Mean 1.0 0.8 1.6 2.0

SD 0.6 0.2 0.5 0.8

Group | Participant PRE POST +1h +3 h
HIT+RT 1 0.7 14 1.9 15
HIT+RT 2 1.2 1.1 1.4 2.4
HIT+RT 3 0.9 1.0 1.3 1.2
HIT+RT 4 1.0 0.9 11 0.8
HIT+RT 5 0.7 0.8 1.2 0.7
HIT+RT 6 0.9 15 2.1 1.8
HIT+RT 7 0.8 1.2 1.2 1.6
HIT+RT 8 1.7 1.3 11 1.3
Mean 1.0 1.2 14 14

SD 0.3 0.3 0.4 0.5

Group | Participant PRE POST +1h +3 h
MICT+RT 1 14 2.9 1.8 1.8
MICT+RT 2 1.9 1.5 1.5 1.7
MICT+RT 3 1.1 1.1 1.7 0.9
MICT+RT 4 0.9 0.8 1.2 0.8
MICT+RT 5 0.6 0.8 1.8 0.8
MICT+RT 6 0.7 0.9 0.7 0.6
MICT+RT 7 0.4 0.8 0.8 0.5
Mean 1.0 1.3 1.3 1.0

SD 0.5 0.8 0.5 0.5
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p-4E-BP1 Thr 37/46
Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +1h +3 h
RT only 1 1.2 1.0 0.8 1.0
RT only 2 1.2 1.2 1.6 0.7
RT only 3 1.7 1.2 1.1 1.4
RT only 4 1.3 1.3 1.3 0.7
RT only 5 1.4 1.2 0.7 1.1
RT only 6 0.3 0.6 0.4 0.7
RT only 7 0.4 1.1 1.0 1.4
RT only 8 0.5 2.0 3.0 1.6
Mean 1.0 1.2 1.2 1.1

SD 0.5 0.4 0.8 0.3

Group | Participant PRE POST +1h +3 h
HIT+RT 1 0.6 0.8 0.6 0.9
HIT+RT 2 1.1 1.1 0.9 0.6
HIT+RT 3 0.7 0.9 1.3 1.2
HIT+RT 4 1.8 1.2 0.8 1.3
HIT+RT 5 0.8 0.8 0.7 1.0
HIT+RT 6 15 0.8 15 1.6
HIT+RT 7 0.7 0.5 0.6 0.8
HIT+RT 8 0.6 11 0.9 1.2
Mean 1.0 0.9 0.9 1.1

SD 0.4 0.2 0.3 0.3

Group | Participant PRE POST +1h +3 h
MICT+RT 1 0.7 15 1.2 0.7
MICT+RT 2 0.7 1.2 2.1 2.0
MICT+RT 3 1.0 0.6 0.8 1.2
MICT+RT 4 1.3 1.3 1.7 2.0
MICT+RT 5 1.4 1.1 1.2 1.4
MICT+RT 6 1.0 1.7 14 1.7
MICT+RT 7 1.0 1.1 0.9 2.6
Mean 1.0 1.2 1.3 1.6

SD 0.3 0.4 0.5 0.6
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Adaptation to concurrent training: role of endurance training intensity

p-AMPK Thrl172
Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +1h +3 h
RT only 1 3.2 4.5 7.6 0.0
RT only 2 0.6 1.0 1.3 3.8
RT only 3 0.4 1.6 3.4 4.6
RT only 4 0.6 0.4 0.8 1.0
RT only 5 0.4 1.8 3.5 0.4
RT only 6 0.9 0.5 1.1 4.3
RT only 7 1.5 0.2 0.9 0.6
RT only 8 0.3 1.5 0.9 1.2
Mean 1.0 14 2.4 2.0

SD 1.0 1.4 2.4 1.9

Group | Participant PRE POST +1h +3 h
HIT+RT 1 1.0 1.3 1.6 11
HIT+RT 2 0.5 0.2 2.2 0.2
HIT+RT 3 1.1 1.1 0.5 1.2
HIT+RT 4 11 1.0 0.9 0.6
HIT+RT 5 0.4 1.6 0.9 0.8
HIT+RT 6 2.8 2.4 3.0 1.6
HIT+RT 7 0.2 0.5 0.4 1.0
HIT+RT 8 0.8 0.3 0.3 0.4
Mean 1.0 1.1 1.2 0.9

SD 0.8 0.7 0.9 0.4

Group | Participant PRE POST +1h +3 h
MICT+RT 1 0.7 1.2 0.9 11
MICT+RT 2 1.3 1.0 1.1 0.6
MICT+RT 3 2.1 2.6 3.0 1.8
MICT+RT 4 15 2.1 1.8 1.0
MICT+RT 5 0.4 0.4 1.2 0.4
MICT+RT 6 0.1 0.5 0.7 0.7
MICT+RT 7 0.8 1.4 2.2 1.2
Mean 1.0 1.3 15 1.0

SD 0.7 0.8 0.8 0.5
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p-ACC Ser79

Data expressed as fold change from PRE (AU)
Group | Participant PRE POST +1h +3 h
RT only 1 0.2 0.3 0.1 0.1
RT only 2 1.1 2.2 1.2 0.8
RT only 3 2.5 2.7 1.1 0.8
RT only 4 1.0 1.2 14 1.6
RT only 5 1.3 0.6 0.3 0.5
RT only 6 0.4 0.6 0.5 0.4
RT only 7 1.0 3.7 2.3 1.7
RT only 8 0.4 14 15 0.7
Mean 1.0 1.6 1.0 0.8
SD 0.7 1.2 0.7 0.6
Group | Participant PRE POST +1h +3 h
HIT+RT 1 0.1 0.3 1.2 1.0
HIT+RT 2 2.9 2.7 2.6 3.0
HIT+RT 3 0.4 0.4 0.3 1.7
HIT+RT 4 1.2 0.9 11 1.3
HIT+RT 5 1.5 1.4 1.0 1.7
HIT+RT 6 1.0 0.8 0.9 1.6
HIT+RT 7 0.6 0.6 0.8 0.3
HIT+RT 8 0.4 0.8 15 0.7
Mean 1.0 1.0 1.2 14
SD 0.9 0.8 0.7 0.8
Group | Participant PRE POST +1h +3 h
MICT+RT 1 2.0 2.5 15 1.0
MICT+RT 2 1.5 1.6 0.4 0.8
MICT+RT 3 0.2 0.2 0.2 0.7
MICT+RT 4 1.6 1.0 0.7 0.7
MICT+RT 5 0.3 0.7 0.4 0.6
MICT+RT 6 0.5 0.5 0.4 0.5
MICT+RT 7 0.9 0.9 0.3 0.4
Mean 1.0 1.1 0.6 0.7
SD 0.7 0.8 0.5 0.2
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Adaptation to concurrent training: role of endurance training intensity

p-eEF2 Thr56
Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +1h +3 h
RT only 1 1.8 11 1.2 1.2
RT only 2 0.4 0.5 0.2 2.0
RT only 3 0.3 0.8 0.9 0.6
RT only 4 0.7 0.6 0.4 0.2
RT only 5 0.3 0.4 0.3 0.2
RT only 6 3.6 1.3 0.4 0.5
RT only 7 0.6 0.6 0.5 0.5
RT only 8 0.4 2.0 2.1 1.9
Mean 1.0 0.9 0.8 0.9

SD 1.1 0.6 0.6 0.7

Group | Participant PRE POST +1h +3 h
HIT+RT 1 1.3 15 0.5 11
HIT+RT 2 0.6 0.5 0.4 0.9
HIT+RT 3 1.4 1.4 0.8 0.7
HIT+RT 4 1.2 1.3 0.5 0.4
HIT+RT 5 1.6 1.1 0.7 0.6
HIT+RT 6 0.3 0.6 0.4 0.6
HIT+RT 7 1.2 1.2 0.5 0.9
HIT+RT 8 0.4 0.6 0.4 0.2
Mean 1.0 1.0 0.5 0.7

SD 0.5 0.4 0.2 0.3

Group | Participant PRE POST +1h +3 h
MICT+RT 1 0.7 0.9 0.7 0.6
MICT+RT 2 2.1 2.3 1.0 1.5
MICT+RT 3 1.5 1.1 0.6 1.0
MICT+RT 4 0.9 11 0.6 0.5
MICT+RT 5 0.6 0.5 0.4 0.4
MICT+RT 6 0.7 0.8 0.2 0.4
MICT+RT 7 0.5 0.8 1.1 0.5
Mean 1.0 1.1 0.7 0.7

SD 0.6 0.6 0.3 0.4
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Total TIF-1A
Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +1h +3 h
RT only 1 0.8 0.7 0.6 0.4
RT only 2 0.8 1.1 0.8 0.2
RT only 3 1.1 0.9 1.0 0.4
RT only 4 0.5 0.6 0.7 0.7
RT only 5 1.0 0.8 0.4 0.6
RT only 6 1.3 1.4 1.2 0.9
RT only 7 1.4 1.6 1.0 1.1
RT only 8 1.1 0.8 0.3 0.5
Mean 1.0 1.0 0.7 0.6

SD 0.3 0.3 0.3 0.3

Group | Participant PRE POST +1h +3 h
HIT+RT 1 1.2 0.9 0.5 0.9
HIT+RT 2 1.0 0.8 1.2 1.0
HIT+RT 3 0.9 0.6 0.6 0.5
HIT+RT 4 1.0 0.9 0.7 0.8
HIT+RT 5 1.3 1.2 0.9 0.9
HIT+RT 6 11 0.9 11 11
HIT+RT 7 0.7 0.6 0.7 0.2
HIT+RT 8 0.7 0.9 0.6 0.1
Mean 1.0 0.8 0.8 0.7

SD 0.2 0.2 0.2 0.4

Group | Participant PRE POST +1h +3 h
MICT+RT 1 14 1.8 15 0.9
MICT+RT 2 1.5 1.0 0.6 1.5
MICT+RT 3 0.7 0.8 0.5 0.6
MICT+RT 4 0.5 0.8 0.9 0.7
MICT+RT 5 1.0 1.0 0.7 1.1
MICT+RT 6 0.8 0.5 0.0 0.4
MICT+RT 7 1.2 0.8 0.4 0.7
Mean 1.0 0.9 0.7 0.8

SD 0.4 0.4 0.5 0.4
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Adaptation to concurrent training: role of endurance training intensity

Total Cyclin D1
Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +1h +3 h
RT only 1 15 1.7 1.3 0.9
RT only 2 1.8 1.5 1.5 0.9
RT only 3 0.9 1.1 1.0 0.9
RT only 4 11 11 0.7 0.8
RT only 5 1.1 1.2 1.2 1.4
RT only 6 0.2 0.3 0.2 0.2
RT only 7 0.2 0.2 0.2 0.2
RT only 8
Mean 1.0 1.0 0.9 0.7
SD 0.6 0.6 0.5 0.4
Group | Participant PRE POST +1h +3 h
HIT+RT 1 0.7 0.6 0.3 0.7
HIT+RT 2 0.5 0.9 0.4 0.8
HIT+RT 3 1.5 1.2 1.2 1.0
HIT+RT 4 0.8 0.7 0.5 0.7
HIT+RT 5 0.7 0.8 0.4 0.5
HIT+RT 6 1.2 11 0.9 0.8
HIT+RT 7 1.9 0.8 0.7 0.9
HIT+RT 8 0.7 0.7 0.4 0.6
Mean 1.0 0.8 0.6 0.7
SD 0.5 0.2 0.3 0.2
Group | Participant PRE POST +1h +3 h
MICT+RT 1 0.2 0.3 0.4 0.6
MICT+RT 2 0.4 0.4 0.3 0.5
MICT+RT 3 1.4 1.1 0.5 0.7
MICT+RT 4 14 11 1.3 1.2
MICT+RT 5 0.9 0.7 0.5 0.5
MICT+RT 6 1.3 1.0 0.5 11
MICT+RT 7 1.4 0.8 1.1 1.7
Mean 1.0 0.8 0.7 0.9
SD 0.5 0.3 0.4 0.4
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Total mMTOR

Data expressed as fold change from PRE (AU)

Group Participant PRE POST +1h +3 h
RT only 1 11 0.9 15 0.8
RT only 2 1.0 1.2 1.0 2.0
RT only 3 1.0 0.8 1.0 0.8
RT only 4 0.7 0.9 1.2 1.8
RT only 5 1.9 1.1 1.7 1.9
RT only 6 0.5 1.0 0.8 0.9
RT only 7 0.8 1.1 1.7 2.2
RT only 8 1.0 0.9 0.6 0.6
Mean 1.0 1.0 1.2 14

SD 0.4 0.1 0.4 0.7

Group Participant PRE POST +1h +3 h
HIT+RT 1 0.9 1.3 0.9 1.0
HIT+RT 2 1.5 1.3 1.5 1.3
HIT+RT 3 0.8 1.1 1.3 1.3
HIT+RT 4 1.2 0.9 11 11
HIT+RT 5 1.2 1.5 1.1 1.4
HIT+RT 6 0.6 0.8 0.6 0.6
HIT+RT 7 0.8 0.7 0.7 0.7
HIT+RT 8 1.0 0.9 0.5 0.3
Mean 1.0 1.1 1.0 1.0

SD 0.3 0.3 0.3 0.4

Group Participant PRE POST +1h +3 h
MICT+RT 1 0.8 1.2 1.2 11
MICT+RT 2 1.1 1.8 1.1 1.6
MICT+RT 3 0.8 0.9 1.4 0.9
MICT+RT 4 0.8 0.5 0.6 1.0
MICT+RT 5 1.1 1.3 1.3 1.2
MICT+RT 6 15 2.1 1.0 11
MICT+RT 7 0.9 1.7 1.7 0.8
Mean 1.0 14 1.2 1.1

SD 0.3 0.5 0.4 0.3
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Adaptation to concurrent training: role of endurance training intensity

Total UBF

Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +1h +3 h
RT only 1 1.3 14 15 1.6
RT only 2 1.1 1.3 1.0 1.1
RT only 3 1.0 1.1 1.2 1.1
RT only 4 1.0 0.9 0.9 1.1
RT only 5 1.0 1.1 1.1 0.9
RT only 6 0.9 0.8 0.9 1.1
RT only 7 0.7 0.7 0.7 0.8
RT only 8 0.8 0.9 0.5 0.5
Mean 1.0 1.0 1.0 1.0

SD 0.2 0.2 0.3 0.3

Group | Participant PRE POST +1h +3 h
HIT+RT 1 0.8 1.3 1.0 0.9
HIT+RT 2 0.9 0.9 1.0 1.7
HIT+RT 3 0.8 0.6 0.8 0.8
HIT+RT 4 0.8 0.7 0.8 0.7
HIT+RT 5 0.7 0.8 1.2 0.9
HIT+RT 6 1.7 2.0 1.9 1.7
HIT+RT 7 1.1 1.3 1.5 1.4
HIT+RT 8 11 14 1.2 15
Mean 1.0 1.1 1.2 1.2

SD 0.3 0.5 0.4 0.4

Group | Participant PRE POST +1h +3 h
MICT+RT 1 0.9 14 1.2 1.3
MICT+RT 2 0.7 0.8 0.8 1.3
MICT+RT 3 1.3 1.3 1.5 1.3
MICT+RT 4 0.8 1.0 1.0 0.9
MICT+RT 5 0.9 1.0 1.2 1.2
MICT+RT 6 1.2 1.3 0.7 11
MICT+RT 7 1.1 1.5 1.3 1.3
Mean 1.0 1.2 1.1 1.2

SD 0.2 0.3 0.3 0.1
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Total rps6

Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +1h +3 h
RT only 1 0.7 0.9 1.0 0.9
RT only 2 0.9 0.9 0.8 0.8
RT only 3 0.8 0.8 1.2 0.7
RT only 4 0.8 0.7 0.9 0.9
RT only 5 0.9 1.0 0.9 1.0
RT only 6 0.7 1.0 1.8 1.9
RT only 7 1.6 1.4 1.2 1.8
RT only 8 15 0.9 1.3 15
Mean 1.0 1.0 1.1 1.2

SD 0.3 0.2 0.3 0.5

Group | Participant PRE POST +1h +3 h
HIT+RT 1 0.1 0.2 0.2 0.3
HIT+RT 2 0.4 0.4 0.3 0.4
HIT+RT 3 0.2 0.3 0.3 0.4
HIT+RT 4 0.3 0.3 0.3 0.3
HIT+RT 5 0.3 0.3 0.3 0.3
HIT+RT 6 2.5 2.3 1.8 2.1
HIT+RT 7 2.0 2.3 2.3 2.4
HIT+RT 8 2.2 2.2 2.7 3.3
Mean 1.0 1.0 1.0 1.2

SD 1.0 1.0 1.1 1.2

Group | Participant PRE POST +1h +3 h
MICT+RT 1 2.8 2.5 3.5 4.7
MICT+RT 2 2.6 5.6 4.4 5.5
MICT+RT 3 0.3 0.4 0.4 0.3
MICT+RT 4 0.3 0.3 0.5 0.5
MICT+RT 5 0.3 0.3 0.4 0.4
MICT+RT 6 0.4 0.4 0.6 0.4
MICT+RT 7 0.3 0.3 0.3 0.3
Mean 1.0 14 14 1.7

SD 1.2 2.0 1.7 2.3
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Adaptation to concurrent training: role of endurance training intensity

Total 4E-BP1
Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +1h +3 h
RT only 1 0.5 0.8 0.7 1.0
RT only 2 1.4 1.7 1.3 1.5
RT only 3 0.6 0.7 0.9 1.1
RT only 4 0.9 0.9 0.9 0.8
RT only 5 1.3 1.1 1.3 1.3
RT only 6 1.2 0.9 1.3 1.1
RT only 7 1.3 1.1 1.1 0.8
RT only 8 0.8 0.5 0.1 0.0
Mean 1.0 1.0 0.9 0.9

SD 0.3 0.4 0.4 0.4

Group | Participant PRE POST +1h +3 h
HIT+RT 1 0.8 1.2 1.3 1.3
HIT+RT 2 1.4 1.4 1.3 1.1
HIT+RT 3 0.8 0.9 0.9 0.9
HIT+RT 4 0.5 0.7 0.7 0.8
HIT+RT 5 0.9 0.8 0.8 0.8
HIT+RT 6 0.6 0.9 0.9 1.1
HIT+RT 7 0.9 1.4 1.1 1.1
HIT+RT 8 1.9 15 14 1.3
Mean 1.0 1.1 1.1 1.0

SD 0.4 0.3 0.3 0.2

Group | Participant PRE POST +1h +3 h
MICT+RT 1 2.1 2.3 1.8 1.6
MICT+RT 2 1.1 1.0 0.8 1.0
MICT+RT 3 0.8 0.8 0.8 0.8
MICT+RT 4 1.0 1.0 1.0 11
MICT+RT 5 0.8 0.8 1.0 0.8
MICT+RT 6 0.6 0.8 1.6 0.7
MICT+RT 7 0.5 0.7 0.5 0.5
Mean 1.0 1.1 1.1 0.9

SD 0.5 0.6 0.5 0.4
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Total AMPK
Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +1h +3 h
RT only 1 1.1 1.0 1.0 0.8
RT only 2 14 15 1.3 1.3
RT only 3 1.0 1.0 1.2 1.0
RT only 4 0.9 0.9 1.0 1.2
RT only 5 1.0 1.2 1.0 1.1
RT only 6 1.1 1.2 1.0 0.9
RT only 7 0.7 0.9 0.8 0.8
RT only 8 0.8 0.9 1.1 1.0
Mean 1.0 1.1 1.0 1.0

SD 0.2 0.2 0.2 0.2

Group | Participant PRE POST +1h +3 h
HIT+RT 1 1.0 1.0 1.4 0.8
HIT+RT 2 1.3 15 1.9 14
HIT+RT 3 0.7 15 1.3 1.2
HIT+RT 4 11 11 1.3 1.0
HIT+RT 5 1.1 1.1 1.0 0.6
HIT+RT 6 0.5 1.2 14 1.2
HIT+RT 7 0.9 15 1.2 1.3
HIT+RT 8 1.3 1.4 1.4 1.2
Mean 1.0 1.3 14 1.1

SD 0.3 0.2 0.3 0.3

Group | Participant PRE POST +1h +3 h
MICT+RT 1 0.9 1.6 1.0 1.4
MICT+RT 2 1.3 1.0 11 1.2
MICT+RT 3 1.1 1.1 1.2 1.2
MICT+RT 4 1.0 11 11 1.0
MICT+RT 5 1.0 1.3 1.2 1.2
MICT+RT 6 1.0 1.0 0.8 0.8
MICT+RT 7 0.6 0.8 0.7 0.6
Mean 1.0 1.1 1.0 1.1

SD 0.2 0.3 0.2 0.3
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Adaptation to concurrent training: role of endurance training intensity

Study 2: gPCR data

MuRF-1 mRNA
Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +3 h
RT only 1 0.7 0.4 0.8
RT only 2 1.5 1.2 0.4
RT only 3 0.8 0.7 0.8
RT only 4 0.8 1.5 0.7
RT only 5 1.1 0.7 1.5
RT only 6 1.5 0.7 1.0
RT only 7 0.8 0.9 0.9
RT only 8 0.9 0.5 1.2
Mean 1.0 0.8 0.9

SD 0.3 0.4 0.3

Group | Participant PRE POST +3 h
HIT+RT 1 1.5 0.8 9.4
HIT+RT 2 1.1 0.9 2.8
HIT+RT 3 1.0 0.9 2.9
HIT+RT 4 0.7 0.6 2.7
HIT+RT 5 1.6 1.1 1.3
HIT+RT 6 0.4 0.9 1.3
HIT+RT 7 11 0.8 2.1
HIT+RT 8 0.7 0.5 1.4
Mean 1.0 0.8 3.0

SD 0.4 0.2 2.7

Group | Participant PRE POST +3 h
MICT+RT 1 1.2 1.3 2.2
MICT+RT 2 15 1.2 0.5
MICT+RT 3 1.6 1.0 0.7
MICT+RT 4 1.0 1.0 15
MICT+RT 5 0.5 0.4 1.6
MICT+RT 6 0.5 1.0 3.6
MICT+RT 7 0.7 11 0.5
Mean 1.0 1.0 1.5

SD 0.5 0.3 1.1
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Atrogin-1 mRNA
Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +3 h
RT only 1 0.6 0.5 0.4
RT only 2 1.4 0.9 0.3
RT only 3 0.9 0.9 0.6
RT only 4 0.5 1.7 0.3
RT only 5 1.5 0.8 0.7
RT only 6 0.9 0.7 0.5
RT only 7 0.9 0.9 0.5
RT only 8 1.2 0.5 0.4
Mean 1.0 0.9 0.5

SD 0.4 0.4 0.1

Group | Participant PRE POST +3 h
HIT+RT 1 15 1.0 14
HIT+RT 2 0.6 0.4 0.7
HIT+RT 3 1.1 1.0 0.9
HIT+RT 4 1.2 1.0 15
HIT+RT 5 1.1 1.2 1.0
HIT+RT 6 0.5 0.7 0.7
HIT+RT 7 1.4 0.6 0.8
HIT+RT 8 0.5 0.7 0.3
Mean 1.0 0.8 0.9

SD 0.4 0.3 0.4

Group | Participant PRE POST +3 h
MICT+RT 1 1.7 0.5 1.0
MICT+RT 2 1.3 0.6 0.6
MICT+RT 3 1.2 0.8 0.6
MICT+RT 4 11 14 0.8
MICT+RT 5 0.5 0.5 0.7
MICT+RT 6 0.6 0.9 1.6
MICT+RT 7 0.6 1.4 0.9
Mean 1.0 0.9 0.9

SD 0.5 0.4 0.3
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Adaptation to concurrent training: role of endurance training intensity

PGC-10 mRNA
Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +3 h
RT only 1 0.5 0.6 1.1
RT only 2 1.3 0.9 0.4
RT only 3 0.8 0.5 0.9
RT only 4 11 1.2 1.0
RT only 5 1.8 1.0 1.2
RT only 6 0.9 0.5 1.3
RT only 7 0.5 0.5 0.6
RT only 8 1.0 0.6 0.7
Mean 1.0 0.7 0.9

SD 0.4 0.3 0.3

Group | Participant PRE POST +3 h
HIT+RT 1 0.9 0.8 11.2
HIT+RT 2 1.0 1.3 5.6
HIT+RT 3 1.2 0.7 12.1
HIT+RT 4 15 0.9 10.9
HIT+RT 5 1.0 0.9 6.8
HIT+RT 6 0.6 0.7 7.2
HIT+RT 7 1.1 0.8 4.3
HIT+RT 8 0.7 0.9 8.7
Mean 1.0 0.9 8.4

SD 0.3 0.2 2.8

Group | Participant PRE POST +3 h
MICT+RT 1 0.6 0.4 3.6
MICT+RT 2 0.4 0.2 2.5
MICT+RT 3 0.5 0.4 0.9
MICT+RT 4 0.7 0.4 3.8
MICT+RT 5 4.1 0.3 2.3
MICT+RT 6 0.2 0.3 5.0
MICT+RT 7 0.5 0.4 1.1
Mean 1.0 0.4 2.7

SD 14 0.1 15
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TIF-1A mRNA
Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +3 h
RT only 1 0.9 11 15
RT only 2 1.1 0.9 1.2
RT only 3 1.6 1.1 1.3
RT only 4 0.8 0.8 1.3
RT only 5 1.2 1.1 1.2
RT only 6 0.8 1.0 1.3
RT only 7 0.7 0.5 0.7
RT only 8 0.9 0.9 0.9
Mean 1.0 0.9 1.2
SD 0.3 0.2 0.2
Group | Participant PRE POST +3 h
HIT+RT 1 0.8 0.9 0.5
HIT+RT 2 0.9 0.7 0.5
HIT+RT 3 1.4 1.3 2.1
HIT+RT 4 14 1.2 1.2
HIT+RT 5 1.0 0.8 1.1
HIT+RT 6 11 0.7 0.9
HIT+RT 7 0.7 0.6 0.8
HIT+RT 8 0.8 0.9 1.5
Mean 1.0 0.9 1.1
SD 0.3 0.2 0.5
Group | Participant PRE POST +3 h
MICT+RT 1 1.3 1.0 15
MICT+RT 2 0.9 0.8 1.7
MICT+RT 3 1.0 1.0 1.2
MICT+RT 4 1.2 1.2 14
MICT+RT 5 0.7 0.7 0.8
MICT+RT 6 0.9 0.9 1.0
MICT+RT 7
Mean 1.0 0.9 1.2
SD 0.2 0.2 0.3
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Adaptation to concurrent training: role of endurance training intensity

UBF mRNA
Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +3 h
RT only 1 1.1 0.9 0.9
RT only 2 1.1 0.9 0.5
RT only 3 0.9 0.7 1.0
RT only 4 1.0 1.2 0.4
RT only 5 1.2 1.0 1.0
RT only 6 1.0 0.7 0.6
RT only 7 0.7 1.0 0.6
RT only 8 0.9 0.7 0.7
Mean 1.0 0.9 0.7

SD 0.2 0.2 0.2

Group | Participant PRE POST +3 h
HIT+RT 1 1.3 1.2 1.7
HIT+RT 2 0.8 11 0.9
HIT+RT 3 1.3 1.1 1.5
HIT+RT 4 1.0 0.9 0.9
HIT+RT 5 1.1 1.3 1.0
HIT+RT 6 0.8 1.0 0.6
HIT+RT 7 1.2 1.0 0.7
HIT+RT 8 0.5 0.8 0.7
Mean 1.0 1.0 1.0

SD 0.3 0.2 0.4

Group | Participant PRE POST +3 h
MICT+RT 1 1.0 1.1 0.8
MICT+RT 2 1.2 1.3 0.9
MICT+RT 3 1.3 1.0 0.7
MICT+RT 4 1.0 1.0 1.2
MICT+RT 5 0.8 0.7 0.8
MICT+RT 6 0.8 11 14
MICT+RT 7 0.9 1.2 0.7
Mean 1.0 1.0 0.9

SD 0.2 0.2 0.2
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Cyclin D1 mRNA
Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +3 h
RT only 1 2.0 1.2 2.7
RT only 2 1.7 1.8 0.9
RT only 3 1.1 1.3 1.1
RT only 4 0.6 1.0 1.5
RT only 5 1.2 0.9 1.4
RT only 6 0.6 0.4 0.4
RT only 7 0.0 0.6 0.9
RT only 8 0.7 0.9 0.6
Mean 1.0 1.0 1.2

SD 0.6 0.4 0.7

Group | Participant PRE POST +3 h
HIT+RT 1 1.6 4.4 10.0
HIT+RT 2 1.6 3.5 1.5
HIT+RT 3 0.8 1.6 2.4
HIT+RT 4 0.4 0.7 1.2
HIT+RT 5 0.7 1.0 1.4
HIT+RT 6 1.0 2.0 1.3
HIT+RT 7 0.7 2.8 3.2
HIT+RT 8 11 14 1.2
Mean 1.0 2.2 2.8

SD 0.4 1.3 3.0

Group | Participant PRE POST +3 h
MICT+RT 1 1.2 2.0 1.6
MICT+RT 2 1.4 2.6 2.0
MICT+RT 3 1.7 0.8 0.8
MICT+RT 4 0.9 1.6 2.8
MICT+RT 5 1.0 0.5 0.9
MICT+RT 6 0.4 0.8 1.2
MICT+RT 7 0.4 1.2 0.6
Mean 1.0 14 14

SD 0.5 0.8 0.8
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Adaptation to concurrent training: role of endurance training intensity

POLR1B mRNA
Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +3 h
RT only 1 1.0 0.8 1.2
RT only 2 1.0 0.9 0.8
RT only 3 1.0 0.7 1.4
RT only 4 0.9 1.2 0.6
RT only 5 1.7 0.9 1.1
RT only 6 0.8 0.5 0.6
RT only 7 0.7 0.4 0.4
RT only 8 1.0 0.6 0.5
Mean 1.0 0.8 0.8

SD 0.3 0.3 0.4

Group | Participant PRE POST +3 h
HIT+RT 1 14 14 2.9
HIT+RT 2 0.8 1.1 0.7
HIT+RT 3 0.9 1.0 2.4
HIT+RT 4 1.0 0.9 1.5
HIT+RT 5 1.2 1.1 1.6
HIT+RT 6 0.9 0.8 1.0
HIT+RT 7 0.9 0.9 1.2
HIT+RT 8 0.8 0.9 1.3
Mean 1.0 1.0 1.6

SD 0.2 0.2 0.8

Group | Participant PRE POST +3 h
MICT+RT 1 1.3 11 1.3
MICT+RT 2 1.2 1.2 1.9
MICT+RT 3 1.2 0.9 1.2
MICT+RT 4 1.3 1.3 1.8
MICT+RT 5 0.5 0.3 0.8
MICT+RT 6 0.8 0.8 2.0
MICT+RT 7 0.7 1.1 0.9
Mean 1.0 1.0 14

SD 0.3 0.3 0.5
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Fox-O1 mRNA
Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +3 h
RT only 1 1.7 1.7 1.8
RT only 2 0.6 1.1 0.9
RT only 3 0.9 0.9 1.4
RT only 4 11 14 14
RT only 5 0.8 1.3 0.9
RT only 6 1.2 1.1 1.2
RT only 7 0.7 1.3 1.1
RT only 8 1.0 1.2 2.1
Mean 1.0 1.2 14

SD 0.3 0.2 0.4

Group | Participant PRE POST +3 h
HIT+RT 1 1.3 1.2 2.5
HIT+RT 2 1.2 1.6 5.2
HIT+RT 3 1.3 1.0 2.3
HIT+RT 4 1.2 11 1.7
HIT+RT 5 0.0 1.2 2.5
HIT+RT 6 1.0 0.5 14
HIT+RT 7 1.1 0.4 2.1
HIT+RT 8 0.9 1.4 3.9
Mean 1.0 1.0 2.7

SD 0.4 0.4 1.2

Group | Participant PRE POST +3 h
MICT+RT 1 0.7 0.8 2.3
MICT+RT 2 1.2 2.7 2.1
MICT+RT 3 1.1 1.9 1.0
MICT+RT 4 11 1.0 11
MICT+RT 5 0.3 0.7 2.9
MICT+RT 6 11 1.3 1.9
MICT+RT 7 1.4 1.2 1.4
Mean 1.0 14 1.8

SD 0.4 0.7 0.7
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Adaptation to concurrent training: role of endurance training intensity

Total RNA (ng-mg™ wet mass)

Group Participant | PRE POST A_1PRE
(ng-mg~ wet mass)
RT only 1 860.9 709.6 -151.4
RT only 2 1228.4 947.2 -281.2
RT only 3 1144.7 660.5 -484.2
RT only 4 665.9 651.4 -14.5
RT only 5 1923.3 785.4 -1137.9
RT only 6 440.0 318.0 -122.0
RT only 7 379.8 3715 -8.3
RT only 8 580.0 547.9 -32.1
Mean 902.9 623.9 -278.9
SD 514.9 208.1 382.6
Group Participant | PRE POST A_1PRE
(ng-mg™~ wet mass)
HIT+RT 1 451.0 605.7 154.7
HIT+RT 2 649.1 857.3 208.2
HIT+RT 3 259.4 607.9 348.5
HIT+RT 4 199.3 576.6 377.3
HIT+RT 5 535.0 744.3 209.3
HIT+RT 6 494.6 534.3 39.7
HIT+RT 7 606.6 685.9 79.3
HIT+RT 8 549.2 579.1 29.9
Mean 468.0 648.9 180.9
SD 160.3 107.4 132.0
Group Participant | PRE POST A_1PRE
(ng-mg~ wet mass)
MICT+RT 1 701.4 681.2 -20.2
MICT+RT 2 490.7 1061.6 570.9
MICT+RT 3 639.2 629.1 -10.0
MICT+RT 4 558.1 759.4 201.4
MICT+RT 5 355.8 451.4 95.6
MICT+RT 6 360.4 463.5 103.1
MICT+RT 7 559.4 638.0 78.5
Mean 523.6 669.2 145.6
SD 131.2 206.0 201.9
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45S pre-rRNA
Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +3 h
RT only 1 1.3 1.1 2.3
RT only 2 1.9 0.6 0.4
RT only 3 1.2 0.4 0.5
RT only 4 0.3 0.8 0.4
RT only 5 1.5 0.9 1.3
RT only 6 0.5 0.4 0.7
RT only 7 0.4 0.3 0.4
RT only 8 0.7 0.4 0.4
Mean 1.0 0.6 0.8

SD 0.6 0.3 0.7

Group | Participant PRE POST +3 h
HIT+RT 1 1.8 2.3 6.9
HIT+RT 2 1.1 1.6 0.7
HIT+RT 3 0.8 1.0 6.0
HIT+RT 4 1.0 0.7 2.0
HIT+RT 5 0.9 0.9 1.7
HIT+RT 6 0.9 0.7 0.7
HIT+RT 7 0.9 0.8 1.1
HIT+RT 8 0.5 0.8 1.0
Mean 1.0 1.1 2.5

SD 0.4 0.6 2.5

Group | Participant PRE POST +3 h
MICT+RT 1 1.3 1.3 1.4
MICT+RT 2 15 2.7 2.6
MICT+RT 3 1.1 1.0 0.8
MICT+RT 4 1.2 1.3 4.6
MICT+RT 5 0.5 0.5 0.9
MICT+RT 6 0.7 1.0 2.1
MICT+RT 7 0.7 1.0 1.1
Mean 1.0 1.3 1.9

SD 0.4 0.7 1.3
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Adaptation to concurrent training: role of endurance training intensity

5.8S rRNA (mature)
Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +3 h
RT only 1 1.0 0.4 15
RT only 2 2.7 0.6 0.4
RT only 3 0.9 0.5 0.8
RT only 4 0.4 0.7 0.3
RT only 5 0.7 0.6 0.9
RT only 6 1.0 0.3 0.4
RT only 7 0.4 0.2 0.2
RT only 8 0.9 0.2 0.4
Mean 1.0 0.4 0.6

SD 0.7 0.2 0.4

Group | Participant PRE POST +3 h
HIT+RT 1 1.6 1.8 7.8
HIT+RT 2 0.9 1.1 0.5
HIT+RT 3 0.4 0.9 2.7
HIT+RT 4 0.8 0.7 2.0
HIT+RT 5 1.8 1.3 1.0
HIT+RT 6 0.7 0.9 0.7
HIT+RT 7 1.3 1.1 1.0
HIT+RT 8 0.6 0.6 0.8
Mean 1.0 1.0 2.1

SD 0.5 0.4 2.4

Group | Participant PRE POST +3 h
MICT+RT 1 1.2 14 1.0
MICT+RT 2 15 1.7 1.4
MICT+RT 3 14 0.7 0.8
MICT+RT 4 1.4 2.0 5.7
MICT+RT 5 0.3 0.2 0.8
MICT+RT 6 0.6 0.9 2.2
MICT+RT 7 0.6 0.9 0.7
Mean 1.0 1.1 1.8

SD 0.5 0.6 1.8
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18S rRNA (mature)
Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +3 h
RT only 1 1.0 0.5 11
RT only 2 1.4 1.1 0.7
RT only 3 0.8 0.7 0.9
RT only 4 1.1 1.7 0.6
RT only 5 1.2 0.7 1.2
RT only 6 1.4 0.8 0.6
RT only 7 0.0 1.1 0.6
RT only 8 1.1 0.7 0.8
Mean 1.0 0.9 0.8

SD 0.4 0.4 0.2

Group | Participant PRE POST +3 h
HIT+RT 1 15 1.0 4.0
HIT+RT 2 0.8 1.1 1.2
HIT+RT 3 0.5 0.6 11
HIT+RT 4 0.6 0.7 1.2
HIT+RT 5 1.3 11 0.9
HIT+RT 6 0.8 1.2 0.8
HIT+RT 7 1.6 1.1 1.2
HIT+RT 8 0.9 1.0 0.9
Mean 1.0 1.0 1.4

SD 0.4 0.2 1.0

Group | Participant PRE POST +3 h
MICT+RT 1 0.5 0.6 0.4
MICT+RT 2 0.6 0.8 0.4
MICT+RT 3 1.0 0.5 0.4
MICT+RT 4 3.6 0.6 0.7
MICT+RT 5) 0.5 0.4 0.5
MICT+RT 6 0.4 0.5 0.8
MICT+RT 7 0.4 0.5 0.3
Mean 1.0 0.6 0.5

SD 1.2 0.1 0.2
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Adaptation to concurrent training: role of endurance training intensity

28S rRNA (mature)
Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +3 h
RT only 1 1.2 0.8 1.2
RT only 2 1.6 0.8 0.4
RT only 3 0.9 0.5 0.5
RT only 4 0.5 0.9 0.6
RT only 5 1.6 0.9 1.6
RT only 6 0.7 0.4 0.5
RT only 7 0.5 0.5 0.4
RT only 8 0.9 0.4 0.6
Mean 1.0 0.6 0.7

SD 0.4 0.2 0.4

Group | Participant PRE POST +3 h
HIT+RT 1 1.3 1.7 4.6
HIT+RT 2 0.9 1.3 0.7
HIT+RT 3 0.6 0.9 3.2
HIT+RT 4 0.9 1.0 1.4
HIT+RT 5 1.2 1.2 1.0
HIT+RT 6 0.8 1.0 0.6
HIT+RT 7 1.4 1.0 1.1
HIT+RT 8 0.8 1.0 0.9
Mean 1.0 1.1 1.7

SD 0.3 0.3 1.4

Group | Participant PRE POST +3 h
MICT+RT 1 1.1 1.2 0.9
MICT+RT 2 1.3 1.6 1.0
MICT+RT 3 1.2 0.8 0.7
MICT+RT 4 1.2 1.3 2.6
MICT+RT 5 0.7 0.8 0.9
MICT+RT 6 0.7 1.0 1.6
MICT+RT 7 0.7 0.9 0.7
Mean 1.0 1.1 1.2

SD 0.3 0.3 0.7
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5.8S rRNA (span)
Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +3 h
RT only 1 1.1 0.8 1.2
RT only 2 1.5 0.7 0.5
RT only 3 0.9 0.5 0.7
RT only 4 0.6 0.9 0.4
RT only 5 1.7 0.9 1.6
RT only 6 0.9 0.4 0.4
RT only 7 0.4 0.5 0.3
RT only 8 0.9 0.4 0.4
Mean 1.0 0.6 0.7

SD 0.4 0.2 0.5

Group | Participant PRE POST +3 h
HIT+RT 1 1.5 1.8 7.3
HIT+RT 2 1.1 1.4 1.4
HIT+RT 3 1.2 1.4 3.8
HIT+RT 4 1.0 0.7 1.6
HIT+RT 5 0.3 1.5 1.5
HIT+RT 6 1.0 N/A 1.2
HIT+RT 7 1.2 1.3 1.0
HIT+RT 8 0.8 0.9 0.9
Mean 1.0 1.3 2.3

SD 0.4 0.4 2.2

Group | Participant PRE POST +3 h
MICT+RT 1 1.0 1.3 1.0
MICT+RT 2 1.2 2.0 1.7
MICT+RT 3 1.4 0.6 0.8
MICT+RT 4 1.1 1.4 2.9
MICT+RT 5 1.1 0.4 1.0
MICT+RT 6 0.6 0.8 1.7
MICT+RT 7 0.6 0.9 0.6
Mean 1.0 1.1 14

SD 0.3 0.6 0.8
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Adaptation to concurrent training: role of endurance training intensity

18S rRNA (span)
Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +3 h
RT only 1 15 1.6 2.7
RT only 2 0.6 0.4 0.3
RT only 3 1.5 0.6 1.6
RT only 4 0.6 1.1 0.5
RT only 5 0.7 0.6 0.4
RT only 6 1.1 0.6 1.5
RT only 7 0.3 0.1 0.4
RT only 8 1.6 0.9 0.5
Mean 1.0 0.7 1.0

SD 0.5 0.5 0.9

Group | Participant PRE POST +3 h
HIT+RT 1 1.2 1.6 14
HIT+RT 2 0.4 0.4 0.1
HIT+RT 3 5.0 3.6 6.3
HIT+RT 4 0.2 0.1 0.3
HIT+RT 5 0.1 1.2 1.8
HIT+RT 6 0.5 0.3 0.3
HIT+RT 7 0.2 0.3 2.2
HIT+RT 8 0.3 0.6 0.9
Mean 1.0 1.0 1.7

SD 1.6 1.2 2.0

Group | Participant PRE POST +3 h
MICT+RT 1 0.6 0.3 0.5
MICT+RT 2 0.6 0.7 2.0
MICT+RT 3 2.3 1.8 15
MICT+RT 4 3.1 2.7 3.0
MICT+RT 5 0.1 0.1 0.2
MICT+RT 6 0.2 0.3 0.9
MICT+RT 7 0.1 0.1 0.2
Mean 1.0 0.9 1.2

SD 1.2 1.0 1.0
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28S rRNA (span)
Data expressed as fold change from PRE (AU)

Group | Participant PRE POST +3 h
RT only 1 1.2 0.8 1.2
RT only 2 1.6 0.8 0.4
RT only 3 0.9 0.5 0.5
RT only 4 0.5 0.9 0.6
RT only 5 1.6 0.9 1.6
RT only 6 0.7 0.4 0.5
RT only 7 0.5 0.5 0.4
RT only 8 0.9 0.4 0.6
Mean 1.0 0.6 0.7

SD 0.4 0.2 0.4

Group | Participant PRE POST +3 h
HIT+RT 1 1.3 1.7 4.6
HIT+RT 2 0.9 1.3 0.7
HIT+RT 3 0.6 0.9 3.2
HIT+RT 4 0.9 1.0 1.4
HIT+RT 5 1.2 1.2 1.0
HIT+RT 6 0.8 1.0 0.6
HIT+RT 7 1.4 1.0 1.1
HIT+RT 8 0.8 1.0 0.9
Mean 1.0 1.1 1.7

SD 0.3 0.3 1.4

Group | Participant PRE POST +3 h
MICT+RT 1 1.1 1.2 0.9
MICT+RT 2 1.3 1.6 1.0
MICT+RT 3 1.2 0.8 0.7
MICT+RT 4 1.2 1.3 2.6
MICT+RT 5 0.7 0.8 0.9
MICT+RT 6 0.7 1.0 1.6
MICT+RT 7 0.7 0.9 0.7
Mean 1.0 1.1 1.2

SD 0.3 0.3 0.7
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Adaptation to concurrent training: role of endurance training intensity

Study 2: Immunohistochemical data

Type | muscle fibre CSA (um?)

Group Participant PRE POST A PRE (um?)
RT only 1 5718.5 6563.3 844.8
RT only 2 4747.3 7863.5 3116.2
RT only 3 4608.8 5400.6 791.8
RT only 4 9411.1 7632.4 2221.4
RT only 5 3315.0 3588.5 273.5
RT only 6 4016.1 2962.3 -1053.8
RT only 7 3952.6 4720.7 768.1
RT only 8 4537.7 Insufficient sample -
Mean 4538.5 5533.1 994.6
SD 848.1 19134 1343.9
Group Participant PRE POST A PRE (pm?)
HIT+RT 1 4535.6 3324.9 -1210.7
HIT+RT 2 5618.0 6854.9 1237.0
HIT+RT 3 5600.7 5274.9 -325.9
HIT+RT 4 8543.6 6462.8 -2080.8
HIT+RT 5 5372.5 6339.7 967.3
HIT+RT 6 8100.2 3943.6 -4156.6
HIT+RT 7 Insufficient sample -
HIT+RT 8 9217.6 4082.4 -5135.2
Mean 6712.6 5183.3 -1529.3
SD 1849.4 1413.0 2437.3
Group Participant PRE POST A PRE (pm?)
MICT+RT 1 5144.1 6012.6 868.5
MICT+RT 2 Insufficient sample 5770.8 -
MICT+RT 3 7244.9 4951.0 -2293.9
MICT+RT 4 2075.2 7442.6 5367.4
MICT+RT 5 4072.2 4535.3 463.1
MICT+RT 6 5855.2 3719.5 -2135.6
MICT+RT 7 8661.3 4163.9 -4497.4
Mean 5508.8 5228.0 -371.3
SD 2326.3 1276.7 3435.1
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Type 11 muscle fibre CSA (um?)

Appendices

Group Participant PRE POST A PRE (um?)
RT only 1 7349.3 7565.3 216.0
RT only 2 5037.7 9660.0 4622.3
RT only 3 6251.4 6405.9 154.5
RT only 4 6210.9 8548.5 2337.6
RT only 5 4235.8 4646.4 410.6
RT only 6 4394.2 3694.5 -699.7
RT only 7 3590.1 4667.9 1077.7
RT only 8 4598.7 Insufficient sample -
Mean 5295.6 6455.5 1159.9
SD 1346.6 2235.1 1793.6
Group Participant PRE POST A PRE (pm?)
HIT+RT 1 5167.2 3809.3 -1358.0
HIT+RT 2 4971.7 8171.9 3200.1
HIT+RT 3 5261.1 5454.9 193.8
HIT+RT 4 8673.8 9902.9 1229.1
HIT+RT 5 7294.0 7063.3 -230.8
HIT+RT 6 7891.4 5285.0 -2606.4
HIT+RT 7 Insufficient sample -
HIT+RT 8 6032.0 6660.3 628.3
Mean 6470.2 6621.1 150.9
SD 1480.5 2017.6 1858.1
Group Participant PRE POST A PRE (pm?)
MICT+RT 1 6036.2 6722.5 686.3
MICT+RT 2 Insufficient sample 6297.2 -
MICT+RT 3 6742.9 5641.3 -1101.5
MICT+RT 4 2627.7 5841.5 3213.8
MICT+RT 5 4249.0 5327.1 1078.0
MICT+RT 6 6106.5 5695.4 -411.1
MICT+RT 7 4542.9 4568.3 25.4
Mean 5050.9 5727.6 581.8
SD 1531.1 688.0 1504.2
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Adaptation to concurrent training: role of endurance training intensity

Study 2: Post-training single-bout exercise trial data

Venous blood lactate (mmol-L™)

Time point during exercise

.- : 10 16 | 22 | 28 | 34 | 42 | +5 | +10 | +15 End +2 | +5 | +10 | +30 | +60 | +90 | +180
Participant | Trial | Rest . . : . . ; ; : : leg . ; . : : : .
min | min | min | min | min | min | Min | Min | min Dress min | min | min | min | min | min | min
1 HIT+RT | 0.5 25 |43 160 |74 /79|78 |74]59|55| 63 [70]|64|53|22]13|08]| 06
2 HIT+RT | 1.2 | 34 |74 82|96 |85[99]92 83|66 | 26 |27 26|21 |12|13 |06 | 08
3 HIT+RT | 0.7 20 | 45|69 |68 |75|66|63|56[39| 32 [32]32|21]14]08]09) 07
4 HIT+RT | 0.5 28 |71 ]78|84 /83|88 85|68[63| 32 [29]29 2319|1207 06
5 HIT+RT | 0.6 21 |45 |66 |66 |66 |70|78|64[59| 38 [43]40/30|18]15|08| 038
6 HIT+RT | 08 | 33 |64 | 68 |69 | 75|76 |76 64|46 | 24 |25 25|24 |13 |12|08]| 07
7 HIT+RT | 0.6 22 |36 43|49 4539|4031 [25| 25 [23]19|15]12]09 /07| 06
8 HIT+RT | 1.0 23 |52 |77 |77 |71]|70|68|53[42| 39 [39]30|21]|15]16 |09/ 07
Mean 0.7 26 | 5468|7372 |73 ]72]60[49| 35 [36|33 /2616|1208 07
SD 03] 05 |14]12 |14 |13|17]16 1514 ] 13 [15]14/12]04]03]01 ) 01
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Time point during exercise

- . 10 16 | 22 | 28 | 34 | +2 | +5 | +10 | +15 End +2 | +5 | +10 | +30 | +60 | +90 | +180
Participant Trial Rest . . : ) . : ; : : leg : ; : X X . :
min [ min | min [ min | min | min | min | min | Min Dress min | Mmin | Mmin | min | Mmin | Mmin | min
1 MICT+RT | 1.2 16 | 29| 26| 26|24 |20| 18| 1.7 |14 2.3 21|18 | 17|08 |07 | 07| 04
2 MICT+RT | 0.7 19 [ 29|29 (34|36 |26 |31| 24 | 18 3.7 44 | 38 |27 |14 |10 | 07| 05
3 MICT+RT | 0.8 20 | 22|21 |18 |18 |16 |14 | 1.1 | 0.8 1.1 10| 08|08 |05|05| 06| 06
4 MICT+RT | 0.8 26 | 35|37 38|41 |35 |28 22 |16 3.6 351302109 | 11|08
5 MICT+RT | 0.5 19 |37 |40| 39|41 |32 |32| 27 |21 1.2 1313|1209 |07 | 06| 08
6 MICT+RT | 0.3 10 |16 | 22| 23|22 |17 |13 | 09 |08 3.3 38136 |24 |12 |06 | 05| 04
7 MICT+RT | 0.5 12 | 17|18 | 17|18 | 20| 15| 14 | 14 1.2 1113|1107 |07 |06]| 05
Mean 0.7 17 | 26| 27| 28|28 |24 |22 | 18 | 14 2.4 2512217109 |07 |06 ]| 05
SD 0.3 05 |08 |08|09|11]08|08]| 07 |05 1.2 14|12 |07 |03]02]01]| 02
Time point during exercise
End
Participant Trial Rest | leg +.2 +.5 +l.0 +?30 +§O +90 +1.80
Dress min | min | min | min | min | min | min
1 RTonly | 0.8 32 | 38|38 |26 |43 |06 |07 ]| 06
2 RTonly | 0.8 24 | 19| 20|16 | 09| 08| 07| 07
3 RTonly | 0.9 10 [ 13|14 10|07 |06 |06 | 04
4 RTonly | 0.8 28 | 3738|3318 | 12|09 ]| 09
5 RTonly | 0.6 21 | 21|18 |13 |05|05|03| 03
6 RTonly | 05 18 | 18| 12| 10| 05|04 | 04| 03
7 RTonly | 0.6 19 | 20| 18| 15|09 | 07| 05| 06
8 RT only 0.6 14 1720|1509 | 10| 08| 0.6
Mean 0.7 21 | 23|22 |17 |13 |07 06| 05
SD 0.2 07 | 09|10|08|13]03|02]| 0.2
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Venous blood glucose (mmol-L™)

Time point during exercise

.- : 10 16 | 22 | 28 | 34 | 42 | +5 | +10 | +15 End +2 | +5 | +10 | +30 | +60 | +90 | +180
Participant Trial Rest : . : . . : . : : leg : . . X X : :
min | min | min | min | min | min | min | Min | min Dress min | min | min | min | min | min | Min
1 HIT+RT | 5.7 58 |59 |59 58|62 |67 |66 |65 |56| 63 |46 |47 |49 |45 |45 |46 | 45
2 HIT+RT | 3.7 40 |48 |52 626984 |79 |72 |67 | 37 |40 41|41 |46 |45 |47 | 46
3 HIT+RT | 45 43 |46 |51 |49 |52 |54 |54 |55 51| 42 |47 |49 | 45|46 |47 |45 ]| 46
4 HIT+RT | 6.0 60 |58 |58 |68 |68|76|75|68 62| 49 |50|51 |48 |48 50|48 5.1
5 HIT+RT | 4.1 35 | 3333|3436 (383937 38| 39 |42[39[39]40|43]41] 40
6 HIT+RT | 5.0 48 |53 |56 |59 7573|7269 63| 46 |47 |47 |46 |43 |47 |44 | 47
7 HIT+RT | 4.4 44 |43 143 |48 50|51 |53 |45 49| 44 |47 |44 |44 |45 |45 |46 | 45
8 HIT+RT | 4.2 40 |46 |51 |58|59]61 61|61 |46 | 38 |40 |44 41|44 |51 |45 | 48
Mean 0.7 26 | 54|68 73|72 |73|72|60 49| 35 |36 |33 |26[16 12|08 07
SD 0.3 05 14|12 ]14]13 |17 16|15 |14] 13 |15]/14]12]0403]01] 01
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Time point during exercise

. . 10 16 | 22 | 28 | 34 | +2 | +5 | +10 | +15 End +2 | +5 | +10 | +30 | +60 | +90 | +180
Participant Trial Rest . . : . . ; ; . . leg : ; . ; : : .
min | min | min | min | Min | Min | min | Min | Min Dress min | min | min | Min | Min | min | mMin
1 MICT+RT | 5.3 52 | 54 |42 |42 |41 |42 |45 | 46 | 46 50 |47 |47 |49 |48 | 45| 45| 46
2 MICT+RT | 4.8 47 | 46 | 45| 46 |46 | 45|49 | 48 | 47 | 49 51|49 |45 | 47 | 45| 46 | 44
3 MICT+RT | 45 46 |45 |45 |43 |43 |44 | 45| 45 |44 | 47 |44 |46 | 45|45 |42 | 43| 40
4 MICT+RT | 4.6 47 |45 |44 | 45 |45 | 46 | 47| 46 |47 | 45 |46 |45 | 45| 46 | 44 | 44
5 MICT+RT | 4.7 46 | 45|44 149 |51 |54 56| 53 |52 46 |47 |49 |47 |50 |46 | 47| 51
6 MICT+RT | 3.6 40 |38 (39|38 [39 |40 |43 | 40 |37 | 44 |48 |48 |46 |47 |43 |42 | 40
7 MICT+RT | 4.2 40 |36 37|40 |38 |41 |43 | 41 |43 | 43 |42 |44 |43 |47 |45 | 45| 46
Mean 0.7 1.7 26 | 27 28|28 |24 |22 | 18 |14 | 24 |25 |22 |17 ]09 07|06 05
SD 0.3 05 | 08/08[09]11/08[08] 07 |05 1.2 14 11207 ,03]02]01] 0.2
Time point during exercise
End
Participant Trial Rest | leg +.2 +.5 +1.O +30 +6.0 +90 +1-80
Dress min | min | min | Min | min | min | Min
1 RTonly | 5.0 46 |46 | 47|48 |49 | 32|46 | 45
2 RTonly | 44 45 | 44 | 45| 46 | 45 | 46 | 47 | 46
3 RTonly | 4.9 52 | 53|55 |53 |51]|46 |48 ]| 45
4 RTonly | 53 52 | 54 | 53|56 |50|50]|46 ]| 44
5 RTonly | 4.6 44 |45 | 45|43 |46 |42 |39 | 43
6 RTonly | 45 47 | 46 | 45|45 |44 |42 | 44 | 45
7 RTonly | 44 46 |47 |44 |45 |47 | 43 | 43 | 49
8 RTonly | 44 44 | 44 | 46 | 45|45 | 43 | 45 | 438
Mean 0.7 2.1 23 12217130706 ]| 05
SD 0.2 07 109,10/ 08|13]03]02] 0.2
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Heart rate (beats-min™)

Time point during cycling
Participant Trial Rest | 10 min 16 min | 22min | 28 min 34 min

1 HIT+RT 72 154 160 168 175 176
2 HIT+RT 48 171 178 182 187 187
3 HIT+RT 67 150 162 168 171 175
4 HIT+RT 72 148 158 160 162 168
5 HIT+RT 65 145 154 160 162 166
6 HIT+RT 58 162 169 169 176 179
7 HIT+RT 75 147 150 152 156 158
8 HIT+RT 45 157 167 171 167 172

Mean 63 154 162 166 170 173

SD 11 9 9 9 10 9

Time point during cycling
Participant Trial Rest | 10min | 16min | 22min | 28 min 34 min

1 MICT+RT | 72 139 145 144 144 148
2 MICT+RT | 65 148 158 160 160 161
3 MICT+RT | 66 136 140 144 148 152
4 MICT+RT | 72 164 165 169 169 171
5 MICT+RT | 56 140 146 150 154 155
6 MICT+RT | 65 140 158 162 169 172
7 MICT+RT | 68 111 115 118 119 121
Mean 66 140 147 150 152 154

SD 5 16 17 17 17 17
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Rating of perceived exertion (RPE) (AU)

Time point during cycling

Participant Trial Rest | 10 min 16 min 22 min 28 min 34 min
1 HIT+RT 6 15 17 18 19 19
2 HIT+RT 6 15 17 19 20 20
3 HIT+RT 6 11 12 13 14 15
4 HIT+RT 6 13 17 20 20 20
5 HIT+RT 6 11 13 16 18 19
6 HIT+RT 6 11 13 15 15 15
7 HIT+RT 6 9 12 15 17 19
8 HIT+RT 6 16 18 19 20 20

Mean 6 13 15 17 18 18
SD 0 3 3 2 2 2
Time point during cycling

Participant Trial Rest | 10 min 16 min 22 min 28 min 34 min
1 MICT+RT 6 11 12 12 12 12
2 MICT+RT 6 14 15 15 16 16
3 MICT+RT 6 11 12 12 12 12
4 MICT+RT 6 11 13 15 16 16
5 MICT+RT 6 8 9 10 11 11
6 MICT+RT 6 12 12 12 13 13
7 MICT+RT 6 13 14 15 15 15

Mean 6 11 12 13 14 14
SD 0 2 2 2 2 2

Appendices
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Adaptation to concurrent training: role of endurance training intensity

Appendix M: Within-trial comparison data for Study 1 (Chapter 3)°*°

¥ Within-trial comparisons for Study 1 are only reported for the RE trial as this was the only trial in which a true resting muscle biopsy obtained.
19 Magnitude-based inference data were calculated using 0.40 as the smallest worthwhile effect
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Mean difference

Standardised effect size

Qualitative

Measure Trial Comparison (ES) Eff«_act I';(fe“hOOd Of trge P value
o % CL Es (d 190% CL magnitude e fect magnitude
Yo difference +90% (d) +90% being substantial
Muscle glycogen RE PRE-+1h 10 13 0.41 0.48 small possibly 0.260
PRE - +3h 1.6 11 0.07 0.45 trivial unlikely 0.791
+1h-+3h -7.9 7.5 -0.34 0.33 small most unlikely 0.146
p-mTOR RE PRE-+1h 37 38 0.24 0.21 small unlikely 0.163
PRE -+3h -14 59 -0.11 0.48 trivial unlikely 0.658
+1h-+3h -37 35 -0.35 0.40 small possibly 0.126
p-p70S6K1 RE PRE-+1h 171 95 1.39 0.48 large most likely 0.002
PRE-+3h 65 56 0.70 0.47 moderate likely 0.025
+1h-+3h -39 27 -0.70 0.61 moderate likely 0.056
p-4E-BP1 RE PRE-+1h 9 20 0.07 0.14 trivial most unlikely 0.379
PRE -+3h -18 18 -0.16 0.18 trivial very unlikely 0.471
+1h-+3h -25 20 -0.23 0.21 small unlikely 0.364
p-eEF2 RE PRE-+1h -10 21 -0.43 0.94 small possibly 0.472
PRE-+3h -20 39 -0.93 1.92 moderate possibly 0.403
+1h-+3h -11 24 -0.50 1.12 moderate possibly 0.400
p-rps6 RE PRE-+1h 215 155 1.21 0.50 moderate very likely 0.029
PRE-+3h 203 226 1.17 0.73 moderate very likely 0.018
+1h-+3h -4 111 -0.04 1.04 trivial possibly 0.941
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Mean difference

Standardised effect size

Qualitative

Measure Trial Comparison : (ES) ma%frf]?fj de L:If(feet'[](r)r?:g(r)w];tggg P value
% difference 1+90% CL ES (d) +90% CL being substantial

p-GSK-3p RE PRE-+1h 130 87 0.70 0.31 moderate likely 0.002
PRE-+3h 59 59 0.39 0.30 small possibly 0.118
+1h-+3h -31 23 -0.31 0.27 small possibly 0.144

p-ACC RE PRE-+1h -60 24 -1.15 0.70 large very likely 0.017
PRE-+3h -82 28 -2.15 1.53 very large very likely 0.040
+1h-+3h -55 35 -1.00 0.90 moderate likely 0.093

p-AMPK RE PRE-+1h 137 162 1.12 0.83 moderate likely 0.033
PRE-+3h 201 143 1.43 0.60 large very likely 0.002
+1h-+3h 27 83 0.31 0.80 small possibly 0.479
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Mean difference Standardised effect size ~ Qualitative
MRNA target Trial Comparison (ES) Eff?Ct likelihood OT true P value
- magnitude  effect magnitude
% difference +90% CL ES (d) +90% CL being substantial
MuRF-1 RE PRE-+3h -58 96 -0.29 0.53 small possibly 0.292
Atrogin-1 RE PRE-+3h -25 30 -0.11 0.15 trivial very unlikely 0.419
PGC-la RE PRE-+3h 49 57 0.39 0.37 small possibly 0.284
TSC2 RE PRE - +3 h 37 199 0.13 0.47 trivial unlikely 0.669
Rheb RE PRE-+3h 73 118 0.37 0.44 small possibly 0.228
Myostatin RE PRE -+3h 63 69 0.26 0.22 small unlikely 0.120
Fox-O1 RE PRE - +3h -9 57 -0.07 0.47 trivial very unlikely 0.772

GLE
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Qualitative likelihood

9.¢

) ) ) Mean difference Standardised effect size (ES) Effect of true effect
microRNA target Trial Comparison itud - . P value
o . 4 £90% CL magnitude magnitude pelng
Yo difference +90% CL ES (d) +90% substantial
miR-1 RE PRE-+1h 53 35 0.44 0.24 small possibly 0.241
PRE-+3h 18 17 0.17 0.15 trivial very unlikely 0.317
miR-133a RE PRE-+1h -25 13 -0.35 0.21 small possibly 0.144
PRE-+3h -27 14 -0.38 0.23 small possibly 0.026
miR-378 RE PRE-+1h -15 15 -0.27 0.30 small unlikely 0.259
PRE -+3h -5 10 -0.09 0.19 trivial very unlikely 0.526
miR-486 RE PRE-+1h 8 16 0.17 0.33 trivial unlikely 0.677
PRE -+3h -2 13 -0.05 0.31 trivial very unlikely 0.814
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Appendix N: Between-trial comparison data for Study 1 (Chapter 3)"

1 Magnitude-based inference data were calculated using 0.40 as the smallest worthwhile effect

Appendices
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Mean difference

Standardised effect size

Qualitative

Measure Timepoint Group comparison (ES) Effgct I']Iffe“hOOd Of_ trge P value
o % CL Es (d +90% CL magnitude effect magnitude
Y% difference +90% (d) +90% being substantial
Muscle glycogen PRE/POST HIT+RE vs. RE -50 23 -2.91 1.86 very large very likely 0.022
MICT+RE vs. RE -40 11 -2.10 0.76 very large most likely 0.004
HIT+RE vs. MICT+RE 21 58 0.81 1.92 moderate unlikely 0.410
+1h HIT+RE vs. RE -62 15 -4.01 1.56 extremely large most likely 0.002
MICT+RE vs. RE -43 19 -2.36 1.38 very large very likely 0.014
HIT+RE vs. MICT+RE -33 22 -1.65 1.32 large likely 0.034
+3h HIT+RE vs. RE -45 11 -2.46 0.80 very large most likely 0.001
MICT+RE vs. RE -31 18 -1.55 1.07 large very likely 0.033
HIT+RE vs. MICT+RE -20 33 -0.91 1.68 moderate possibly 0.341
p-mTOR PRE/POST HIT+RE vs. RE 105 34 0.84 0.19 moderate most likely 0.011
MICT+RE vs. RE 15 47 0.16 0.46 trivial unlikely 0.632
HIT+RE vs. MICT+RE -44 21 -0.67 0.44 moderate likely 0.014
+1h HIT+RE vs. RE 41 49 0.35 0.34 small possibly 0.227
MICT+RE vs. RE 38 25 -0.48 0.40 small possibly 0.054
HIT+RE vs. MICT+RE 128 67 0.83 0.29 moderate very likely 0.003
+3h HIT+RE vs. RE 91 84 0.75 0.49 moderate likely 0.148
MICT+RE vs. RE 19 101 -0.25 1.22 small possibly 0.714
HIT+RE vs. MICT+RE 138 285 1.01 1.18 moderate likely 0.150
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Mean diff Standardised effect size Qualitative
L : ean ditterence (ES) Effect likelihood of true
Measure Timepoint Group comparison : . P value
) magnitude effect magnitude
% difference +90% CL ES (d) +90% CL being substantial
p-p70S6K1 PRE/POST HIT+RE vs. RE 77 55 0.80 0.43 moderate likely 0.154
MICT+RE vs. RE 60 67 0.66 0.57 moderate likely 0.178
HIT+RE vs. MICT+RE 9 66 -0.14 0.95 small possibly 0.772
+1h HIT+RE vs. RE 0 31 0.00 0.43 trivial unlikely 0.996
MICT+RE vs. RE 2 34 0.03 0.45 trivial unlikely 0.918
HIT+RE vs. MICT+RE 2 31 -0.03 0.43 trivial unlikely 0.910
+3h HIT+RE vs. RE 19 40 0.24 0.46 small possibly 0.457
MICT+RE vs. RE 8 37 -0.11 0.55 trivial unlikely 0.783
HIT+RE vs. MICT+RE 29 79 0.36 0.81 small possibly 0.433
p-4E-BP1 PRE/POST HIT+RE vs. RE 18 25 -0.16 0.24 trivial possibly 0.449
MICT+RE vs. RE 2 34 0.01 0.27 trivial unlikely 0.952
HIT+RE vs. MICT+RE 25 33 0.18 0.21 trivial possibly 0.119
+1h HIT+RE vs. RE 10 28 -0.08 0.25 trivial unlikely 0.663
MICT+RE vs. RE 2 32 0.02 0.25 trivial unlikely 0.904
HIT+RE vs. MICT+RE 12 21 -0.10 0.19 trivial unlikely 0.320
+3h HIT+RE vs. RE 19 57 0.14 0.37 trivial possibly 0.453

MICT+RE vs. RE 41 66 0.27 0.36 small possibly 0.169
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Mean difference

Standardised effect size

Qualitative

Measure Timepoint Group comparison (ES) Eff?Ct likelihood Of_ true P value
) magnitude effect magnitude
% difference +90% CL ES (d) +90% CL being substantial
p-eEF2 PRE/POST HIT+RE vs. RE 34 33 -1.72 1.98 large likely 0.114
MICT+RE vs. RE 37 23 -1.87 1.47 large likely 0.035
HIT+RE vs. MICT+RE 4 79 -0.15 3.06 trivial possibly 0.922
+1h HIT+RE vs. RE 16 10 -0.71 0.49 moderate likely 0.050
MICT+RE vs. RE 21 24 -0.99 1.22 moderate likely 0.179
HIT+RE vs. MICT+RE 7 29 0.28 1.11 small possibly 0.624
+3h HIT+RE vs. RE 11 23 -0.47 1.03 small possibly 0.671
MICT+RE vs. RE 13 17 -0.57 0.80 small possibly 0.562
HIT+RE vs. MICT+RE 2 29 0.09 1.14 trivial possibly 0.883
p-rps6 PRE/POST HIT+RE vs. RE 153 116 0.98 0.47 moderate very likely 0.023
MICT+RE vs. RE 56 98 0.47 0.63 moderate possibly 0.210
HIT+RE vs. MICT+RE 38 36 -0.51 0.59 moderate possibly 0.128
+1h HIT+RE vs. RE 9 100 0.09 0.87 trivial possibly 0.848
MICT+RE vs. RE 21 73 -0.24 0.87 small possibly 0.635
HIT+RE vs. MICT+RE 37 68 0.33 0.50 small possibly 0.216
+3h HIT+RE vs. RE 22 113 0.21 0.87 small possibly 0.680
MICT+RE vs. RE 26 62 -0.32 0.81 small possibly 0.491
HIT+RE vs. MICT+RE 65 188 0.53 1.03 small possibly 0.365
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Mean difference

Standardised effect size

Qualitative

Measure Timepoint Group comparison (ES) Eff?Ct I']Iffe“hOOd Of_ trge P value
o % CL Es (d +90% CL magnitude effect magnitude
Y% difference +90% (d) +90% being substantial
p-GSK-3p PRE/POST HIT+RE vs. RE 73 103 0.46 0.47 small possibly 0.151
MICT+RE vs. RE 63 100 0.41 0.49 small possibly 0.121
HIT+RE vs. MICT+RE 6 79 -0.05 0.64 trivial unlikely 0.894
+1h HIT+RE vs. RE 1 37 0.01 0.30 trivial very unlikely 0.965
MICT+RE vs. RE 23 30 -0.22 0.10 small unlikely 0.410
HIT+RE vs. MICT+RE 31 56 0.23 0.58 small unlikely 0.329
+3h HIT+RE vs. RE 6 59 0.05 0.45 trivial unlikely 0.845
MICT+RE vs. RE 18 49 -0.17 0.48 trivial unlikely 0.493
HIT+RE vs. MICT+RE 30 81 0.22 0.50 small possibly 0.434
p-ACC PRE/POST HIT+RE vs. RE 530 145 2.29 0.28 very large most likely <0.001
MICT+RE vs. RE 451 274 213 0.60 very large most likely 0.002
HIT+RE vs. MICT+RE 12 34 -0.17 0.47 trivial unlikely 0.482
+1h HIT+RE vs. RE 133 96 1.06 0.50 moderate very likely 0.038
MICT+RE vs. RE 11 40 -0.14 0.54 trivial unlikely 0.821
HIT+RE vs. MICT+RE 161 218 1.19 0.95 moderate likely 0.046
+3h HIT+RE vs. RE 458 215 2.14 0.47 very large most likely 0.043
MICT+RE vs. RE 114 138 0.95 0.76 moderate likely 0.331
HIT+RE vs. MICT+RE 161 121 1.20 0.56 large very likely 0.005
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Mean difference

Standardised effect size

Qualitative

Measure Timepoint Group comparison . (ES) ma%f;?fj de I(;]L(fzt?(r)r?;g(r)lfittl:gs P value
% difference +90% CL ES (d) +90% CL being substantial
p-AMPK PRE/POST HIT+RE vs. RE 107 163 0.94 0.94 moderate likely 0.144
MICT+RE vs. RE 118 160 1.01 0.88 moderate likely 0.074
HIT+RE vs. MICT+RE 6 180 0.07 1.69 trivial possibly 0.933
+1h HIT+RE vs. RE 48 86 0.51 0.72 small possibly 0.261
MICT+RE vs. RE 59 61 0.61 0.48 moderate likely 0.085
HIT+RE vs. MICT+RE 7 51 -0.10 0.68 trivial unlikely 0.777
+3h HIT+RE vs. RE 20 46 -0.29 0.70 small possibly 0.500
MICT+RE vs. RE 20 26 -0.30 0.42 small possibly 0.622
HIT+RE vs. MICT+RE 1 80 0.01 0.95 trivial unlikely 0.983
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M diff Standardised effect size Qualitative
L : ean ditterence (ES) Effect likelihood of true
MRNA target Timepoint Group comparison : f itud P value
o % CL Es (d £90% CL magnitude effect magnitude
Y% difference +90% (d) +90% being substantial
MuRF-1 mRNA PRE/POST HIT+RE - RE -83 28 -2.61 1.88 very large very likely 0.103
MICT+RE - RE -81 81 -2.44 3.17 very large likely 0.174
HIT+RE - MICT+RE 12 861 0.17 4.02 trivial possibly 0.934
+3h HIT+RE - RE 585 684 0.52 0.64 small likely 0.170
MICT+RE - RE 535 463 0.33 0.20 small likely 0.016
HIT+RE - MICT+RE -82 58 -0.41 0.45 small possibly 0.130
Atrogin-1 mRNA PRE/POST HIT+RE - RE -58 67 -0.40 0.57 small possibly 0.272
MICT+RE - RE -35 121 -0.20 0.64 small possibly 0.638
HIT+RE - MICT+RE 53 426 0.20 0.81 small possibly 0.630
+3h HIT+RE - RE 55 138 -0.37 0.86 small possibly 0.407
MICT+RE - RE 7 118 -0.03 0.49 trivial unlikely 0.889
HIT+RE - MICT+RE 52 72 -0.34 0.55 small possibly 0.283
PGC-1a mRNA PRE/POST HIT+RE - RE 42 42 -0.27 0.40 small possibly 0.446
MICT+RE - RE 35 35 -0.21 0.63 small possibly 0.628
HIT+RE - MICT+RE 12 12 0.05 0.74 trivial unlikely 0.884
+3h HIT+RE - RE 788 878 0.54 0.54 small likely 0.098
MICT+RE - RE 604 403 0.59 0.42 small likely 0.033

HIT+RE - MICT+RE 64 64 -0.25 0.29 small unlikely 0.152
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Mean difference Standardised effect size _ Qualitative
MRNA target Timepoint Group comparison (ES) Eff?Ct likelihood Of_ true P value
% difference  +90% CL ES (d) +90% CL magnitude Eff-ea magnltugle
= = eing substantial
Rheb mRNA PRE/POST HIT+RE - RE -41 72 -0.44 0.86 small possibly 0.345
MICT+RE - RE -21 128 -0.20 1.06 small possibly 0.714
HIT+RE - MICT+RE 61 232 0.40 0.98 small possibly 0.420
+3h HIT+RE - RE -32 44 -0.39 0.62 small possibly 0.339
MICT+RE - RE 16 55 0.15 0.46 trivial unlikely 0.548
HIT+RE - MICT+RE -46 41 -0.62 0.70 moderate possibly 0.138
TSC2 mRNA PRE/POST HIT+RE - RE -32 313 -0.12 0.70 trivial unlikely 0.657
MICT+RE - RE -43 781 -0.17 1.03 trivial possibly 0.454
HIT+RE - MICT+RE 0.40 5.24 small possibly 0.577
+3h HIT+RE - RE 56 339 0.21 0.72 small unlikely 0.913
MICT+RE - RE 99 185 0.33 0.40 small possibly 0.257
HIT+RE - MICT+RE -43 105 -0.27 0.65 small possibly 0.431
Myostatin mRNA PRE/POST HIT+RE - RE 82 75 0.48 0.32 small possibly 0.075
MICT+RE - RE -15 16 -0.13 0.15 trivial most unlikely 0.747
HIT+RE - MICT+RE -53 18 -0.60 0.30 moderate likely 0.044
+3h HIT+RE - RE 15 59 0.08 0.29 trivial very unlikely 0.623
MICT+RE - RE -1 30 0.00 0.17 trivial most unlikely 0.963

HIT+RE - MICT+RE 16 92 0.09 0.43 trivial unlikely 0.713
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M diff Standardised effect size Qualitative
L : ean ditterence (ES) Effect likelihood of true
MRNA target Timepoint Group comparison : f itud P value
o % CL Es (d £90% CL magnitude effect magnitude
Y% difference +90% (d) +90% being substantial
Fox-O1 mRNA PRE/POST HIT+RE - RE -54 73 -0.43 0.69 small possibly 0.302
MICT+RE - RE -53 34 -0.41 0.36 small possibly 0.139
HIT+RE - MICT+RE 3 276 0.02 0.95 trivial unlikely 0.969
+3h HIT+RE - RE 30 76 0.18 0.39 trivial unlikely 0.558
MICT+RE - RE -20 65 -0.16 0.52 trivial unlikely 0.665
HIT+RE - MICT+RE 62 58 0.34 0.25 small possibly 0.036
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Quialitative likelihood
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) ) ) ) Mean difference Standardised effect size (ES) Effect of true effect
microRNA target Timepoint Group comparison : . . P value
) magnitude magnitude being
% difference +90% CL ES (d) +90% CL substantial

miR-1 PRE/POST HIT+RE - RE 26 42 0.22 0.31 small unlikely 0.633

MICT+RE - RE 28 66 0.23 0.47 small possibly 0.584

HIT+RE - MICT+RE 1 60 0.01 0.53 trivial unlikely 0.967

+1h HIT+RE - RE -38 40 -0.46 0.58 small possibly 0.167

MICT+RE - RE -19 40 -0.19 0.44 trivial unlikely 0.399

HIT+RE - MICT+RE -24 74 -0.26 0.82 small possibly 0.526

+3h HIT+RE - RE 11 40 0.10 0.33 trivial unlikely 0.738

MICT+RE - RE 32 46 0.26 0.32 small unlikely 0.326

HIT+RE - MICT+RE -16 38 -0.16 0.41 trivial unlikely 0.487

miR-133a PRE/POST HIT+RE - RE -40 13 -0.63 0.27 small likely 0.014

MICT+RE - RE -15 11 -0.19 0.15 small very unlikely 0.473

HIT+RE - MICT+RE 43 45 0.44 0.37 small possibly 0.071

+1h HIT+RE - RE -35 28 -0.53 0.50 small likely 0.068

MICT+RE - RE 13 17 0.15 0.18 trivial very unlikely 0.271

HIT+RE - MICT+RE -43 30 -0.68 0.61 moderate likely 0.053

+3h HIT+RE - RE -15 21 -0.20 0.30 small unlikely 0.290

MICT+RE - RE -10 17 -0.12 0.22 trivial very unlikely 0.561

HIT+RE - MICT+RE -6 29 -0.08 0.37 trivial unlikely 0.703
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) ) ) ) Mean difference Standardised effect size (ES) Effect of true effect
microRNA target Timepoint Group comparison : . . P value
) magnitude magnitude being
% difference +90% CL ES (d) +90% CL substantial

miR-378 PRE/POST HIT+RE - RE -15 15 -0.27 0.30 small unlikely 0.259

MICT+RE - RE -5 10 -0.09 0.19 trivial very unlikely 0.526

HIT+RE - MICT+RE 11 10 0.18 0.15 trivial very unlikely 0.102

+1h HIT+RE - RE -37 26 -0.79 0.70 moderate likely 0.052

MICT+RE - RE 9 21 0.14 0.33 trivial unlikely 0.401

HIT+RE - MICT+RE -42 28 -0.94 0.81 moderate likely 0.046

+3h HIT+RE - RE -13 10 -0.23 0.19 small unlikely 0.167

MICT+RE - RE -5 24 -0.08 0.43 trivial unlikely 0.712

HIT+RE - MICT+RE -8 27 -0.15 0.49 trivial unlikely 0.575

miR-486 PRE/POST HIT+RE - RE -11 16 -0.26 0.41 small possibly 0.297

MICT+RE - RE -1 15 -0.03 0.34 trivial very unlikely 0.876

HIT+RE - MICT+RE 11 11 0.23 0.22 small unlikely 0.102

+1h HIT+RE - RE -36 17 -1.02 0.59 moderate very likely 0.040

MICT+RE - RE 4 29 0.08 0.62 trivial unlikely 0.798

HIT+RE - MICT+RE -38 15 -1.10 0.56 moderate very likely 0.015

+3h HIT+RE - RE -9 18 -0.21 0.44 small unlikely 0.444

MICT+RE - RE -1 30 -0.02 0.67 trivial unlikely 0.956

HIT+RE - MICT+RE -8 43 -0.19 1.02 trivial possibly 0.735
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Appendix O: Within-group comparison data for Study 2 (Chapters 4 and 5)**

12 Magnitude-based inference data were calculated using 0.20 as the smallest worthwhile effect for all performance and body composition measures, whereas 0.40 was
used for all molecular data as per comparisons for Study 1 (Chapter 3)
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Standardised effect size Qualitative
Mean PRE-POST change (ES) Effect likelihood of true
Measure Group magnitude  effect magnitude P value
% change +90% CL ES (d) +90% CL being substantial
Maximal strength
1RM leg press RT 38.5 8.5 1.26 0.24 large most likely <0.001
HIT+RT 28.7 5.3 1.17 0.19 moderate most likely <0.001
MICT+RT 275 4.6 0.81 0.12 moderate most likely 0.001
1RM bench press RT 20.5 6.2 0.50 0.14 small most likely <0.001
HIT+RT 15.9 2.6 0.62 0.09 moderate most likely <0.001
MICT+RT 14.8 2.3 0.39 0.06 small most likely < 0.001
Counter-movement jump (CMJ)
variables
Peak CMJ force RT 7.4 3.4 0.46 0.20 small very likely 0.008
HIT+RT 0.1 3.6 0.00 0.23 trivial unlikely 0.979
MICT+RT -0.8 4.9 -0.04 0.26 trivial unlikely 0.790
Peak CMJ power RT 12.6 10.5 1.09 0.85 moderate very likely 0.035
HIT+RT 3.2 5.6 0.20 0.34 small possibly 0.266
MICT+RT 5.0 6.1 0.19 0.23 trivial possibly 0.241
Peak CMJ velocity RT 9.6 8.2 0.29 0.24 small likely 0.099
HIT+RT 2.6 4.8 0.17 0.31 trivial possibly 0.306
MICT+RT 6.0 4.0 0.40 0.26 small likely 0.015
Peak CMJ displacement RT 9.5 10.0 0.22 0.22 small possibly 0.108
HIT+RT 7.8 9.1 0.50 0.56 small likely 0.134

MICT+RT 7.0 8.5 0.34 0.40 small possibly 0.129
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Mean PRE-POST change

Standardised effect size

Qualitative

(ES) Effect likelihood of true
Measure Group magnitude  effect magnitude P value
% change +90% CL ES (d) +90% CL being substantial
Body composition
Lean mass (lower) RT 4.1 2.0 0.33 0.16 small likely 0.023
HIT+RT 1.8 1.6 0.13 0.12 trivial unlikely 0.069
MICT+RT 3.6 24 0.45 0.30 small likely 0.052
Lean mass (upper) RT 0.4 1.9 0.02 0.12 trivial very unlikely 0.719
HIT+RT 14 2.0 0.13 0.17 trivial unlikely 0.198
MICT+RT 1.8 2.9 0.17 0.28 small possibly 0.325
Lean mass (total) RT 1.6 14 0.12 0.10 trivial unlikely 0.102
HIT+RT 1.6 1.1 0.14 0.09 trivial unlikely 0.038
MICT+RT 2.4 24 0.27 0.26 small possibly 0.151
Body fat % RT -0.6 1.0 -0.08 0.17 trivial unlikely 0.372
HIT+RT -0.2 0.9 -0.03 0.15 trivial very unlikely 0.659
MICT+RT -0.9 1.0 -0.23 0.25 small possibly 0.115
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Mean PRE-POST change Standardised effect size

Qualitative

(ES) Effect likelihood of true
Measure Group magnitude  effect magnitude P value
% change +90% CL ES (d) +90% CL being substantial
Aerobic capacity
Absolute VOjpeax RT -0.6 6.4 -0.02 0.21 trivial unlikely 0.876
HIT+RT 5.3 2.7 0.25 0.12 small likely 0.162
MICT+RT 6.1 5.0 0.27 0.22 small possibly 0.103
Relative VOppea RT 2.2 6.7 -0.06 0.17 trivial unlikely 0.593
HIT+RT 4.0 4.6 0.11 0.13 trivial unlikely 0.320
MICT+RT 5.0 5.4 0.18 0.18 trivial possibly 0.131
Lactate threshold RT 7.4 9.4 0.13 0.16 trivial unlikely 0.161
HIT+RT 8.3 6.5 0.20 0.15 small possibly 0.054
MICT+RT 12.6 8.0 0.30 0.18 small likely 0.107
Peak aerobic power RT 2.2 6.5 -0.06 0.17 trivial very unlikely 0.515
HIT+RT 8.8 4.1 0.31 0.14 small likely 0.010
MICT+RT 4.9 4.8 0.19 0.18 trivial possibly 0.096
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Mean difference

Standardised effect size

Qualitative

. (ES) Effect likelihood of true
Measure Group Comparison magnitude effect magnitude P value
% difference +90% CL ES (d) +90% CL being substantial
p-mTOR RT PRE-POST 1 65 0.01 0.39 trivial very unlikely 0.967
PRE-+1 h 108 125 0.42 0.33 small possibly 0.036
PRE-+3 h 143 130 0.49 0.28 small possibly 0.022
POST-+1h 105 137 0.46 0.40 small possibly 0.048
POST-+3 h 140 245 0.56 0.57 small possibly 0.083
HIT+RT PRE-POST 9 31 0.10 0.33 trivial unlikely 0.557
PRE-+1h 42 51 0.38 0.38 small possibly 0.077
PRE-+3 h 85 51 0.60 0.27 moderate likely 0.031
POST-+1h 30 71 0.32 0.62 small possibly 0.320
POST-+3 h 70 45 0.64 0.31 moderate likely 0.030
MICT+RT PRE-POST -25 39 -0.18 0.33 trivial unlikely 0.441
PRE-+1 h 33 157 0.17 0.59 trivial unlikely 0.553
PRE-+3 h 16 67 0.07 0.28 trivial very unlikely 0.707
POST-+1h 77 184 0.37 0.59 small possibly 0.218
POST-+3 h 53 46 0.28 0.19 small unlikely 0.032
Total mMTOR RT PRE-POST 5 9 0.07 0.12 trivial most unlikely 0.740
PRE-+1h 20 28 0.23 0.29 small unlikely 0.212
PRE-+3 h 31 52 0.27 0.39 small possibly 0.245
POST-+1h 14 24 0.18 0.28 trivial unlikely 0.285
POST-+3 h 25 42 0.30 0.44 small possibly 0.212
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Mean difference Standardised effect size ~ Qualitative
. (ES) Effect likelihood of true
Measure Group Comparison : magnitude effect magnitude P value
% difference +90% CL ES (d) +90% CL being substantial

HIT+RT PRE-POST 6 15 0.09 0.20 trivial very unlikely 0.455
PRE-+1 h -7 20 -0.08 0.27 trivial very unlikely 0.533

PRE-+3 h -9 32 -0.10 0.36 trivial unlikely 0.600

POST-+1h -12 16 -0.18 0.26 trivial unlikely 0.194

POST-+3 h -14 24 -0.21 0.39 small unlikely 0.289

MICT+RT PRE-POST 29 37 0.43 0.48 small possibly 0.104
PRE-+1 h 17 32 0.23 0.42 small unlikely 0.375

PRE-+3 h 11 19 0.18 0.28 trivial unlikely 0.291

POST-+1h -9 16 -0.17 0.30 trivial unlikely 0.551

POST-+3 h -14 30 -0.25 0.58 small possibly 0.428

p-p70S6K1 RT PRE-POST 46 84 0.33 0.48 small possibly 0.248
PRE-+1 h 160 58 0.74 0.17 moderate most likely <0.001

PRE-+3 h 210 191 0.84 0.43 moderate very likely 0.013

POST-+1h 78 77 0.51 0.37 small possibly 0.026

POST-+3 h 112 209 0.66 0.76 moderate possibly 0.115

HIT+RT PRE-POST 94 47 0.66 0.24 moderate very likely 0.024
PRE-+1 h 113 101 0.71 0.43 moderate likely 0.065

PRE-+3 h 117 92 0.62 0.33 moderate likely 0.029

POST-+1h 10 53 0.09 0.47 trivial unlikely 0.703

POST-+3 h 12 45 0.11 0.39 trivial unlikely 0.574
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Mean difference Standardised effect size ~ Qualitative
. (ES) Effect likelihood of true
Measure Group Comparison magnitude effect magnitude P value
% difference +90% CL ES (d) +90% CL being substantial
MICT+RT PRE-POST 27 50 0.38 0.60 small possibly 0.250
PRE-+1 h 66 26 0.75 0.23 moderate very likely 0.058
PRE-+3 h 35 31 0.51 0.39 small possibly 0.097
POST-+1h 31 63 0.42 0.74 small possibly 0.321
POST-+3 h 6 38 0.09 0.56 trivial unlikely 0.734
Total-p70S6K1 RT PRE-POST 3 12 0.06 0.23 trivial very unlikely 0.602
PRE-+1 h -10 12 -0.19 0.24 trivial unlikely 0.211
PRE-+3 h -17 22 -0.30 0.41 small possibly 0.261
POST-+1h -13 16 -0.27 0.36 small possibly 0.181
POST-+3 h -20 20 -0.44 0.49 small possibly 0.168
HIT+RT PRE-POST 10 13 0.27 0.35 small possibly 0.277
PRE-+1h -7 15 -0.18 0.40 trivial unlikely 0.505
PRE-+3 h -9 9 -0.22 0.24 small unlikely 0.091
POST-+1h -15 10 -0.47 0.33 small possibly 0.020
POST-+3 h -17 7 -0.55 0.24 small likely 0.026
MICT+RT PRE-POST -19 43 -0.22 0.53 small possibly 0.400
PRE-+1 h -9 28 -0.09 0.29 trivial very unlikely 0.560
PRE-+3 h 6 17 0.06 0.18 trivial very unlikely 0.513
POST-+1h 13 33 0.13 0.30 trivial unlikely 0.491

POST-+3 h 31 74 0.28 0.56 small possibly 0.332
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Mean difference Standardised effect size ~ Qualitative
. (ES) Effect likelihood of true
Measure Group Comparison magnitude effect magnitude P value
% difference +90% CL ES (d) +90% CL being substantial
p-rps6 RT PRE-POST 9 105 0.03 0.31 trivial very unlikely 0.846
PRE-+1 h 769 885 0.68 0.28 moderate very likely <0.001
PRE-+3 h 1059 1361 0.71 0.29 moderate very likely <0.001
POST-+1h 700 678 0.75 0.28 moderate very likely <0.001
POST-+3 h 967 1047 0.85 0.31 moderate very likely <0.001
HIT+RT PRE-POST 16 48 0.06 0.15 trivial most unlikely 0.477
PRE-+1h 568 827 0.63 0.35 moderate likely 0.007
PRE-+3 h 357 420 0.44 0.24 small possibly 0.007
POST-+1h 475 572 0.66 0.33 moderate likely 0.005
POST-+3 h 294 319 0.51 0.28 small likely 0.006
MICT+RT PRE-POST 7 23 0.05 0.16 trivial most unlikely 0.711
PRE-+1h 673 502 1.44 0.43 large most likely 0.001
PRE-+3 h 195 158 0.67 0.31 moderate likely 0.032
POST-+1h 621 420 1.49 0.42 large most likely <0.001
POST-+3 h 176 200 0.76 0.51 moderate likely 0.026
Total-rps6 RT PRE-POST -2 12 -0.03 0.22 trivial very unlikely 0.858
PRE-+1 h 15 21 0.23 0.31 small unlikely 0.324
PRE-+3 h 17 29 0.22 0.35 small unlikely 0.235
POST-+1h 17 21 0.28 0.32 small unlikely 0.136

POST-+3 h 19 24 0.31 0.36 small possibly 0.119
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Mean difference

Standardised effect size

Qualitative

. (ES) Effect likelihood of true
Measure Group Comparison magnitude effect magnitude P value

% difference +90% CL ES (d) +90% CL being substantial

HIT+RT PRE-POST 11 16 0.05 0.07 trivial most unlikely 0.231

PRE-+1 h 12 17 0.05 0.07 trivial most unlikely 0.223

PRE-+3 h 23 31 0.09 0.11 trivial most unlikely 0.146

POST-+1h 1 9 0.00 0.05 trivial most unlikely 0.881

POST-+3 h 11 15 0.05 0.07 trivial most unlikely 0.163

MICT+RT PRE-POST 17 26 0.07 0.10 trivial most unlikely 0.204

PRE-+1 h 35 28 0.12 0.09 trivial most unlikely 0.022

PRE-+3 h 31 26 0.10 0.08 trivial most unlikely 0.080

POST-+1h 15 27 0.07 0.11 trivial most unlikely 0.236

POST-+3 h 12 27 0.05 0.11 trivial most unlikely 0.364

p-4E-BP1 RT PRE-POST 35 32 0.37 0.28 small possibly 0.216

PRE-+1 h 26 55 0.28 0.50 small possibly 0.450

PRE-+3 h 22 30 0.21 0.26 small unlikely 0.505

POST-+1h -7 21 -0.09 0.28 trivial very unlikely 0.535

POST-+3 h -10 20 -0.13 0.26 trivial very unlikely 0.400

HIT+RT PRE-POST -7 20 -0.12 0.36 trivial unlikely 0.651

PRE-+1h -6 21 -0.10 0.36 trivial unlikely 0.692

PRE-+3 h 11 25 0.15 0.34 trivial unlikely 0.536

POST-+1h 1 27 0.01 0.45 trivial unlikely 0.956

POST-+3 h 18 37 0.29 0.53 small possibly 0.289
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Mean difference

Standardised effect size

Qualitative

. (ES) Effect likelihood of true
Measure Group Comparison magnitude effect magnitude P value

% difference +90% CL ES (d) +90% CL being substantial

MICT+RT PRE-POST 21 35 0.29 0.42 small possibly 0.341

PRE-+1 h 32 36 0.37 0.36 small possibly 0.187

PRE-+3 h 59 53 0.56 0.40 small likely 0.027

POST-+1h 9 26 0.13 0.35 trivial unlikely 0.461

POST-+3 h 59 53 0.70 0.49 moderate likely 0.233

Total-4E-BP1 RT PRE-POST -3 20 -0.02 0.12 trivial most unlikely 0.758

PRE-+1 h -20 56 -0.11 0.34 trivial unlikely 0.508

PRE-+3 h -27 73 -0.13 0.38 trivial unlikely 0.488

POST-+1h -17 44 -0.11 0.30 trivial unlikely 0.474

POST-+3 h -24 59 -0.16 0.43 trivial unlikely 0.449

HIT+RT PRE-POST 13 15 0.27 0.28 small unlikely 0.213

PRE-+1 h 12 15 0.25 0.28 small unlikely 0.297

PRE-+3 h 11 13 0.23 0.25 small unlikely 0.394

POST-+1h -1 6 -0.02 0.14 trivial most unlikely 0.770

POST-+3 h -2 8 -0.04 0.17 trivial most unlikely 0.759

MICT+RT PRE-POST 8 9 0.11 0.11 trivial most unlikely 0.137

PRE-+1 h 10 32 0.12 0.36 trivial unlikely 0.548

PRE-+3 h -3 6 -0.04 0.07 trivial most unlikely 0.502

POST-+1h 2 26 0.02 0.35 trivial very unlikely 0.896

POST-+3 h -11 10 -0.16 0.16 trivial very unlikely 0.078
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Mean difference Standardised effect size ~ Qualitative
. (ES) Effect likelihood of true
Measure Group Comparison magnitude effect magnitude P value
% difference +90% CL ES (d) +90% CL being substantial
p-GSK-3p RT PRE-POST 31 47 0.22 0.29 small unlikely 0.385
PRE-+1 h 36 68 0.23 0.36 small unlikely 0.463
PRE-+3 h 50 92 0.26 0.37 small possibly 0.332
POST-+1h 4 41 0.03 0.31 trivial very unlikely 0.867
POST-+3 h 15 53 0.11 0.36 trivial unlikely 0.542
HIT+RT PRE-POST 22 22 0.38 0.35 small possibly 0.118
PRE-+1 h 49 24 0.72 0.28 moderate very likely 0.028
PRE-+3 h 51 38 0.68 0.41 moderate likely 0.038
POST-+1h 23 19 0.40 0.30 small possibly 0.059
POST-+3 h 24 26 0.43 0.41 small possibly 0.084
MICT+RT PRE-POST 23 20 0.37 0.29 small possibly 0.034
PRE-+1h 40 25 0.55 0.29 small likely 0.015
PRE-+3 h 31 27 0.41 0.31 small possibly 0.031
POST-+1h 14 13 0.23 0.21 small unlikely 0.095
POST-+3 h 7 18 0.11 0.31 trivial unlikely 0.441
Total GSK-3p RT PRE-POST -1 25 -0.02 0.33 trivial very unlikely 0.923
PRE-+1h -13 24 -0.17 0.34 trivial unlikely 0.481
PRE-+3 h -20 18 -0.29 0.29 small unlikely 0.276
POST-+1h -11 8 -0.16 0.11 trivial most unlikely 0.176

POST-+3 h -19 10 -0.28 0.16 small unlikely 0.115
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Mean difference

Standardised effect size

Qualitative

. (ES) Effect likelihood of true
Measure Group Comparison magnitude effect magnitude P value

% difference +90% CL ES (d) +90% CL being substantial

HIT+RT PRE-POST 1 12 0.03 0.26 trivial very unlikely 0.866

PRE-+1 h -10 6 -0.23 0.15 small very unlikely 0.448

PRE-+3 h -25 13 -0.67 0.41 moderate likely 0.052

POST-+1h -11 10 -0.26 0.25 small unlikely 0.310

POST-+3 h -25 14 -0.68 0.44 moderate likely 0.029

MICT+RT PRE-POST -3 30 -0.02 0.24 trivial very unlikely 0.862

PRE-+1 h -8 24 -0.07 0.20 trivial very unlikely 0.668

PRE-+3 h -18 39 -0.15 0.36 trivial unlikely 0.680

POST-+1h -5 26 -0.05 0.22 trivial very unlikely 0.689

POST-+3 h -15 27 -0.13 0.25 trivial very unlikely 0.641

p-eEF2 RT PRE-POST 21 45 0.13 0.25 trivial very unlikely 0.527

PRE-+1 h -13 53 -0.09 0.37 trivial unlikely 0.741

PRE-+3 h -4 69 -0.02 0.37 trivial very unlikely 0.928

POST-+1h -28 23 -0.23 0.22 small unlikely 0.100

POST-+3 h -21 42 -0.16 0.35 trivial unlikely 0.407

HIT+RT PRE-POST 11 21 0.13 0.23 trivial very unlikely 0.496

PRE-+1 h -37 8 -0.58 0.15 small very likely 0.030

PRE-+3 h -28 24 -0.39 0.38 small possibly 0.195

POST-+1h -43 11 -0.71 0.25 moderate very likely 0.001

POST-+3 h -35 27 -0.54 0.50 small possibly 0.068
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Mean difference

Standardised effect size

Qualitative

. (ES) Effect likelihood of true
Measure Group Comparison magnitude effect magnitude P value

% difference +90% CL ES (d) +90% CL being substantial

MICT+RT PRE-POST 10 18 0.09 0.17 trivial very unlikely 0.310

PRE-+1h -35 36 -0.40 0.48 small possibly 0.149

PRE-+3 h -31 12 -0.30 0.14 small unlikely 0.003

POST-+1h -41 30 -0.53 0.50 small possibly 0.067

POST-+3 h -37 14 -0.47 0.22 small possibly 0.004

p-ACC RT PRE-POST 47 76 0.24 0.30 small unlikely 0.153

PRE-+1h -6 68 -0.03 0.37 trivial unlikely 0.854

PRE-+3 h -19 40 -0.11 0.24 trivial very unlikely 0.422

POST-+1h -36 22 -0.28 0.20 small unlikely 0.026

POST-+3 h -45 20 -0.37 0.22 small possibly 0.012

HIT+RT PRE-POST 14 21 0.10 0.14 trivial most unlikely 0.373

PRE-+1 h 44 68 0.26 0.33 small unlikely 0.321

PRE-+3 h 69 85 0.35 0.32 small possibly 0.143

POST-+1h 27 41 0.18 0.24 trivial unlikely 0.319

POST-+3 h 48 82 0.30 0.40 small possibly 0.196

MICT+RT PRE-POST 15 32 0.12 0.25 trivial very unlikely 0.380

PRE-+1 h -38 24 -0.42 0.33 small possibly 0.089

PRE-+3 h -12 22 -0.12 0.23 trivial very unlikely 0.708

POST-+1h -46 20 -0.56 0.33 small likely 0.016

POST-+3 h -23 26 -0.24 0.29 small unlikely 0.371
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Mean difference Standardised effect size ~ Qualitative
. (ES) Effect likelihood of true
Measure Group Comparison magnitude effect magnitude P value
% difference +90% CL ES (d) +90% CL being substantial
p-AMPK RT PRE-POST 29 106 0.15 0.44 trivial unlikely 0.586
PRE-+1h 129 141 0.44 0.31 small possibly 0.035
PRE-+3 h 98 189 0.34 0.42 small possibly 0.082
POST-+1h 78 72 0.34 0.23 small possibly 0.031
POST-+3 h 166 249 0.58 0.49 small possibly 0.184
HIT+RT PRE-POST 5 61 0.04 0.41 trivial unlikely 0.860
PRE-+1h 19 69 0.12 0.38 trivial unlikely 0.578
PRE-+3 h -2 42 -0.02 0.28 trivial very unlikely 0.935
POST-+1h 13 93 0.09 0.56 trivial unlikely 0.747
POST-+3 h -7 28 -0.06 0.22 trivial very unlikely 0.647
MICT+RT PRE-POST 42 48 0.32 0.31 small possibly 0.123
PRE-+1h 81 54 0.54 0.27 small likely 0.046
PRE-+3 h 17 39 0.15 0.30 trivial unlikely 0.592
POST-+1h 28 47 0.23 0.33 small unlikely 0.220
POST-+3 h -17 12 -0.18 0.13 trivial very unlikely 0.187
Total AMPK RT PRE-POST 8 7 0.26 0.20 small unlikely 0.073
PRE-+1 h 5 9 0.16 0.24 trivial unlikely 0.344
PRE-+3 h 1 13 0.04 0.35 trivial very unlikely 0.866
POST-+1h -3 9 -0.09 0.30 trivial very unlikely 0.573

POST-+3 h -6 10 -0.21 0.35 small unlikely 0.296
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Mean difference Standardised effect size ~ Qualitative
. (ES) Effect likelihood of true
Measure Group Comparison : magnitude effect magnitude P value
% difference +90% CL ES (d) +90% CL being substantial
HIT+RT PRE-POST 32 16 0.63 0.28 moderate likely 0.091
PRE-+1 h 43 19 0.80 0.29 moderate very likely 0.029
PRE-+3 h 12 23 0.22 0.40 small unlikely 0.536
POST-+1h 9 16 0.19 0.33 trivial unlikely 0.281
POST-+3 h -15 11 -0.37 0.30 small possibly 0.039
MICT+RT PRE-POST 13 19 0.26 0.37 small unlikely 0.225
PRE-+1 h 1 12 0.03 0.23 trivial very unlikely 0.819
PRE-+3 h 7 19 0.11 0.30 trivial unlikely 0.448
POST-+1h -10 14 -0.23 0.33 small unlikely 0.197
POST-+3 h -6 9 -0.12 0.19 trivial very unlikely 0.369
p-TIF-1A RT PRE-POST 34 95 0.16 0.37 trivial unlikely 0.421
PRE-+1 h 199 151 0.54 0.24 small likely 0.005
PRE-+3 h 357 485 0.67 0.41 moderate likely 0.012
POST-+1h 123 79 0.45 0.19 small possibly 0.002
POST-+3 h 241 315 0.69 0.46 moderate likely 0.017
HIT+RT PRE-POST 133 102 0.62 0.31 moderate likely 0.047
PRE-+1 h 211 75 0.76 0.16 moderate most likely 0.034
PRE-+3 h 283 268 0.79 0.38 moderate very likely 0.006
POST-+1h 33 65 0.21 0.34 small unlikely 0.301

POST-+3 h 64 80 0.36 0.34 small possibly 0.108
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Mean difference

Standardised effect size

Qualitative

. (ES) Effect likelihood of true
Measure Group Comparison magnitude effect magnitude P value

% difference +90% CL ES (d) +90% CL being substantial

MICT+RT PRE-POST 35 54 0.26 0.34 small unlikely 0.255

PRE-+1h 77 83 0.45 0.36 small possibly 0.075

PRE-+3 h 16 68 0.11 0.40 trivial unlikely 0.645

POST-+1h 31 103 0.23 0.62 small possibly 0.434

POST-+3 h -13 48 -0.12 0.46 trivial unlikely 0.571

Total-TIE-1A RT PRE-POST -1 17 -0.02 0.22 trivial very unlikely 0.866

PRE-+1h -28 25 -0.38 0.39 small possibly 0.108

PRE-+3 h -43 19 -0.56 0.32 small likely 0.010

POST-+1h -27 18 -0.41 0.32 small possibly 0.042

POST-+3 h -42 19 -0.70 0.42 moderate likely 0.010

HIT+RT PRE-POST -16 12 -0.17 0.14 trivial very unlikely 0.047

PRE-+1 h -24 17 -0.24 0.20 small unlikely 0.059

PRE-+3 h -42 17 -0.41 0.21 small possibly 0.038

POST-+1h -9 25 -0.10 0.27 trivial very unlikely 0.471

POST-+3 h -32 28 -0.38 0.40 small possibly 0.203

MICT+RT PRE-POST -5 23 -0.03 0.14 trivial most unlikely 0.684

PRE-+1 h -59 74 -0.44 0.67 small possibly 0.197

PRE-+3 h -18 24 -0.08 0.12 trivial most unlikely 0.222

POST-+1h -56 62 -0.47 0.66 small possibly 0.164

POST-+3 h -13 26 -0.08 0.17 trivial very unlikely 0.335
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Mean difference

Standardised effect size

Qualitative

. (ES) Effect likelihood of true
Measure Group Comparison magnitude effect magnitude P value
% difference +90% CL ES (d) +90% CL being substantial
p-UBF RT PRE-POST -3 18 -0.05 0.26 trivial very unlikely 0.881
PRE-+1 h 72 40 0.76 0.32 moderate very likely 0.018
PRE-+3 h 117 67 0.93 0.37 moderate very likely 0.013
POST-+1h 78 58 0.82 0.45 moderate likely 0.010
POST-+3 h 125 72 1.15 0.45 moderate very likely 0.001
HIT+RT PRE-POST 18 20 0.29 0.29 small unlikely 0.220
PRE-+1 h 42 25 0.55 0.27 small likely 0.061
PRE-+3 h 36 41 0.42 0.40 small possibly 0.088
POST-+1h 20 12 0.32 0.17 small unlikely 0.022
POST-+3 h 16 23 0.25 0.34 small unlikely 0.179
MICT+RT PRE-POST 26 34 0.28 0.32 small unlikely 0.144
PRE-+1h 41 39 0.38 0.31 small possibly 0.079
PRE-+3 h 2 18 0.02 0.19 trivial most unlikely 0.825
POST-+1h 12 40 0.14 0.42 trivial unlikely 0.516
POST-+3 h -19 14 -0.25 0.21 small unlikely 0.047
Total-UBE RT PRE-POST 1 8 0.01 0.15 trivial most unlikely 0.869
PRE-+1 h -7 14 -0.11 0.23 trivial very unlikely 0.453
PRE-+3 h 0 15 0.01 0.20 trivial most unlikely 0.960
POST-+1h -7 19 -0.13 0.35 trivial very unlikely 0.479
POST-+3 h 0 22 -0.01 0.39 trivial very unlikely 0.976
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Mean difference

Standardised effect size

Qualitative

. (ES) Effect likelihood of true
Measure Group Comparison magnitude effect magnitude P value

% difference +90% CL ES (d) +90% CL being substantial

HIT+RT PRE-POST 9 17 0.15 0.25 trivial very unlikely 0.291

PRE-+1h 17 14 0.23 0.17 small unlikely 0.031

PRE-+3 h 20 22 0.26 0.26 small unlikely 0.079

POST-+1h 7 16 0.11 0.24 trivial very unlikely 0.426

POST-+3 h 9 22 0.15 0.32 trivial unlikely 0.400

MICT+RT PRE-POST 18 14 0.44 0.31 small possibly 0.023

PRE-+1 h 8 21 0.20 0.47 small unlikely 0.449

PRE-+3 h 21 14 0.46 0.26 small possibly 0.105

POST-+1h -8 18 -0.23 0.51 small possibly 0.378

POST-+3 h 2 13 0.06 0.34 trivial unlikely 0.803

Total Cyclin D1 RT PRE-POST -1 11 0.00 0.07 trivial most unlikely 0.914

PRE-+1 h -15 12 -0.11 0.09 trivial most unlikely 0.039

PRE-+3 h -22 17 -0.16 0.14 trivial very unlikely 0.076

POST-+1h -16 12 -0.11 0.09 trivial most unlikely 0.047

POST-+3 h -22 18 -0.16 0.15 trivial very unlikely 0.073

HIT+RT PRE-POST -11 14 -0.19 0.24 trivial unlikely 0.418

PRE-+1 h -41 12 -0.85 0.32 moderate very likely 0.001

PRE-+3 h -20 9 -0.35 0.19 small possibly 0.110

POST-+1h -34 7 -0.66 0.16 moderate very likely 0.008

POST-+3 h -10 13 -0.16 0.23 trivial very unlikely 0.178
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Mean difference

Standardised effect size

Qualitative

. Effect likelihood of true
Measure Group Comparison : magnitude effect magnitude P value

% difference +90% CL ES (d) +90% CL being substantial

MICT+RT PRE-POST -17 8 -0.19 0.10 trivial most unlikely 0.064

PRE-+1h -31 21 -0.38 0.31 small possibly 0.092

PRE-+3 h -2 32 -0.02 0.32 trivial very unlikely 0.935

POST-+1h -17 28 -0.19 0.34 trivial unlikely 0.293

POST-+3 h 18 41 0.17 0.35 trivial unlikely 0.398
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Mean difference

Standardised effect size

Qualitative

likelihood of true
mMRNA target Group Comparison (ES) mangr]:?tcut de effect magnitude P value
% difference +90% CL ES (d) +90% CL being substantial
MuRF1 mRNA RT PRE-POST -21 24 -0.39 0.50 small possibly 0.169
POST-+3 h 14 58 0.22 0.80 small possibly 0.602
PRE-+3 h -10 25 -0.18 0.45 trivial unlikely 0.568
HIT+RT PRE-POST -16 14 -0.21 0.20 small unlikely 0.256
POST-+3 h 206 162 1.35 0.61 large very likely 0.003
PRE-+3 h 158 116 1.15 0.52 moderate very likely 0.003
MICT+RT PRE-POST 6 29 0.06 0.26 trivial very unlikely 0.731
POST-+3 h 22 76 0.20 0.58 small possibly 0.588
PRE-+3 h 30 74 0.26 0.54 small possibly 0.560
Atrogin-1 mRNA RT PRE-POST -15 25 -0.25 0.46 small possibly 0.491
POST-+3 h -44 22 -0.91 0.60 moderate likely 0.018
PRE-+3 h -52 11 -1.16 0.34 moderate most likely 0.003
HIT+RT PRE-POST -14 20 -0.19 0.28 trivial unlikely 0.318
POST-+3 h 6 32 0.07 0.37 trivial unlikely 0.706
PRE-+3 h -9 23 -0.12 0.31 trivial unlikely 0.483
MICT+RT PRE-POST -12 30 -0.18 0.45 trivial unlikely 0.642
POST-+3 h 5 42 0.06 0.54 trivial unlikely 0.807
PRE-+3 h -8 25 -0.12 0.37 trivial unlikely 0.740
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Mean diff Standardised effect size _ Qualitative
. ean daifterence (ES) Effect likelihood of true
MRNA target Group Comparison magnitude effect magnitude P value
% difference +90% CL ES (d) +90% CL being substantial
PGCla mRNA RT PRE-POST -26 14 -0.48 0.30 small possibly 0.026
POST-+3 h 26 48 0.36 0.59 small possibly 0.287
PRE-+3 h -7 28 -0.12 0.46 trivial unlikely 0.723
HIT+RT PRE-POST -12 14 -0.26 0.32 small unlikely 0.294
POST-+3 h 826 349 4.58 0.76 extremely large most likely <0.001
PRE-+3 h 716 222 4.32 0.55 extremely large most likely <0.001
MICT+RT PRE-POST -45 13 -0.61 0.23 moderate likely 0.157
POST-+3 h 590 481 1.97 0.66 large most likely 0.001
PRE-+3 h 281 207 1.37 0.53 large very likely 0.023
Fox-O1 mRNA RT PRE-POST 28 17 0.49 0.27 small possibly 0.051
POST-+3 h 7 25 0.13 0.45 trivial unlikely 0.587
PRE-+3 h 37 23 0.63 0.34 small likely 0.010
HIT+RT PRE-POST 67 60 0.32 0.22 small possibly 0.504
POST-+3 h 158 65 0.59 0.16 small very likely <0.001
PRE-+3 h 330 138 0.92 0.20 moderate most likely 0.076
MICT+RT PRE-POST 35 42 0.36 0.36 small possibly 0.098
POST-+3 h 36 49 0.37 0.41 small possibly 0.294
PRE-+3 h 84 46 0.73 0.29 moderate very likely 0.093
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Mean difference

Standardised effect size

Qualitative

likelihood of true
mMRNA target Group Comparison (ES) mangr]:?tcut de effect magnitude P value
% difference +90% CL ES (d) +90% CL being substantial
TIF-1A mRNA RT PRE-POST -6 14 -0.14 0.33 trivial unlikely 0.433
POST-+3 h 26 12 0.53 0.21 small likely 0.003
PRE-+3 h 19 18 0.39 0.33 small possibly 0.086
HIT+RT PRE-POST -8 12 -0.11 0.17 trivial very unlikely 0.279
POST-+3 h 5 33 0.07 0.41 trivial unlikely 0.753
PRE-+3 h -3 33 -0.04 0.44 trivial very 0.860
unlikely
MICT+RT PRE-POST -8 11 -0.16 0.24 trivial unlikely 0.214
POST-+3 h 36 35 0.59 0.50 small likely 0.038
PRE-+3 h 25 21 0.43 0.32 small possibly 0.028
UBE mRNA RT PRE-POST -14 13 -0.30 0.30 small possibly 0.100
POST-+3 h -20 28 -0.45 0.69 small possibly 0.218
PRE-+3 h -31 18 -0.75 0.51 moderate likely 0.025
HIT+RT PRE-POST 8 8 0.14 0.15 trivial very unlikely 0.421
POST-+3 h -9 17 -0.17 0.35 trivial unlikely 0.386
PRE-+3 h -2 19 -0.04 0.35 trivial very unlikely 0.837
MICT+RT PRE-POST 4 15 0.10 0.32 trivial unlikely 0.533
POST-+3 h -11 17 -0.27 0.44 small possibly 0.361
PRE-+3 h -7 19 -0.17 0.46 trivial unlikely 0.599
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Mean diff Standardised effect size _ Qualitative
. ean daifterence (ES) Effect likelihood of true
MRNA target Group Comparison magnitude effect magnitude P value
% difference +90% CL ES (d) +90% CL being substantial
POLR1B mRNA RT PRE-POST -26 16 -0.44 0.32 small possibly 0.026
POST-+3 h 8 32 0.11 0.42 trivial very unlikely 0.622
PRE-+3 h -20 19 -0.33 0.35 small possibly 0.087
HIT+RT PRE-POST 1 10 0.02 0.15 trivial most unlikely 0.810
POST-+3 h 44 42 0.57 0.44 small likely 0.047
PRE-+3 h 46 38 0.59 0.40 small likely 0.023
MICT+RT PRE-POST -5 20 -0.06 0.27 trivial very unlikely 0.634
POST-+3 h 48 43 0.51 0.37 small possibly 0.033
PRE-+3 h 41 33 0.45 0.30 small possibly 0.025
Cyclin D1 mRNA RT PRE-POST 51 45 0.29 0.21 small unlikely 0.424
POST-+3 h 10 41 0.07 0.26 trivial very unlikely 0.603
PRE-+3 h 66 68 0.36 0.28 small possibly 0.364
HIT+RT PRE-POST 101 54 0.59 0.22 small likely 0.001
POST-+3 h 10 43 0.08 0.32 trivial unlikely 0.648
PRE-+3 h 121 115 0.66 0.42 moderate likely 0.014
MICT+RT PRE-POST 36 67 0.29 0.44 small possibly 0.292
POST-+3 h 4 44 0.04 0.38 trivial unlikely 0.833

PRE-+3 h 42 63 0.33 0.41 small possibly 0.217
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Mean diff Standardised effect size _ Qualitative
. ean daifterence (ES) Effect likelihood of true
rRNA target Group Comparison magnitude effect magnitude P value
% difference +90% CL ES (d) +90% CL being substantial
Total RNA RT PRE-POST -25 11 -0.19 0.09 trivial most unlikely 0.030
HIT+RT PRE-POST 47 15 0.39 0.10 small possibly 0.023
MICT+RT PRE-POST 27 26 0.08 0.07 trivial most unlikely 0.060
45S pre-rRNA RT PRE-POST -32 22 -0.40 0.33 small possibly 0.138
POST-+3 h 12 42 0.12 0.39 trivial very unlikely 0.539
PRE-+3 h -23 34 -0.27 0.45 small possibly 0.314
HIT+RT PRE-POST 8 26 0.07 0.21 trivial very unlikely 0.514
POST-+3 h 69 107 0.48 0.54 small possibly 0.110
PRE-+3 h 83 116 0.55 0.54 small possibly 0.071
MICT+RT PRE-POST 20 24 0.21 0.22 small unlikely 0.099
POST-+3 h 43 62 0.40 0.47 small possibly 0.121
PRE-+3 h 71 80 0.61 0.51 moderate likely 0.041
5.8S rRNA RT PRE-POST -51 16 -0.69 0.31 moderate likely 0.017
POST-+3 h 22 63 0.20 0.48 small unlikely 0.421
PRE-+3 h -40 29 -0.49 0.44 small possibly 0.099
HIT+RT PRE-POST 10 20 0.08 0.15 trivial most unlikely 0.469
POST-+3 h 39 87 0.27 0.47 small possibly 0.280

PRE-+3 h 54 108 0.35 0.52 small possibly 0.244
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Mean difference

Standardised effect size

(ES)

Effect

Qualitative
likelihood of true

rRNA target Group Comparison : magnitude effect magnitude P value
% difference +90% CL ES (d) +90% CL being substantial
MICT+RT PRE-POST 8 36 0.05 0.24 trivial very unlikely 0.632
POST-+3 h 46 73 0.27 0.35 small unlikely 0.200
PRE-+3 h 57 97 0.33 0.42 small possibly 0.194
5.8S rRNA (span) RT PRE-POST -36 15 -0.51 0.27 small likely 0.027
POST-+3 h 2 26 0.02 0.29 trivial very unlikely 0.923
PRE-+3 h -35 19 -0.49 0.33 small possibly 0.017
HIT+RT PRE-POST 35 35 0.29 0.24 small unlikely 0.244
POST-+3 h 54 74 0.41 0.44 small possibly 0.127
PRE-+3 h 95 100 0.63 0.47 moderate likely 0.033
MICT+RT PRE-POST -1 47 -0.01 0.47 trivial unlikely 0.962
POST-+3 h 29 61 0.26 0.46 small possibly 0.269
PRE-+3 h 27 59 0.25 0.45 small possibly 0.330
18S rRNA RT PRE-POST 112 59 0.34 0.12 small unlikely 0.509
POST-+3 h -8 41 -0.04 0.20 trivial very unlikely 0.732
PRE-+3 h 96 40 0.30 0.09 small very unlikely 0.525
HIT+RT PRE-POST 3 13 0.04 0.17 trivial most unlikely 0.762
POST-+3 h 28 54 0.34 0.55 small possibly 0.243
PRE-+3 h 33 44 0.38 0.44 small possibly 0.142
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Mean diff Standardised effect size _ Qualitative
. ean daifterence (ES) Effect likelihood of true
rRNA target Group Comparison magnitude effect magnitude P value
% difference +90% CL ES (d) +90% CL being substantial
MICT+RT PRE-POST -22 17 -0.30 0.26 small unlikely 0.429
POST-+3 h -9 37 -0.11 0.47 trivial unlikely 0.635
PRE-+3 h -29 19 -0.41 0.31 small possibly 0.270
18S rRNA (span) RT PRE-POST -35 29 -0.30 0.30 small possibly 0.078
POST-+3 h 29 90 0.18 0.45 trivial unlikely 0.446
PRE-+3 h -16 40 -0.12 0.32 trivial unlikely 0.465
HIT+RT PRE-POST 28 85 0.11 0.29 trivial unlikely 0.509
POST-+3 h 49 106 0.18 0.30 trivial unlikely 0.255
PRE-+3 h 90 186 0.30 0.40 small possibly 0.222
MICT+RT PRE-POST 4 22 0.02 0.09 trivial most unlikely 0.773
POST-+3 h 63 48 0.21 0.12 small very unlikely 0.029
PRE-+3 h 69 75 0.22 0.18 small unlikely 0.106
28S rRNA RT PRE-POST -33 15 -0.49 0.28 small possibly 0.037
POST-+3 h 3 33 0.03 0.39 trivial unlikely 0.867
PRE-+3 h -31 22 -0.46 0.39 small possibly 0.052
HIT+RT PRE-POST 16 14 0.16 0.13 trivial most unlikely 0.097
POST-+3 h 17 59 0.16 0.51 trivial unlikely 0.530

PRE-+3 h 36 76 0.32 0.56 small possibly 0.287
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Mean diff Standardised effect size _ Qualitative
. ean daifterence (ES) Effect likelihood of true
rRNA target Group Comparison magnitude effect magnitude P value
% difference +90% CL ES (d) +90% CL being substantial
MICT+RT PRE-POST 10 20 0.13 0.25 trivial very unlikely 0.380
POST-+3 h 4 38 0.05 0.49 trivial unlikely 0.826
PRE-+3 h 14 46 0.18 0.53 trivial unlikely 0.525
28S rRNA (span) RT PRE-POST -19 21 -0.22 0.27 small unlikely 0.163
POST-+3 h 1 56 0.01 0.55 trivial unlikely 0.963
PRE-+3 h -18 34 -0.20 0.42 small unlikely 0.362
HIT+RT PRE-POST 27 40 0.26 0.32 small unlikely 0.251
POST-+3 h -21 26 -0.24 0.34 small unlikely 0.186
PRE-+3 h 1 43 0.01 0.44 trivial unlikely 0.970
MICT+RT PRE-POST -15 15 -0.20 0.21 small unlikely 0.229
POST-+3 h 44 58 0.44 0.48 small possibly 0.093

PRE-+3 h 22 59 0.24 0.56 small possibly 0.394
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Mean diff Standardised effect _ Qualitative
. €an drtterence size (ES) Effect likelihood of true
Measure Group Comparison : magnitude effect magnitude P value
% difference  #90% CL ES (d) +90% CL being substantial
Type | fibre CSA RT PRE-POST 15 13 0.10 0.08 trivial most unlikely 0.035
HIT+RT PRE-POST -23 19 -0.09 0.08 trivial most unlikely 0.135
MICT+RT PRE-POST 0.4 17 0.00 -0.14 trivial most unlikely 0.989
Type Il fibre CSA RT PRE-POST 19 27 0.09 0.12 trivial most unlikely 0.139
HIT+RT PRE-POST 0.4 24 0.00 0.08 trivial most unlikely 0.974
MICT+RT PRE-POST 16 14 0.19 0.16 trivial very likely 0.344
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Appendix P: Between-group comparison data for Study 2 (Chapters 4 and 5)**

3 Magnitude-based inference data were calculated using 0.20 as the smallest worthwhile effect for all performance, body composition, and nutritional measures,
whereas 0.40 was used for all molecular data as per comparisons for Study 1 (Chapter 3)
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Mean difference in PRE-

Standardised effect size

Qualitative

. POST change (ES) Effect likelihood of true
Measure Group comparison : .
] magnitude effect magnitude
Maximal strength
1RM leg press HIT+RT vs. RT -1.4 8.7 -0.40 0.40 small likely
MICT+RT vs. RT -8.2 9.9 -0.60 0.45 moderate likely
HIT+RT vs. MICT+RT 0.9 8.1 0.03 0.30 trivial unlikely
1RM bench press HIT+RT vs. RT -1.0 4.7 -0.04 0.22 trivial possibly
MICT+RT vs. RT -4.7 6.1 -0.15 0.20 trivial possibly
HIT+RT vs. MICT+RT -0.9 8.1 -0.03 0.19 trivial unlikely
Counter-movement jump (CMJ)
variables
Peak CMJ force HIT+RT vs. RT -6.8 4.5 -0.41 0.28 small likely
MICT+RT vs. RT -9.9 11.2 -0.54 0.65 small likely
HIT+RT vs. MICT+RT -5.0 12.1 -0.33 0.19 small possibly
Peak CMJ power HIT+RT vs. RT -5.1 7.3 -0.38 0.56 small possibly
MICT+RT vs. RT -3.5 8.7 -0.21 0.54 small possibly
HIT+RT vs. MICT+RT 1.7 8.4 0.10 0.48 trivial possibly
Peak CMJ velocity HIT+RT vs. RT -6.4 9.1 -0.32 0.46 small possibly
MICT+RT vs. RT -3.3 9.3 -0.16 0.46 trivial possibly
HIT+RT vs. MICT+RT 14 5.6 0.15 0.61 trivial possibly
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Mean difference in PRE-

Standardised effect size

Qualitative

Measure Group comparison POST change (ES) Eff(_ect likelihood of_ true
% difference +90% CL ES (d) +90% CL magnitude Eff-eCt magnltu_de
eing substantial
Peak CMJ displacement HIT+RT vs. RT -1.6 11.6 -0.06 0.43 trivial possibly
MICT+RT vs. RT -7.3 104 -0.28 0.41 small possibly
HIT+RT vs. MICT+RT 5.8 9.8 0.42 0.74 small possibly
Body composition
Lean mass (lower) HIT+RT vs. RT -2.2 2.8 -0.18 0.23 trivial possibly
MICT+RT vs. RT -0.5 35 -0.05 0.35 trivial unlikely
HIT+RT vs. MICT+RT 1.7 3.1 0.16 0.28 trivial possibly
Lean mass (upper) HIT+RT vs. RT 1.0 2.5 0.08 0.19 trivial unlikely
MICT+RT vs. RT 1.4 3.5 0.10 0.26 trivial possibly
HIT+RT vs. MICT+RT 0.4 3.5 0.04 0.34 trivial unlikely
Lean mass (total) HIT+RT vs. RT 0.1 1.9 0.01 0.15 trivial very unlikely
MICT+RT vs. RT 0.8 3.1 0.06 0.27 trivial unlikely
HIT+RT vs. MICT+RT 0.8 2.9 0.08 0.29 trivial unlikely
Body fat % HIT+RT vs. RT 2.0 8.0 0.05 0.20 trivial unlikely
MICT+RT vs. RT 1.9 7.8 0.06 0.24 trivial unlikely
HIT+RT vs. MICT+RT 3.8 6.8 0.12 0.23 trivial possibly
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Mean difference in PRE- Standardised effect size Qualitative
. POST change (ES) Effect likelihood of true
Measure Group comparison : .
] magnitude effect magnitude
Aerobic capacity
Absolute VOjpeax HIT+RT vs. RT 5.9 9.4 0.26 0.40 small possibly
MICT+RT vs. RT 6.8 9.3 0.27 0.35 small possibly
HIT+RT vs. MICT+RT 0.8 8.1 0.04 0.38 trivial unlikely
Relative VOjpesk HIT+RT vs. RT 6.3 10.2 0.19 0.30 trivial possibly
MICT+RT vs. RT 7.4 9.4 0.24 0.29 small possibly
HIT+RT vs. MICT+RT 1.0 8.3 0.04 0.29 trivial unlikely
Lactate threshold HIT+RT vs. RT 0.9 10.2 0.02 0.24 trivial unlikely
MICT+RT vs. RT 4.9 14.6 0.12 0.35 trivial possibly
HIT+RT vs. MICT+RT 4.0 13.7 0.11 0.37 trivial possibly
Peak aerobic power HIT+RT vs. RT 11.3 8.1 0.35 0.24 small likely
MICT+RT vs. RT 7.3 7.8 0.24 0.25 small possibly
HIT+RT vs. MICT+RT -3.6 5.9 -0.16 0.26 trivial possibly
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Mean difference in PRE- Standardised effect size Qualitative
. POST change (ES) Effect likelihood of true
Measure Group comparison : .
] magnitude effect magnitude
Average daily nutritional intake
Average daily energy intake HIT+RT vs. RT 14.2 20.5 0.62 0.84 moderate likely
MICT+RT vs. RT 34 17.9 0.17 0.86 trivial possibly
HIT+RT vs. MICT+RT 9.5 15.4 0.51 0.86 small possibly
Average daily protein intake HIT+RT vs. RT 7.0 20.6 0.29 0.84 small possibly
MICT+RT vs. RT -0.9 16.4 -0.05 0.86 trivial possibly
HIT+RT vs. MICT+RT -7.3 16.1 -0.38 0.85 small possibly
Average dai|y carbohydrate intake HIT+RT vs. RT 0.9 13.8 0.06 0.83 trivial possibly
MICT+RT vs. RT 134 21.8 0.58 0.88 small likely
HIT+RT vs. MICT+RT -12.3 20.5 -0.57 0.89 small likely
Average dai|y fat intake HIT+RT vs. RT 28.2 34.7 0.77 0.84 moderate Iiker
MICT+RT vs. RT 3.9 20.0 0.16 0.86 trivial possibly
HIT+RT vs. MICT+RT 25.0 18.2 1.02 0.85 moderate likely
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Standardised effect size Qualitative

_ _ Mean difference in change (ES) Effect likelihood of true
Protein target Comparison Change between magnitude effect magnitude
% difference  +90% CL ES (d) +90% CL being substantial

p-mTOR HIT+RT vs. RT PRE-POST 7 71 0.07 0.60 trivial unlikely

PRE-+1h -37 45 -0.34 0.49 small possibly

PRE-+3 h -46 41 -0.48 0.54 small possibly

POST-+1h -36 47 -0.44 0.66 small possibly

POST-+3 h -29 70 -0.33 0.84 small possibly

MICT+RT vs. RT PRE-POST -26 68 -0.29 0.80 small possibly

PRE-+1h -15 88 -0.11 0.62 trivial unlikely

PRE-+3 h -64 36 -0.64 0.55 moderate likely

POST-+1h -14 90 -0.15 0.89 trivial possibly

POST-+3 h -36 61 -0.44 0.83 small possibly

HIT+RT vs. MICT+RT PRE-POST -31 53 -0.46 0.88 small possibly

PRE-+1h 24 118 0.18 0.70 trivial possibly

PRE-+3 h -53 43 -0.54 0.58 small possibly

POST-+1h 35 136 0.38 1.11 small possibly

POST-+3 h -10 41 -0.13 0.56 trivial unlikely

Total mMTOR HIT+RT vs. RT PRE-POST 1 30 0.03 0.61 trivial unlikely

PRE-+1 h -27 21 -0.51 0.47 small possibly

PRE-+3 h -25 32 -0.36 0.51 small possibly

POST-+1h -23 20 -0.55 0.54 small possibly

POST-+3 h -31 26 -0.77 0.76 moderate likely
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Mean difference in change  Standardised effect size I_kQua“taﬁVe
. . (ES) Effect ikelihood of true
Protein target Comparison Change between magnitude effect magnitude
% difference  +90% CL ES (d) +90% CL being substantial
MICT+RT vs. RT PRE-POST 23 44 0.31 0.54 small possibly
PRE-+1 h -25 28 -0.35 0.46 small possibly
PRE-+3 h -27 37 -0.38 0.59 small possibly
POST-+1h -21 28 -0.36 0.54 small possibly
POST-+3 h -31 30 -0.57 0.65 small possibly
HIT+RT vs. MICT+RT PRE-POST 21 35 0.43 0.64 small possibly
PRE-+1h -3 34 -0.05 0.55 trivial unlikely
PRE-+3 h 4 47 0.06 0.61 trivial unlikely
POST-+1h 3 35 0.07 0.75 trivial unlikely
POST-+3 h 1 41 0.01 0.89 trivial unlikely
p-p70S6K1 HIT+RT vs. RT PRE-POST 33 97 0.38 0.91 small possibly
PRE-+1 h -58 22 -0.98 0.56 moderate very likely
PRE-+3 h -67 30 -1.02 0.75 moderate likely
POST-+1h -38 36 -0.65 0.74 moderate possibly
POST-+3 h -47 50 -0.86 1.13 moderate likely
MICT+RT vs. RT PRE-POST -13 60 -0.17 0.82 trivial possibly
PRE-+1 h -50 27 -0.89 0.67 moderate likely
PRE-+3 h -74 20 -1.53 0.80 large very likely
POST-+1h -27 44 -0.40 0.73 small possibly

POST-+3 h -50 46 -0.88 1.05 moderate likely
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Mean difference in change

Standardised effect size

Qualitative

Protein target Comparison Change between (ES) mali]f;?t(ﬁ de Ie”f(fil(;? c,;?:g?]];tgg:
% difference  +90% CL ES (d) +90% CL being substantial
HIT+RT vs. MICT+RT PRE-POST -34 37 -0.65 0.83 moderate possibly
PRE-+1 h -39 51 -0.65 1.00 moderate possibly
PRE-+3 h -63 24 -1.16 0.72 moderate very likely
POST-+1h 19 77 0.27 0.94 small possibly
POST-+3 h -5 44 -0.08 0.69 trivial unlikely
Total-p70S6K1 HIT+RT vs. RT PRE-POST 7 19 0.12 0.31 trivial unlikely
PRE-+1 h -6 16 -0.08 0.23 trivial very unlikely
PRE-+3 h 18 38 0.20 0.38 small unlikely
POST-+1h -3 19 -0.05 0.34 trivial very unlikely
POST-+3 h 3 31 0.05 0.52 trivial unlikely
MICT+RT vs. RT PRE-POST -22 38 -0.26 0.50 small possibly
PRE-+1 h 25 44 0.20 0.30 small unlikely
PRE-+3 h 41 52 0.35 0.38 small possibly
POST-+1h 29 46 0.27 0.36 small possibly
POST-+3 h 64 93 0.52 0.57 small possibly
HIT+RT vs. MICT+RT PRE-POST -27 36 -0.47 0.71 small possibly
PRE-+1 h 21 44 0.25 0.46 small possibly
PRE-+3 h 28 34 0.42 0.45 small possibly
POST-+1h 33 45 0.43 0.50 small possibly
POST-+3 h 59 86 0.70 0.78 moderate likely




144%

Adaptation to concurrent training: role of endurance training intensity

Mean difference in change

Standardised effect size

Qualitative

Protein target Comparison Change between (ES) m;ﬁ?ﬁj de Ié}(feet? c,;?:g?]];tgg:
% difference  +90% CL ES (d) +90% CL being substantial
p-rps6 HIT+RT vs. RT PRE-POST 7 99 0.04 0.48 trivial unlikely
PRE-+1h -34 86 -0.15 0.40 small unlikely
PRE-+3 h -94 8 -0.95 0.39 moderate very likely
POST-+1h -28 85 -0.19 0.58 small possibly
POST-+3 h -63 41 -0.57 0.56 small possibly
MICT+RT vs. RT PRE-POST -1 91 -0.01 0.44 trivial unlikely
PRE-+1h -17 84 -0.07 0.35 trivial unlikely
PRE-+3 h -97 4 -1.30 0.42 large most likely
POST-+1h -10 79 -0.06 0.42 trivial unlikely
POST-+3 h -74 29 -0.72 0.51 moderate likely
HIT+RT vs. MICT+RT PRE-POST -8 46 -0.06 0.38 trivial unlikely
PRE-+1h 8 129 0.03 0.46 trivial unlikely
PRE-+3 h -92 10 -1.01 0.41 moderate very likely
POST-+1h 25 128 0.18 0.72 trivial possibly
POST-+3 h -30 70 -0.29 0.70 small possibly
Total-rps6 HIT+RT vs. RT PRE-POST 13 24 0.09 0.15 trivial most unlikely
PRE-+1 h -12 23 -0.07 0.14 trivial most unlikely
PRE-+3 h -6 24 -0.03 0.13 trivial most unlikely
POST-+1h -14 16 -0.11 0.13 trivial most unlikely
POST-+3 h -7 20 -0.05 0.15 trivial most unlikely
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Appendices

Mean difference in change  Standardised effect size I_kQua“taﬁVe
. . (ES) Effect ikelihood of true
Protein target Comparison Change between magnitude effect magnitude
% difference  +90% CL ES (d) +90% CL being substantial
MICT+RT vs. RT PRE-POST 18 29 0.11 0.15 trivial most unlikely
PRE-+1 h 1 31 0.00 0.15 trivial most unlikely
PRE-+3 h -17 23 -0.08 0.12 trivial most unlikely
POST-+1h -1 25 -0.01 0.16 trivial most unlikely
POST-+3 h -6 26 -0.04 0.17 trivial most unlikely
HIT+RT vs. MICT+RT PRE-POST 5 26 0.03 0.17 trivial most unlikely
PRE-+1 h 3 26 0.02 0.14 trivial most unlikely
PRE-+3 h -21 22 -0.11 0.13 trivial most unlikely
POST-+1 h 15 26 0.09 0.15 trivial most unlikely
POST-+3 h 1 25 0.01 0.17 trivial most unlikely
p-4E-BP1 HIT+RT vs. RT PRE-POST -31 34 -0.52 0.67 moderate possibly
PRE-+1 h -20 49 -0.24 0.61 small possibly
PRE-+3 h -3 57 -0.04 0.59 trivial unlikely
POST-+1h 8 32 0.11 0.41 trivial unlikely
POST-+3 h 32 45 0.38 0.47 small possibly
MICT+RT vs. RT PRE-POST -10 48 -0.19 0.90 trivial possibly
PRE-+1 h -14 52 -0.20 0.77 small possibly
PRE-+3 h -1 63 -0.01 0.77 trivial unlikely
POST-+1h 17 32 0.27 0.47 small possibly
POST-+3 h 46 66 0.66 0.76 moderate possibly



9cv

Adaptation to concurrent training: role of endurance training intensity

Mean difference in change

Standardised effect size

Qualitative

Protein target Comparison Change between (ES) mali]f;?t(ﬁ de Ie”f(fil(;? c,;?:g?]];tgg:
% difference  +90% CL ES (d) +90% CL being substantial
HIT+RT vs. MICT+RT PRE-POST 30 57 0.53 0.87 small possibly
PRE-+1h 16 38 0.22 0.48 small possibly
PRE-+3 h 9 47 0.11 0.53 trivial unlikely
POST-+1h 8 32 0.16 0.60 trivial unlikely
POST-+3 h 11 52 0.22 0.93 small possibly
Total-4E-BP1 HIT+RT vs. RT PRE-POST 17 29 0.27 0.42 small possibly
PRE-+1 h 23 78 0.19 0.53 trivial unlikely
PRE-+3 h 35 120 0.19 0.50 trivial unlikely
POST-+1h 19 57 0.30 0.79 small possibly
POST-+3 h 29 91 0.44 1.12 small possibly
MICT+RT vs. RT PRE-POST 12 24 0.22 0.42 small unlikely
PRE-+1 h 27 83 0.23 0.59 small possibly
PRE-+3 h 19 109 0.12 0.54 trivial unlikely
POST-+1h 22 63 0.40 0.98 small possibly
POST-+3 h 17 83 0.32 1.30 small possibly
HIT+RT vs. MICT+RT PRE-POST -4 18 -0.08 0.33 trivial unlikely
PRE-+1 h -9 27 -0.14 0.43 trivial unlikely
PRE-+3 h -21 25 -0.32 0.42 small possibly
POST-+1h 3 27 0.05 0.45 trivial unlikely
POST-+3 h -9 12 -0.17 0.24 trivial unlikely
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Appendices

Mean difference in change  Standardised effect size I_kQua“taﬁVe

. . (ES) Effect ikelihood of true
Protein target Comparison Change between magnitude effect magnitude
% difference  +90% CL ES (d) +90% CL being substantial

p-GSK-3p HIT+RT vs. RT PRE-POST -7 57 -0.10 0.82 trivial possibly

PRE-+1h -10 76 -0.11 0.80 trivial possibly

PRE-+3 h -33 57 -0.33 0.64 small possibly

POST-+1h 18 49 0.24 0.57 small possibly

POST-+3 h 8 49 0.11 0.62 trivial unlikely

MICT+RT vs. RT PRE-POST -6 56 -0.07 0.61 trivial unlikely

PRE-+1h -16 69 -0.14 0.61 trivial unlikely

PRE-+3 h -38 52 -0.33 0.54 small possibly

POST-+1h 10 44 0.10 0.42 trivial unlikely

POST-+3 h -7 41 -0.08 0.46 trivial unlikely

HIT+RT vs. MICT+RT PRE-POST 1 24 0.02 0.51 trivial unlikely

PRE-+1h -24 23 -0.50 0.54 small possibly

PRE-+3 h -38 23 -0.80 0.60 moderate likely

POST-+1h -7 19 -0.16 0.42 trivial unlikely

POST-+3 h -14 21 -0.33 0.50 small possibly

Total GSK-3p HIT+RT vs. RT PRE-POST 2 28 0.04 0.47 trivial unlikely

PRE-+1 h 2 39 0.04 0.62 trivial unlikely

PRE-+3 h 4 40 0.08 0.67 trivial unlikely

POST-+1h 1 23 0.02 0.40 trivial unlikely

POST-+3 h -8 26 -0.14 0.50 trivial unlikely



Adaptation to concurrent training: role of endurance training intensity
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Mean difference in change  Standardised effect size I_kQua“taﬁVe

. . (ES) Effect ikelihood of true
Protein target Comparison Change between magnitude effect magnitude
% difference  +90% CL ES (d) +90% CL being substantial

MICT+RT vs. RT PRE-POST -2 38 -0.02 0.41 trivial unlikely

PRE-+1h 8 44 0.08 0.39 trivial unlikely

PRE-+3 h 12 80 0.12 0.68 trivial unlikely

POST-+1h 7 30 0.07 0.30 trivial very unlikely

POST-+3 h 5 77 0.05 0.73 trivial unlikely

HIT+RT vs. MICT+RT PRE-POST -4 33 -0.05 0.42 trivial unlikely

PRE-+1h 5 34 0.05 0.38 trivial unlikely

PRE-+3 h 19 80 0.21 0.78 small possibly

POST-+1h 6 32 0.07 0.37 trivial unlikely

POST-+3 h 14 83 0.16 0.84 trivial possibly

p-eEF2 HIT+RT vs. RT PRE-POST -8 56 -0.11 0.73 trivial unlikely

PRE-+1 h -35 58 -0.47 0.89 small possibly

PRE-+3 h 19 122 0.15 0.77 trivial possibly

POST-+1h -21 29 -0.31 0.47 small possibly

POST-+3 h -19 50 -0.26 0.75 small possibly

MICT+RT vs. RT PRE-POST -9 52 -0.12 0.73 trivial possibly

PRE-+1 h -32 65 -0.37 0.80 small possibly

PRE-+3 h 12 117 0.08 0.69 trivial unlikely

POST-+1h -18 45 -0.27 0.70 small possibly

POST-+3 h -21 43 -0.31 0.68 small possibly
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Appendices

Mean difference in change

Standardised effect size

Qualitative

Protein target Comparison Change between (ES) mali]f;?t(ﬁ de Ie”f(fil(;? c,;?:g?]];tgg:
% difference  +90% CL ES (d) +90% CL being substantial
HIT+RT vs. MICT+RT PRE-POST -1 30 -0.01 0.46 trivial unlikely
PRE-+1h -6 52 -0.08 0.68 trivial unlikely
PRE-+3 h 49 86 0.46 0.63 small possibly
POST-+1h 4 52 0.06 0.75 trivial unlikely
POST-+3 h -3 41 -0.04 0.64 trivial unlikely
p-ACC HIT+RT vs. RT PRE-POST -23 40 -0.24 0.47 small possibly
PRE-+1 h 35 103 0.21 0.49 small unlikely
PRE-+3 h 44 115 0.22 0.44 small unlikely
POST-+1h 99 100 0.65 0.46 moderate likely
POST-+3 h 169 168 0.94 0.56 moderate likely
MICT+RT vs. RT PRE-POST -22 41 -0.23 0.47 small possibly
PRE-+1 h -43 42 -0.39 0.48 small possibly
PRE-+3 h 75 106 0.40 0.40 small possibly
POST-+1h -16 38 -0.16 0.41 trivial unlikely
POST-+3 h 39 87 0.30 0.55 small possibly
HIT+RT vs. MICT+RT PRE-POST 1 37 0.01 0.34 trivial very unlikely
PRE-+1 h -63 29 -0.82 0.59 moderate likely
PRE-+3 h -16 62 -0.14 0.56 trivial unlikely
POST-+1h -58 23 -0.82 0.49 moderate likely
POST-+3 h -48 39 -0.63 0.67 moderate possibly
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Adaptation to concurrent training: role of endurance training intensity

Mean difference in change Standardised effect size

Qualitative

Protein target Comparison Change between (ES) m;ﬁ?ﬁj de Ié}(feet? c,;?:g?]];tgg:
% difference  +90% CL ES (d) +90% CL being substantial
p-AMPK HIT+RT vs. RT PRE-POST -18 89 -0.18 0.84 trivial possibly
PRE-+1h -51 47 -0.49 0.58 small possibly
PRE-+3 h -68 39 -0.73 0.66 moderate likely
POST-+1h -37 52 -0.41 0.68 small possibly
POST-+3 h -54 49 -0.69 0.83 moderate possibly
MICT+RT vs. RT PRE-POST 10 110 0.09 0.79 trivial unlikely
PRE-+1h -44 40 -0.45 0.51 small possibly
PRE-+3 h -75 26 -1.02 0.67 moderate likely
POST-+1h -28 37 -0.30 0.45 small possibly
POST-+3 h -59 44 -0.79 0.83 moderate likely
HIT+RT vs. MICT+RT PRE-POST 34 89 0.28 0.60 small possibly
PRE-+1h 7 71 0.06 0.49 trivial unlikely
PRE-+3 h -34 41 -0.34 0.48 small possibly
POST-+1h 13 90 0.12 0.70 trivial unlikely
POST-+3 h -11 33 -0.11 0.35 trivial unlikely
Total AMPK HIT+RT vs. RT PRE-POST 22 33 0.53 0.74 small possibly
PRE-+1 h 3 16 0.06 0.31 trivial very unlikely
PRE-+3 h -23 15 -0.46 0.35 small possibly
POST-+1h 12 17 0.30 0.41 small possibly
POST-+3 h -9 14 -0.26 0.42 small possibly
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Appendices

Mean difference in change

Standardised effect size

Effect

Qualitative
likelihood of true

Protein target Comparison Change between : magnitude effect magnitude
% difference  +90% CL ES (d) +90% CL being substantial
MICT+RT vs. RT PRE-POST 4 19 0.13 0.57 trivial unlikely
PRE-+1h -15 14 -0.42 0.43 small possibly
PRE-+3 h 4 18 0.08 0.38 trivial unlikely
POST-+1h -8 15 -0.25 0.50 small possibly
POST-+3 h 1 15 0.03 0.47 trivial unlikely
HIT+RT vs. MICT+RT PRE-POST -14 26 -0.51 0.99 small possibly
PRE-+1 h -37 17 -1.18 0.69 moderate very likely
PRE-+3 h -6 33 -0.13 0.70 trivial unlikely
POST-+1h -17 15 -0.63 0.60 moderate possibly
POST-+3 h 11 17 0.35 0.51 small possibly
p-TIF-1A HIT+RT vs. RT PRE-POST 74 171 0.58 0.91 small possibly
PRE-+1 h -55 32 -0.74 0.61 moderate likely
PRE-+3 h -73 39 -0.80 0.71 moderate likely
POST-+1h -40 35 -0.54 0.57 small possibly
POST-+3 h -52 46 -0.76 0.89 moderate likely
MICT+RT vs. RT PRE-POST 0 82 0.00 0.71 trivial unlikely
PRE-+1 h -56 36 -0.68 0.63 moderate likely
PRE-+3 h -86 16 -1.21 0.59 large very likely
POST-+1h -41 43 -0.51 0.65 small possibly
POST-+3 h -75 24 -1.31 0.80 large very likely
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Adaptation to concurrent training: role of endurance training intensity

Mean difference in change

Standardised effect size

Qualitative

Protein target Comparison Change between (ES) mali]f;?t(ﬁ de Ie”f(fil(;? c,;?:g?]];tgg:
% difference  +90% CL ES (d) +90% CL being substantial
HIT+RT vs. MICT+RT PRE-POST -42 48 -0.59 0.82 moderate possibly
PRE-+1 h -58 47 -0.90 1.01 moderate likely
PRE-+3 h -83 15 -1.34 0.60 large very likely
POST-+1h -2 80 -0.02 0.81 trivial unlikely
POST-+3 h -47 36 -0.69 0.70 moderate likely
Total-TIF-1A HIT+RT vs. RT PRE-POST -14 17 -0.37 0.47 small possibly
PRE-+1 h 26 52 0.35 0.59 small possibly
PRE-+3 h 32 75 0.26 0.52 small possibly
POST-+1h 24 41 0.52 0.78 small possibly
POST-+3 h 17 69 0.39 1.34 small possibly
MICT+RT vs. RT PRE-POST -4 28 -0.09 0.64 trivial unlikely
PRE-+1 h -39 76 -0.32 0.68 small possibly
PRE-+3 h 247 431 0.77 0.64 moderate likely
POST-+1h -40 75 -1.15 2.36 moderate possibly
POST-+3 h 49 56 0.90 0.83 moderate likely
HIT+RT vs. MICT+RT PRE-POST 12 31 0.26 0.62 small possibly
PRE-+1 h -43 71 -0.35 0.65 small possibly
PRE-+3 h 245 439 0.70 0.60 moderate likely
POST-+1h -52 60 -1.65 2.38 large likely
POST-+3 h 27 73 0.54 1.24 small possibly
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Appendices

Mean difference in change

Standardised effect size

Effect

Qualitative
likelihood of true

Protein target Comparison Change between : magnitude effect magnitude
% difference  +90% CL ES (d) +90% CL being substantial
p-UBF HIT+RT vs. RT PRE-POST 22 58 0.28 0.64 small possibly
PRE-+1 h -30 25 -0.46 0.45 small possibly
PRE-+3 h -56 22 -1.06 0.62 moderate very likely
POST-+1h -32 23 -0.54 0.46 small possibly
POST-+3 h -49 17 -0.92 0.45 moderate very likely
MICT+RT vs. RT PRE-POST 30 63 0.35 0.62 small possibly
PRE-+1h -35 29 -0.53 0.53 small possibly
PRE-+3 h -67 17 -1.40 0.62 large very likely
POST-+1h -37 27 -0.61 0.55 moderate possibly
POST-+3 h -64 12 -1.35 0.42 large most likely
HIT+RT vs. MICT+RT PRE-POST 7 36 0.14 0.69 trivial possibly
PRE-+1h -21 33 -0.42 0.72 small possibly
PRE-+3 h -47 19 -0.84 0.48 moderate likely
POST-+1h -7 31 -0.15 0.70 trivial possibly
POST-+3 h -30 16 -0.74 0.48 moderate likely
Total-UBF HIT+RT vs. RT PRE-POST 9 18 0.21 0.41 small unlikely
PRE-+1 h 14 24 0.25 0.38 small unlikely
PRE-+3 h 2 21 0.03 0.34 trivial very unlikely
POST-+1h 15 26 0.36 0.57 small possibly
POST-+3 h 10 29 0.23 0.65 small possibly



Adaptation to concurrent training: role of endurance training intensity
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Mean difference in change  Standardised effect size I_kQua“taﬁVe
. . (ES) Effect ikelihood of true
Protein target Comparison Change between magnitude effect magnitude
% difference  +90% CL ES (d) +90% CL being substantial
MICT+RT vs. RT PRE-POST 18 15 0.51 0.39 small possibly
PRE-+1h -2 22 -0.04 0.44 trivial unlikely
PRE-+3 h 11 26 0.19 0.41 trivial unlikely
POST-+1h -1 24 -0.04 0.76 trivial unlikely
POST-+3 h 3 26 0.08 0.78 trivial unlikely
HIT+RT vs. MICT+RT PRE-POST 8 19 0.18 0.38 trivial unlikely
PRE-+1h -22 16 -0.46 0.37 small possibly
PRE-+3 h -7 23 -0.13 0.45 trivial unlikely
POST-+1h -14 19 -0.35 0.49 small possibly
POST-+3 h -6 23 -0.15 0.54 trivial unlikely
Total Cyclin D1 HIT+RT vs. RT PRE-POST -11 25 -0.11 0.26 trivial very unlikely
PRE-+1 h -21 19 -0.16 0.16 trivial very unlikely
PRE-+3 h 75 55 0.36 0.20 small possibly
POST-+1h -22 19 -0.23 0.23 small unlikely
POST-+3 h 15 28 0.14 0.23 trivial very unlikely
MICT+RT vs. RT PRE-POST -16 15 -0.18 0.18 trivial very unlikely
PRE-+1 h -1 32 -0.01 0.25 trivial very unlikely
PRE-+3 h 82 57 0.47 0.24 small possibly
POST-+1h -2 32 -0.02 0.33 trivial very unlikely

POST-+3 h 51 61 0.42 0.40 small possibly
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Appendices

Mean difference in change

Standardised effect size

Qualitative

Protein target Comparison Change between (ES) maILngr]:?th de Iellffit? ﬁ?:g?]];tgg:
% difference  +90% CL ES (d) +90% CL being substantial

HIT+RT vs. MICT+RT PRE-POST -7 27 -0.09 0.39 trivial unlikely

PRE-+1h 41 48 0.34 0.33 small possibly

PRE-+3 h 77 56 0.50 0.27 small possibly

POST-+1h 25 45 0.31 0.47 small possibly

POST-+3 h 31 49 0.36 0.50 small possibly
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Mean diff i ch Standardised effect size ~ Qualitative
. ean ditrerence in change (ES) Effect likelihood of true
MRNA target Comparison Change between magnitude effect magnitude
% difference  +90% CL ES (d) +90% CL being substantial
MuRF-1 mRNA HIT+RT vs. RT PRE-POST 7 41 0.15 0.81 trivial possibly
POST-+3 h 168 176 2.15 1.34 very large very likely
PRE-+3 h 187 148 2.29 1.07 very large most likely
MICT+RT vs. RT PRE-POST 35 56 0.57 0.78 small possibly
POST-+3 h 7 91 0.13 1.49 trivial possibly
PRE-+3 h 44 139 0.70 1.64 moderate possibly
HIT+RT vs. MICT+RT PRE-POST 26 49 0.47 0.77 small possibly
POST-+3 h 60 34 1.85 1.56 large likely
PRE-+3 h 50 50 1.39 1.78 large likely
Atrogin-1 mRNA HIT+RT vs. RT PRE-POST 0 48 0.01 0.88 trivial unlikely
POST-+3 h 89 83 1.22 0.82 large likely
PRE-+3 h 90 70 1.22 0.69 large very likely
MICT+RT vs. RT PRE-POST 3 67 0.05 1.13 trivial possibly
POST-+3 h 86 89 1.14 0.85 moderate likely
PRE-+3 h 91 106 1.19 0.97 moderate likely
HIT+RT vs. MICT+RT PRE-POST 2 60 0.04 1.06 trivial possibly
POST-+3 h -1 42 -0.03 0.80 trivial unlikely

PRE-+3 h 1 53 0.02 0.96 trivial unlikely
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Appendices

Mean difference in change

Standardised effect size

Qualitative

. (ES) Effect likelihood of true
MRNA target Comparison Change between : magnitude effect magnitude
% difference  +90% CL ES (d) +90% CL being substantial
PGC-10. mRNA HIT+RT vs. RT PRE-POST 20 34 0.44 0.67 moderate possibly
POST-+3 h 635 360 4.80 1.14 extremely large most likely
PRE-+3 h 781 413 5.24 1.09 extremely large most likely
MICT+RT vs. RT PRE-POST -25 59 -0.46 1.18 small possibly
POST-+3 h 447 379 2.75 1.05 very large most likely
PRE-+3 h 311 425 2.29 1.47 very large very likely
HIT+RT vs. MICT+RT PRE-POST -37 50 -0.85 1.32 moderate possibly
POST-+3 h -26 50 -0.53 1.14 small possibly
PRE-+3 h -53 47 -1.38 1.60 large likely
TIF-1A mRNA HIT+RT vs. RT PRE-POST -2 18 -0.06 0.55 trivial unlikely
POST-+3 h -17 26 -0.57 0.93 small possibly
PRE-+3 h -18 27 -0.62 1.01 moderate possibly
MICT+RT vs. RT PRE-POST -2 17 -0.07 0.53 trivial unlikely
POST-+3 h 7 25 0.22 0.71 small possibly
PRE-+3 h 5 21 0.15 0.63 trivial unlikely
HIT+RT vs. MICT+RT PRE-POST 0 16 -0.02 0.51 trivial unlikely
POST-+3 h 29 45 0.80 1.06 moderate possibly
PRE-+3 h 28 42 0.78 1.01 moderate possibly
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Adaptation to concurrent training: role of endurance training intensity

Mean difference in change

Standardised effect size

Qualitative

likelihood of true
MRNA target Comparison Change between (ES) malz]f;?tcl} de effect magnitude
% difference  +90% CL ES (d) +90% CL being substantial
Cyclin D1 mRNA HIT+RT vs. RT PRE-POST 33 146 0.28 0.95 small possibly
POST-+3 h 0 49 0.00 0.47 trivial unlikely
PRE-+3 h 33 168 0.28 1.06 small possibly
MICT+RT vs. RT PRE-POST -10 107 -0.10 0.94 trivial possibly
POST-+3 h -5 45 -0.05 0.43 trivial unlikely
PRE-+3 h -15 108 -0.15 0.99 trivial possibly
HIT+RT vs. MICT+RT PRE-POST -32 39 -0.50 0.71 small possibly
POST-+3 h -5 48 -0.07 0.63 trivial unlikely
PRE-+3 h -36 43 -0.57 0.81 small possibly
Fox-O1 mRNA HIT+RT vs. RT PRE-POST 30 246 0.24 1.27 small possibly
POST-+3 h 141 73 0.80 0.27 moderate very likely
PRE-+3 h 214 560 1.04 1.22 moderate likely
MICT+RT vs. RT PRE-POST 6 36 0.12 0.72 trivial unlikely
POST-+3 h 28 74 0.52 1.17 small possibly
PRE-+3 h 35 87 0.64 1.30 moderate possibly
HIT+RT vs. MICT+RT PRE-POST 19 155 0.18 1.19 trivial possibly
POST-+3 h 47 31 0.54 0.47 small possibly
PRE-+3 h 57 82 0.72 1.19 moderate possibly
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Appendices

Mean difference in change

Standardised effect size

Qualitative

likelihood of true
MRNA target Comparison Change between (ES) mallzgfri?tcl} de effect magnitude
% difference  +90% CL ES (d) +90% CL being substantial
POLR1B mRNA HIT+RT vs. RT PRE-POST 37 30 0.87 0.60 moderate likely
POST-+3 h 34 51 0.81 1.03 moderate likely
PRE-+3 h 83 57 1.69 0.86 large very likely
MICT+RT vs. RT PRE-POST 29 33 0.51 0.51 small possibly
POST-+3 h 38 50 0.64 0.72 moderate possibly
PRE-+3 h 77 52 1.14 0.58 moderate very likely
HIT+RT vs. MICT+RT PRE-POST -6 19 -0.15 0.48 trivial unlikely
POST-+3 h 3 39 0.06 0.90 trivial possibly
PRE-+3 h -3 31 -0.08 0.76 trivial unlikely
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Adaptation to concurrent training: role of endurance training intensity

Mean difference in change

Standardised effect size

Qualitative

likelihood of true
rRNA target Comparison Change between (ES) maILngr]:?tcl} de effect magnitude
% difference  #90% CL ES (d) +90% CL being substantial
Total RNA HIT+RT vs. RT PRE-POST 106 67 1.35 0.60 large most likely
MICT+RT vs. RT PRE-POST 69 45 1.05 0.53 moderate very likely
HIT+RT vs. MICT+RT PRE-POST -14 26 -0.42 0.84 small possibly
45S pre-rRNA HIT+RT vs. RT PRE-POST 58 76 0.71 0.71 moderate likely
POST-+3 h 50 97 0.63 0.94 moderate possibly
PRE-+3 h 138 169 1.34 1.02 large likely
MICT+RT vs. RT PRE-POST 75 81 0.85 0.68 moderate likely
POST-+3 h 27 63 0.36 0.72 small possibly
PRE-+3 h 123 133 1.21 0.86 large likely
HIT+RT vs. MICT+RT PRE-POST 11 30 0.18 0.48 trivial possibly
POST-+3 h -16 56 -0.30 1.11 small possibly
PRE-+3 h -6 63 -0.12 1.13 trivial possibly
5.8S rRNA HIT+RT vs. RT PRE-POST 125 109 1.27 0.73 large very likely
POST-+3 h 14 80 0.20 1.02 small possibly
PRE-+3 h 156 215 1.47 1.20 large likely
MICT+RT vs. RT PRE-POST 120 111 0.99 0.61 moderate likely
POST-+3 h 19 80 0.22 0.79 small possibly
PRE-+3 h 161 207 1.20 0.91 large likely
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Appendices

Mean difference in change

Standardised effect size

Qualitative

likelihood of true
rRNA target Comparison Change between (ES) maILngr]:?tcl} de effect magnitude
% difference  #90% CL ES (d) +90% CL being substantial
HIT+RT vs. MICT+RT PRE-POST -2 35 -0.03 0.48 trivial unlikely
POST-+3 h 4 77 0.06 0.95 trivial possibly
PRE-+3 h 2 93 0.03 1.12 trivial possibly
5.8S rRNA (span) HIT+RT vs. RT PRE-POST 112 116 1.40 0.97 large very likely
POST-+3 h 51 82 0.76 0.96 moderate possibly
PRE-+3 h 198 161 2.03 0.96 very large very likely
MICT+RT vs. RT PRE-POST 53 86 0.74 0.92 moderate possibly
POST-+3 h 27 61 0.41 0.80 small possibly
PRE-+3 h 95 98 1.15 0.84 moderate likely
HIT+RT vs. MICT+RT PRE-POST -28 48 -0.55 1.05 small possibly
POST-+3 h -16 51 -0.29 0.96 small possibly
PRE-+3 h -35 42 -0.72 1.02 moderate possibly
18S rRNA HIT+RT vs. RT PRE-POST -51 187 -0.45 1.30 small possibly
POST-+3 h 39 76 0.21 0.33 small unlikely
PRE-+3 h -32 230 -0.25 1.22 small possibly
MICT+RT vs. RT PRE-POST -63 145 -0.56 1.17 small possibly
POST-+3 h -1 52 -0.01 0.28 trivial very unlikely
PRE-+3 h -64 124 -0.57 1.09 small possibly
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Adaptation to concurrent training: role of endurance training intensity

Mean difference in change

Standardised effect size

Qualitative

. (ES) Effect likelihood of true
rRNA target Comparison Change between : magnitude effect magnitude
% difference  #90% CL ES (d) +90% CL being substantial
HIT+RT vs. MICT+RT PRE-POST -25 48 -0.43 0.90 small possibly
POST-+3 h -29 35 -0.52 0.72 small possibly
PRE-+3 h -47 34 -0.95 0.91 moderate likely
18S rRNA (span) HIT+RT vs. RT PRE-POST 95 156 0.52 0.57 small possibly
POST-+3 h 15 102 0.11 0.62 trivial unlikely
PRE-+3 h 125 253 0.63 0.75 moderate possibly
MICT+RT vs. RT PRE-POST 59 72 0.32 0.30 small possibly
POST-+3 h 26 88 0.16 0.45 trivial unlikely
PRE-+3 h 101 137 0.48 0.44 small possibly
HIT+RT vs. MICT+RT PRE-POST -18 61 -0.13 0.45 trivial unlikely
POST-+3 h 9 77 0.06 0.42 trivial unlikely
PRE-+3 h -11 103 -0.07 0.64 trivial unlikely
28S rRNA HIT+RT vs. RT PRE-POST 73 55 1.23 0.71 large very likely
POST-+3 h 14 60 0.28 1.13 small possibly
PRE-+3 h 97 115 1.52 1.24 large likely
MICT+RT vs. RT PRE-POST 63 55 1.10 0.74 moderate likely
POST-+3 h 1 42 0.02 0.92 trivial unlikely
PRE-+3 h 65 76 1.12 1.00 moderate likely
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Mean difference in change

Standardised effect size

Qualitative

. (ES) Effect likelihood of true
rRNA target Comparison Change between : magnitude effect magnitude
% difference  #90% CL ES (d) +90% CL being substantial
HIT+RT vs. MICT+RT PRE-POST -6 21 -0.18 0.69 trivial possibly
POST-+3 h -11 47 -0.36 1.58 small possibly
PRE-+3 h -16 52 -0.54 1.81 small possibly
28S rRNA (span) HIT+RT vs. RT PRE-POST 123 109 0.81 0.48 moderate likely
POST-+3 h 24 70 0.22 0.54 small possibly
PRE-+3 h 153 136 0.93 0.52 moderate very likely
MICT+RT vs. RT PRE-POST 58 66 0.50 0.45 small possibly
POST-+3 h 45 68 0.41 0.50 small possibly
PRE-+3 h 128 127 0.91 0.59 moderate likely
HIT+RT vs. MICT+RT PRE-POST -29 36 -0.65 0.92 moderate possibly
POST-+3 h 17 60 0.29 0.93 small possibly
PRE-+3 h -10 58 -0.20 1.15 small possibly
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Mean difference in change

Standardised effect size

Qualitative

M c . Change (ES) Effect likelihood of true
easure omparison between _ magnitude effect magnitude
% difference  +90% CL ES (d) +90% CL being substantial
Type | fibre CSA HIT+RT vs. RT PRE-POST -34 22 -1.03 0.80 moderate likely

MICT+RT vs. RT PRE-POST -15 54 -0.39 1.45 small possibly

HIT+RT vs. MICT+RT PRE-POST 29 86 0.63 1.53 moderate possibly

Type 11 fibre CSA HIT+RT vs. RT PRE-POST -15 23 -0.43 0.69 small possibly

MICT+RT vs. RT PRE-POST -2 32 -0.07 0.92 trivial possibly

HIT+RT vs. MICT+RT PRE-POST 16 39 0.42 0.97 small possibly
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