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ABSTRACT

Resistance and endurance exercise when performed regularly will cause specific
adaptations in human skeletal muscle. Resistance exercise is known to increase strength
and muscle mass while endurance training increases vascularisation and mitochondrial
density which results in enhanced oxidative capacity. To understand how these
adaptations occur, it is important to examine the molecular signaling events in muscle.
The Akt-mTOR pathway has been shown to have an important function in the
stimulation of protein synthesis.

This pathway is stimulated following resistance exercise in human muscle. During the
work included in this thesis it has become clear that endurance exercise also stimulates
Akt-mTOR signaling in human skeletal muscle. Study (I) revealed an increased
phosphorylation of mTOR, Akt and GSK3 and a marked decrease in eEF2
phosphorylation indicating a stimulatory response on elongation and initiation of
protein synthesis in the early recovery phase. Furthermore, as shown in study (II), this
stimulatory response is followed by an increase in the fractional synthetic rate (FSR),
which was progressively increased when measured up to 3 h following endurance
exercise.

It is usually recommended that resistance exercise is performed 2-3 times per week. In
study (IIT), markers for anabolic (Akt, mTOR, p70S6k, rpS6, eEF2 and GSK-38) as
well as catabolic (MAFbx and MuRF-1) processes were investigated following two
sessions of resistance exercise separated by 48 hours. From this study it appears that
anabolic signaling is slightly enhanced following the second exercise session, and
furthermore, the changes in gene expression related to muscle protein degradation
(MAFbx and MuRF-1) is attenuated during the second exercise session.

Endurance exercise can compromise the adaptive response of strength training. On the
other hand, there is some evidence suggesting that combining endurance training with
resistance exercise may have beneficial effects on endurance exercise performance. The
final study was designed to evaluate whether resistance exercise can enhance the
muscle adaptive response to endurance exercise with respect to molecular signaling
related to increased protein synthesis and specific markers for mitochondrial
biogenesis. An enhanced signaling response was actually found in the combined
exercise protocol. Specifically, expression of genes related to increased mitochondrial
biogenesis and oxidative metabolism (PGC-la, PRC and PDK-4 mRNA) as well
markers for anabolic signaling (mTOR, p70S6k), was enhanced when endurance
exercise was followed by a session of heavy resistance exercise. This data support the
notion that including resistance exercise in endurance training may be beneficial.

In summary, mixed muscle FSR is gradually increased following endurance exercise
when measured during the first 3 h of recovery and this increase is accompanied by
stimulation of mTOR signaling. Resistance exercise enhances effects on anabolic
signaling and attenuates expression of genes involved in muscle protein breakdown and
inhibition of muscle growth during a second exercise session performed two days after
the first. Finally, combining endurance and heavy resistance exercise can enhance acute
adaptive responses and indicates that combined exercise may be superior to endurance
exercise alone.
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1 INTRODUCTION

The skeletal muscle tissue encompasses a unique plasticity to undergo large changes in
weight and size. In the steady state, proteins are subjected to continuous synthesis and
breakdown for repair, growth and replacement in the muscle. Protein turnover refers to
these simultaneous processes of breakdown and synthesis. It has been estimated that
around 400 g of proteins are broken down and the same amount of proteins are
synthesized each day in a healthy individual. Approximately 75% of the proteins
broken down are reutilized. By the use of isotopically labeled amino acids as tracers,
the rate of turnover can be estimated. Rates of protein synthesis vary in different
tissues. In human skeletal muscle, the protein turnover is reported to be around 1-2%
per 24 hours. However, the balance between the rate of synthesis and degradation can
be altered by different stimuli such as changes in hormonal levels, injury, disease,
nutritional intake and muscle contractions. In a state when the rate of synthesis exceeds
the rate of breakdown there is a positive net balance, whereas in a catabolic state, the
rate of breakdown exceeds the rate of synthesis. The intracellular signaling events
regulating muscle protein turnover in response to exercise are not completely
understood, but the Akt-the mammalian target of rapamycin (Akt-mTOR) signaling
pathway seems to play a crucial role in stimulation of muscle protein synthesis while

the regulatory mechanisms for protein breakdown remains more elusive.

1.1 EFFECTS OF EXERCISE ON THE RATE OF PROTEIN TURNOVER

Skeletal muscle has the capacity to adapt to the type of work demanded such as
endurance or resistance exercise. For example, regularly performed endurance exercise
will increase vascularisation, mitochondrial protein density and oxidative capacity
which results in improved fat oxidation and endurance (Holloszy & Booth 1976,
Henriksson 1977, Saltin & Gollnick 1983) while resistance exercise is commonly
known to increase muscle mass and strength. The introduction of stable isotope tracers
in the research on human muscle protein metabolism during the 1980s has improved
the knowledge of these processes greatly. Research on changes in muscle protein
turnover following exercise has focused mainly on resistance exercise. However, in
2005, Miller and colleagues reported a large increase in the fractional synthetic rate
(FSR) of myofibrillar and sarcoplasmic proteins following endurance-like exercise (1 h
leg kicking at 67% of maximum workload). Following this, several studies have

recently been conducted on the subject (Howarth et al. 2009, Wilkinsson et al. 2008,
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Harber et al. 2009 and 2010, Durham et al. 2010). Generally, protein synthesis is
thought to be repressed during exercise and increased in the recovery period following
exercise. Protein breakdown is probably unchanged or increased during exercise and
elevated in the recovery period (See Kumar et al. 2009). The magnitude of changes in
protein metabolism in skeletal muscle in relation to exercise may be dependent on
several factors such as the subject’s nutritional status, mode of exercise, duration and

intensity.

1.1.1 Resistance exercise

Resistance exercise when performed regularly is known to increase muscle mass over
time. This results in an increased myotube diameter (hypertrophy) due to accretion of
contractile proteins, mainly actin and myosin. It is well established that resistance
exercise can alter the balance between muscle protein synthesis and breakdown. An
acute bout of resistance exercise can increase the FSR in human skeletal muscle during
the first hours and is still present up to 48 h in the recovery period following resistance
exercise (Chesley et al. 1992, MacDougall et al. 1995, Phillips et al. 1997). However,
in the fasted state the rate of protein breakdown is also enhanced but to a lesser degree.
This leads to an improved net protein balance compared to rest but it still remains
negative without nutritional supply (Biolo et al. 1995 and 1997, Phillips et al. 1997,
Tipton et al. 2001). Studies on protein turnover during exercise are much more difficult
since the muscle is not in steady state and the duration of exercise is usually too short
for such measurements. When attempts are made to measure muscle protein turnover
during exercise, the data indicate decreased or unchanged rate of synthesis (Durham et
al. 2004, Dreyer et al. 2006, Drummond et al. 2008, Fujita et al. 2009), while muscle
protein breakdown is unchanged (Tipton et al. 2003, Durham et al. 2004).
Measurements on FSR in skeletal muscle are usually done on mixed muscle (including
all proteins in muscle) but can be divided into myofibrillar, sarcoplasmic and
mitochondrial fractions. Interestingly and somewhat unexpectedly, it was recently
shown that the FSR of mitochondrial proteins is elevated following resistance exercise
in untrained subjects (Wilkinsson et al. 2008). Changes in the rate of protein synthesis
and possibly to some extent protein breakdown in skeletal muscle is likely to be
mediated through a network of signaling pathways where the Akt-mTOR pathway
seems to play a key role (Dreyer et al. 2006, Dreyer et al. 2008, Drummond et al. 2009,
Kumar et al. 2009).
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1.1.2 Endurance exercise

Acute alterations in protein turnover following endurance exercise in skeletal muscle
are less well characterized in comparison to resistance exercise. Endurance exercise is
commonly associated with increased mitochondrial density and capillarisation in
muscle, hence, adaptations related to this type of exercise is likely to mainly involve
synthesis of mitochondrial proteins. However, with few exceptions (Tipton et al. 1996)
increased FSR in mixed muscle have been found in human skeletal muscle following
this mode of exercise in both the post absorptive and fasted state (Carraro et al. 1990,
Sheffield-Moore et al. 2004, Durham et al. 2010, Harber et al. 2010). Increased FSR
has been reported following both low intensity (40% of Vopmax) (Carraro et al. 1990,
Sheffield-Moore et al. 2004, Durham et al. 2010) and moderate intensity exercise
(~70% of Voymax) (Harber et al. 2010) with no obvious difference in magnitude at these
intensities. Chronic endurance exercise has also been reported to increase resting FSR
in mixed muscle by approximately 22% (Short et al. 2004). Most of these studies are
based on measurements in mixed muscle, however, in the study by Miller and co-
workers (2005), increased FSR was found in both myofibrillar and sarcoplasmic
protein fractions that persisted up to 72 h in the myofibrillar fraction following 1 h of
one-legged kicking exercise at approximately 70% of maximum workload. There is
little information regarding protein breakdown following endurance exercise. However,
protein breakdown assessed by arteriovenous differences of phenylalanine
concentrations over the leg following low intensity exercise (40% of Voomax) suggests
that protein breakdown is elevated immediately after but not 1 h after exercise

(Sheffield-Moore et al. 2004).

A decrease in the rate of protein synthesis during endurance exercise has been shown
on rodents (Dohm et al. 1982, Gautsch et al. 1998), but whether this is the case in
human muscle is not known. The only study on FSR in human muscle during
endurance exercise showed no change in muscle protein synthesis during exercise
(Carraro et al. 1990). This study was done at low intensity (40% of Voamax), at higher
intensity changes in molecular signaling speak in favor of an attenuated protein
synthesis during intense endurance exercise. For example, findings of elevated
eukaryotic elongation factor 2 (éEF2) phosphorylation and reduced phosphorylation of
eukaryotic initiation factor 4E-binding protein 1 (4EBP-1) during exercise (Rose et al.

2005 and 2009) may reflect an attenuation of protein synthesis.
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1.1.3 Combined exercise

Studies on combined exercise (resistance and endurance exercise performed
simultaneously) indicate a compromised muscular adaptation on resistance exercise
training. On the other hand, strength training may actually improve endurance
performance (Hickson 1980, Marcinik et al. 1991, Kraemer et al. 1995, Hoff et al.
1999, Chtara et al. 2008, Rgnnestad et al. 2010). A possible interference on resistance
training when combined with endurance exercise has been suggested to be mediated
by the so called adenosine monophosphate activated protein kinase (AMPK)-switch,
as suggested by Atherton and colleagues (2005). AMPK activity is increased during
exercise presumably due to an increase in the AMP:ATP ratio. It appears that
activation of AMPK can decrease protein synthesis and hypertrophy in rodents
(Bolster et al. 2002, Thomson and Gordon, 2005). However, in humans, increased
AMPK activity concomitantly with increased protein synthesis has been found
(Dreyer et al. 2006), so the inhibitory role of AMPK on protein synthesis in humans
is yet to be determined. A molecular mechanism behind improved endurance
performance when adding resistance exercise to an endurance exercise protocol is yet
unknown, however, improved neuromuscular function and/or changes in the
proportion of fiber types has been suggested. For example, resistance exercise is
known to increase the proportion of type Ila fibers at the expense of type IIx fibers,
which may be beneficial during endurance exercise (Andersen and Aagaard 2000). In
a recent study by Coffey et al. (2009) the acute molecular signaling response
following combined exercise in humans was investigated. The aim was to assess
whether there was a difference in the molecular response depending on the order of
exercise. No clear evidence for difference in order-dependent stimulation or
interference of peroxisome proliferator-activated receptor gamma coactivator 1-alpha

(PGC-1a) gene expression or mTOR phosphorylation was found.

1.2 REGULATION OF PROTEIN SYNTHESIS

1.2.1 The mTOR signaling pathway

The mammalian target of rapamycin (mTOR) has emerged as a crucial regulator of
protein synthesis in muscle. The enzymes in the mTOR pathway are activated or
deactivated by phosphorylation at specific threonine or serine residues. Activation of
mTOR signaling has been associated with stimulation via hormones such as insulin

growth factor 1 (IGF-1) and insulin. IGF-1 is known to stimulate Akt-mTOR signaling
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and cause hypertrophy in myotubes (Bodine et al. 2001). Akt activates mTOR by
phosphorylation at Ser 2448 which promotes mTOR signaling through phosphorylation
of p70S6 kinase (p70S6k) and the translational repressor 4EBP-1 (Navé et al. 1999).
When phosphorylated at Thr 389, p70S6k activates ribosomal protein S6 (rpS6) by
phosphorylation at Ser 235/236 which is believed to facilitate protein translation. When
4EBP-1 is phosphorylated it will not be able to sequester eIFAE which then makes
elF4E available for complex formation with eIF4G promoting initiation of translation.
In addition, Akt also regulates protein synthesis via glycogen synthase kinase 3 beta
(GSK-3p) (Rommel et al. 2001). GSK-3p inhibits protein translation initiated by the
eukaryotic intiation factor 2B (elF2B) protein (Hardt and Sadoshima, 2002), a guanine
nucleotide exchange factor that facilitates the activation of elF2 by exchange of GDP
bound to eukaryotic initiation factor 2 (eIF2 with GTP (Hershey and Merrick, 2000).
The active complex interacts with charged initiator methionyl-tRNA and the 40S
ribosomal subunit (Merrick 1992, Pavitt et al. 1998) facilitating the elongation process
(Welsh et al. 1998, Jefferson et al. 1999, Wang et al. 2001). Thus, inhibition of GSK-3
might promote translation initiation (Welsh et al. 1998, Jefferson et al. 1999, Wang et
al. 2001). Indeed, myotubes expressing a non functional (dominant-negative) GSK-38

protein have been shown to develop hypertrophy (Rommel et al. 2001).

Another protein which seems to be connected to the mTOR pathway is eEF2. This
factor mediates translocation of the ribosome during the elongation process of protein
translation. Its activity is regulated by reversible phosphorylation at Thr 56 (Redpath et
al. 1996). When phosphorylated at this residue, eEF2 becomes inactive and is not able
to attach to ribosomes and the translation process is thereby inhibited (Browne and
Proud 2002). Phosphorylation of eEF2 is mediated by the elongation factor 2 kinase
(eEF2k). This kinase is known to be phosphorylated and thereby inhibited by mTOR
connecting the regulation of elongation to the mTOR pathway (Redpath et al. 1996).
Another mechanism for Akt regulation of mTOR activity is through the tuberous
sclerosis complex (TSC1/2). Tuberous sclerosis protein 2 (TSC2, also termed tuberin)
is a negative regulator of mTOR and its activity is inhibited by Akt phosphorylation in
mammalian cells (Inoki et al. 2002). The inhibitory effect on mTOR by TSC2 is
believed to be mediated through blocking of protein Ras-homolog enriched in brain
(Rheb) activity (Tee et al. 2003). This protein was identified as a positive regulator of
cell growth in Drosophila (Saucedo et al. 2003) and in a recent study overexpression of

Rheb in transgenic mice was sufficient to induce muscle hypertrophy (Goodman et al.
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2010). Indeed activated Rheb seems to positively regulate mTOR signaling in vitro
(Long et al. 2005). Since TSC2 can increase GTP hydrolysis of Rheb in vitro and
thereby converting Rheb to an inactive form (Inoki et al. 2003, Tee et al. 2003) mTOR
activity is decreased. During conditions of energy starvation, the AMPK kinase
(AMPKXKk) phosphorylates and activates TSC2 (Inoki et al. 2003), which inhibits mTOR
activity and thus conserves energy by inhibiting the energy consuming process of
protein translation. mTOR is also inhibited by other mechanisms such as myostatin and

REDD1/2.

In addition to Akt dependent stimulation of mTOR, it has also been shown that mMTOR
can be activated in response to other stimuli such as mechanical load and amino acids
(Nobukuni et al. 2005, Byfield et al. 2005, Hornberger et al. 2006). In recent years the
complexity of the regulatory mechanisms has become evident, mTOR can be activated
independently of Akt and several new mechanisms of regulation has been identified
such as nutrient sensing by hVps34 and through phospholipase D1 (PLDI1) and
phosphatidic acid which is suggested to mediate the exercise signaling via

mechanotransduction (Hornberger et al. 2006).

A protein that has been established as an important regulator of mitochondrial
biogenesis and angiogenesis in rodents is the peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1a) (Geng et al. 2010). Overexpression of the PGC-
la protein in mice improved exercise performance in concert with a simultaneous
increase in mitochondrial gene expression, mitochondrial DNA and mitochondrial

enzyme activity (Lin et al. 2002, Calvo et al. 2008).

1.3 REGULATION OF PROTEIN BREAKDOWN

Muscle protein breakdown is regulated mainly by the ubiquitin-proteasome system
(Taylor et al. 1995, Solomon and Goldberg, 1996). Proteins that are destined for
degradation by this system are tagged by ubiquitin. This ATP dependent process is
divided into three steps; ubiquitin is first bound to an ubiquitin activating enzyme (E1)
and then transferred to the ubiquitin carrier enzyme (E2) and subsequently, ubiquitin is
attached to a protein by a substrate specific ubiquitin ligase (E3). In skeletal muscle,
two muscle specific E3 ligases, Muscle RING Finger 1 (MuRF-1) and Muscle Atrophy
F-box (MAFbx, also called Atrogin-1), seem to have important functions during the

muscle atrophy process. Gene expression of these ligases is markedly upregulated in
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various models of atrophy such as denervation, unweighting and sepsis (Bodine et al.
2001, Li et al. 2005). Furthermore, knockout MAFbx and MuRF1 mice showed partial
protection against denervation-induced atrophy compared to wild-type mice (Bodine et
al. 2001). Recently, MuRF-1 has been shown to be important during the degradation
process of myosine light chains 1 and 2 which are components of the thick filament
while MAFbx seems to be involved in the breakdown of the muscle specific
transcription factor myogenic factor D (MyoD) and the eukaryotic Initiation Factor 3
(eIF3f) which have been shown important in mTOR signaling (Lagirand-Cantaloube et
al. 2008 and 2009, Cohen et al. 2009, Csibi et al. 2010). The Forkhead box, class O
(FOXO, also called "forkhead") family of transcription factors can regulate the
transcription of MuRF-1 and MAFbx and its activity is dependent on phosphorylation.
When phosphorylated, FOXO is translocated from the nucleus preventing transcription
of MuRF-1 and MAFbx, however, in its dephopshorylated state, it is translocated into
the nucleus and stimulates gene transcription of these two E3 ligases. Apart from its
function in stimulating protein translation via mTOR, Akt can also phosphorylate
FOXO and thereby inhibit gene expression of MuRF1 and MAFbx which provides a
link between the stimulation of translation and the protein breakdown. However, the
significance and function of these ubiquitin ligases in connection to exercise is still not

known.
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Figure 1. Simplified figure depicting factors influencing the mTOR signaling pathway.

1.4 THE EFFECT OF EXERCISE ON SIGNALING PATHWAYS
REGULATING PROTEIN SYNTHESIS AND BREAKDOWN

1.4.1 The mTOR pathway

In the early 1990s p70S6k was known to be activated by mitogenic stimuli, but the
upstream activators were not known. However, p70S6k was soon considered to have an
important function in translational regulation. In 1999, Baar and Esser found a
correlation between acute increase in phosphorylation of p70S6k and change in wet
muscle mass after 6 weeks of training by electric stimulation of muscle (Baar and

Esser, 1999). This study was followed by several studies on laboratory animals
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demonstrating activation of the mTOR pathway following exercise (Hernandez et al.
2000, Nader et al. 2001, Parkington et al. 2003). The first data on p70S6k stimulation in
relation to exercise in humans was presented in the study by Karlsson et al. (2004).
This study reported increased phosphorylation of p70S6k in the recovery period
following resistance exercise when BCAA were ingested. However, in later studies
increased phosphorylation of p70S6k has also been found without BCAA
supplementation (Dreyer et al. 2006, Terzis et al. 2008, Kumar et al. 2009, Camera et
al. 2010). These findings have been extended by Drummond and co-workers (2009)
who discovered that increases in signaling through the mTOR pathway and protein
synthesis following resistance exercise is attenuated by administration of the potent
mTOR inhibitor rapamycin. Although most studies investigating this pathway are done
in relation to resistance exercise, it seems now that this pathway is stimulated following
endurance exercise as well (Mascher et al. 2007, Benziane et al. 2008, Coffey et al.

2009, Camera et al. 2010).

1.4.2 PGC-1a

PGC-1a has emerged as an important regulator of mitochondrial biogenesis. The
mRNA levels of PGC-1a, are elevated after both endurance exercise (Pilegaard et al.
2003, Norrbom et al. 2004, Mahoney et al. 2005, Wang et al. 2009) and resistance
exercise (Deldicque et al. 2008) in humans. The gene expression of PGC-1a as well as
the activity and stability of the protein has been shown to be stimulated by AMPK and
p38 mitogen-activated protein kinase (p38 MAPK) which both can be activated by
exercise (Puigserver et al. 2001, Akimoto et al. 2005, Jgrgensen et al. 2005).

1.4.3 Ubiquitin ligases

The gene expression of the muscle specific E3 ubiquitin ligases MuRF-1 and MAFbx
appears to be altered following exercise in most studies (Coffey et al. 2006, Raue et al.
2007, Mascher et al. 2008). Levels of MuRF-1 mRNA are acutely increased after both
resistance and endurance exercise (Louis et al. 2007, Mascher et al. 2008, Harber et al.
2010). MAFbx gene expression is usually decreased or unchanged following resistance
exercise (Louis et al. 2007, Deldicque et al. 2008, Mascher et al. 2008). Reports on
effects of endurance exercise on MAFbx gene expression is scarcer, but MAFbx

mRNA has been reported to increase following endurance exercise (Coffey et al. 2006).
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2 AIMS

1. To investigate whether endurance exercise elicit changes in phosphorylation of
proteins involved in regulating protein synthesis as well as the time-course for such

changes during the first 3 h following endurance exercise in human skeletal muscle.

2. To investigate the fractional synthesis rate (FSR) as well as markers for increased
protein synthesis during the early recovery period in human skeletal muscle following

intensive endurance exercise.

3. To evaluate whether a second training session performed 48 h after a first one
would enlarge the anabolic response in terms of signaling related to protein synthesis

and breakdown.
4. To investigate if resistance exercise can enhance the muscle adaptive response to

endurance exercise with respect to molecular signaling related to protein synthesis and

specific markers of mitochondrial biogenesis in human skeletal muscle.
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3 MATERIALS AND METHODS

3.1 SUBJECT CHARACTERISTICS

All subjects included in the studies (37 men and 3 women) were healthy volunteers,
recreationally active and did not perform physical exercise more than twice a week.
Participants were fully informed about the possible risks associated with the study
before they volunteered to participate. The Ethical Committee at the Karolinska

Institutet approved the study protocols.

Table 1. Subjects characteristics (+ SE) for participants in study I-IV.

Age (years) Height (cm) Weight (kg) V0omax (L/min)
Study I (n=6) 23+1 182 +3 72+2 3.86 £0.16
Study II (n=16) |24+ 1 182+ 1 79+4 3.49 £0.09
Study III (n=8) |23+1 181 1 74 £3 391 +£0.15
Study IV (n=10) | 26 + 1 1773 72+4 3.62£0.25
Mean 24+1 180 £ 1 75 +£2 3.66 +£0.12

All participants were instructed to refrain from exercise and alcohol consumption two
days prior to the experiments. In study (II) and (IIT) the participants followed a dietary
schedule two days prior to the test, the diet consisted of 17 energy percent (E%)
protein, 26 E% fat and 57 E% carbohydrate in total approximately 3000 kcal per day.
In study (IV) the participants maintained a normal diet and physical activity patterns
between the two exercise sessions and the food intake the evening before the first
experiment was recorded and then duplicated during the evening before the second

experiment.

3.2 EXERCISE PROTOCOLS

Study 1

Six subjects performed exercise for 1 h at a work rate demanding 75% of their Voymax.
The oxygen consumption was measured at 15 and 45 min of exercise and the heart rate
was monitored continuously throughout the exercise period. Muscle samples were

taken from the vastus lateralis before exercise, immediately after, 30 min, 1, 2 and 3 h
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after exercise. Blood samples were drawn from a venous catheter after 20, 40 and 60
min of exercise and in the recovery period at 15, 30, 60, 90 and 120 min following

exercise.

Study II

Sixteen male subjects were randomly divided into two groups of either 90 or 180 min
recovery. A catheter was inserted into the antecubital veins of both arms, one for blood
sampling and the other for infusion of the tracer (L-[*Hs] phenylalanine). The subjects
then performed one-legged cycling exercise for 1 h at approximately 65-70% of their
one-legged Voomax with the other leg kept rested in a strap. Oxygen uptake was
measured at approximately 15 and 45 min of exercise and heart rates were monitored
continuously during exercise. Infusion of tracer was started after exercise in the 90 min
recovery group, for the subjects in the 180 min recovery group infusion was started 90
min following exercise. Muscle biopsies were withdrawn from the vastus lateralis in
both legs before and immediately after exercise as well as 90 or 180 min following
exercise in the 90 and 180 min recovery group, respectively. Blood samples were
collected before exercise and at 20, 40 and 60 min during exercise in both groups. In
the 180 min recovery group blood samples were also collected every 15 min until start
of infusion. In both recovery groups, plasma was collected at 0, 5, 10, 15, 30, 40, 50, 70

and 90 min after start of infusion for measurement of tracer enrichment in plasma.

Study III

Eight male subjects performed resistance exercise (leg press) twice with 48 h between
the sessions. The protocol consisted of four sets of 10 repetitions at a work load
corresponding to approximately 80% of 1RM. Muscle biopsies were taken from the
vastus lateralis before, 15 min, 1 and 2 h following exercise on both occasions. Blood
samples were taken before exercise, after the second set during exercise, immediately
after exercise, and following 15, 30, 60, 90 and 120 min of recovery. The same

protocol as during the first exercise session was followed during the second session.

Study IV

Ten subjects (7 men and 3 women) performed cycling exercise for 1 h at a work rate
corresponding to approximately 65% of their Voamax at two occasions separated by at
least 2 weeks for male and 4 weeks for female subjects. The subjects performed only

cycling exercise (E) or cycling followed by 6 sets of leg press exercise (ER) in a
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randomized design. During the leg press exercise, the workload was increased from 70
to 80% of their IRM in the leg. Subjects were asked to do as many repetitions they
could but stop at 15 repetitions. Biopsies were taken from the vastus lateralis before, 1
h (approximately 20 min after resistance exercise in the ER group) and 3 h
(approximately 2 h and 20 min after resistance exercise in the ER group) following
cycling in both protocols. Blood samples were collected at the time when biopsies were

taken.

3.3 BIOPSY PROCEDURE

Following administration of local anesthesia to the skin, subcutaneous tissue and fascia,
muscle biopsies were withdrawn during study (I-III) using a Weil-Blakesley
conchotome (AB Wisex, Mélndal, Sweden). In study (IV) a Bergstrom percutaneous
needle with suction was employed. Each biopsy sample was taken from a new incision
approximately 2—4 cm proximal to the previous one. Muscle samples were immediately

frozen in liquid nitrogen and stored at -80°C.

3.4 MEASUREMENTS IN PLASMA

3.4.1 Glucose, lactate and insulin

For glucose and lactate measurements blood samples were collected in heparinized
tubes. In study (I) EDTA tubes were used for insulin measurements. Blood samples
were centrifuged at 9000 g and analysis performed on plasma. Glucose and lactate
concentrations were analyzed according to Bergmeyer (1974). The plasma insulin
concentration was measured in study (I) using a radioimmunoassay kit according to the

manufacturer’s protocol.

3.4.2 Determination of L-[*Hs] phenylalanine enrichment

For measurement of L-[*Hs] phenylalanine enrichment in plasma, GC-MS analysis was
performed. Plasma was mixed with equal volume of 15% sulphosalicylic acid (SSA)
and put on ice to precipitate plasma proteins. Samples were centrifuged and the
supernatant containing the non protein-bound phenylalanine was purified on a column.
Samples were then dried with vacuum centrifugation and derivatized for measuring the

ions m/z 336 and m/z 341 by GC-MS.
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3.5 MEASUREMENTS IN MUSCLE TISSUE
Before further analysis, all muscle samples were freeze dried and dissected free from
blood and connective tissue in a climate controlled room at 20°C and less than 30%

humidity.

3.5.1 Glycogen
In study (I), (II) and (IV) glycogen concentrations were determined in approximately
2 mg of the dissected muscle following incubation in alkaline solution to dissolve the

tissue as described by Leighton et al. (1989).

3.5.2 General protocol for Western blot

The following protocol was used with minor modifications.

Approximately three mg of dissected muscle was homogenized in ice cold buffer
containing 20 mM HEPES, pH 7.4, 1| mM EDTA, 5 mM EGTA, 10 mM MgCl,, 50
mM B-glycerolphosphate, 1 mM Naz;VO,, 2 mM DTT, 1% Triton X-100, 20 pg/ml
Leupeptin, 50 pg/ml Aprotinin, 40 pg/ml PMSF and 1% phosphatase inhibitor cocktail
(Sigma P-2850). Samples were centrifuged at 10.000 g for 10 min at 4°C. Protein
concentration was determined in the supernatants using BCA protein assay (Pierce
Biotechnology, Rockford, IL, USA). The supernatant from the homogenates were
mixed with Laemmli buffer and heated at 95°C for 5 min to denature proteins. To
separate proteins with respect to their size, 40 pg (Study I) or 30 pug of protein was
loaded onto an SDS-PAGE gel and run on ice for 2 h at 200 V. Samples from each
subject were run on the same gel and then incubated approximately 30 min in transfer
buffer (25 mM Tris-HCI, 192 mM glycine, and 20% methanol) before transferring the
proteins to a PVDF or nitrocellulose membrane at 300 mA for 3h on ice in a cold room
(4°C). Following incubation in transfer buffer the membranes were blocked for 1h at
room temperature in blocking buffer containing 5% fat free dry milk (TBS 10 mM Tris
pH 7.6, 100 mM NacCl). The membranes were then incubated over night in a cold room
at 4°C with the commercially available primary antibody raised against the
phosphorylated form of respective protein. Membranes were then washed in TBS
(10 mM Tris pH 7.6, 100 mM NaCl) containing 2.5% fat free dry milk and incubated
for 1 h at room temperature with a secondary antibody and washed again before
quantification of phosphorylated proteins by densitometric scanning. Equal loading of

proteins where checked by washing the membranes in Restore Western blot stripping
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buffer followed by the same procedure as described above by incubation with
polyclonal antibodies raised against respective protein. A Gel Doc 2000 apparatus with

the Quantity One software was used for quantification of the phosphorylation.

3.5.3 Measurement of fractional protein synthesis

3.5.3.1 Protocol for analysis of muscle protein FSR

Precipitation of proteins

Approximately 8 mg of freeze dried and dissected muscle was used for homogenization
in 1 ml 4% SSA using a minibeadbeater. Homogenized samples were then kept on ice
for 30 min to allow precipitation of proteins. Samples were then centrifuged at 16,600 g
and pellets washed in 4% SSA. The pellet was incubated with 1 ml 0.3 M NaOH in a
water bath at 37°C for 1 h to dissolve the pellet. Thereafter, 130 ul of 40% SSA was

added and proteins were precipitated on ice.

Hydrolysis of proteins

Following precipitation of proteins, samples were centrifuged 10 min at 16,600 g and
washed with 4% SSA before breaking down the proteins into amino acids during 24 h
with 6 M HCI at 110°C. The hydrolyzed samples were then dried by vacuum

centrifugation over night.

Decarboxylation

The protein hydrolysates were dissolved in 450 ul of 0.5 M trisodium citrate (pH 6.3)
and filtered through a 0.22 mm filter tube. Then a suspension containing 2 mg of
tyrosine decarboxylase (Sigma, T-7927) and 0.25 mg pyridoxalphosphate (Sigma, P-
9255) was added per sample before incubation over night at 50°C to convert

phenylalanine to phenyl ethylamine.

Ether extraction of phenyl ethylamine

100 pl 6 M NaOH was added and samples were mixed and spun 10 min at 10,000 g. To
extract phenyl ethylamine from the supernatant 500 pl ether was added. After
vigorously shaking the tubes were placed in an ethanol bath with dry-ice. The bottom
layer was frozen and the ether phase was transferred to an eppendorf tube containing

100 pl of 0.1 M HCI in order to back-extract the phenyl ethylamine from the ether
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phase. The tubes were then placed in the ethanol with dry-ice and when the bottom

phase was frozen the ether phase was discarded.

Derivatization

Samples were transferred to GC-MS vials and dried by vacuum centrifugation.
Phenylalanine was derivatized for GC-MS analyses during 1 h at 60°C by adding equal
volume of N-Methyl-N- (Tert Butyldimethylsilyl) trifluoroacetamide and ethyl acetate
(1:1).

Enrichment of tracer in muscle protein

The ratio of labeled and unlabelled phenyl ethylamine was obtained by analyses with a
GC-MS (Agilent 5973n; Agilent Technologies, Stockholm, Sweden). GC was done
utilizing a HP-5MS column (30 m, 0.25 mm inner diameter, 1 mm film; J&W
Scientific, Agilent Technologies). Ions m/z 180 (m+2) and m/z 183 (m+5) were
analyzed. A phenylalanine standard containing O - 0.11 APE (atom percentage excess)
of L—[2H5] phenylalanine was dissolved in 200 ul trisodium citrate buffer treated as the

samples following hydrolysis.

Calculations of protein synthesis
The enrichment of L-[*Hs] phenylalanine in protein was calculated from the ratio of

m+5/m+2 using standard curves. The FSR was calculated as
FSR (%/24 h) = (E;,/A) x 1440 x 100

where E,, is the muscle protein-bound enrichment of L—[2H5] phenylalanine during 90
min. A is the area under the curve for L-[*Hs] phenylalanine enrichment in plasma

during 90 min following exercise.

3.5.4 mRNA analyses

The total cellular RNA was extracted from freeze-dried muscle biopsy samples using a
standard TRIzol protocol. The amount of RNA obtained was measured using a
spectrophotometer. In study (III) the RNA quality was visualized by running the RNA
on a 1% agarose gel. The RNA was not degraded since the samples of each well
produced two clear bands (ribosomal proteins 18S and 26S) with no visible smearing

effect. Two micrograms in study (III) or one microgram of the RNA in study (IV) was
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synthesized into cDNA using reverse transcriptase and random primers. In study (III),
the integrity of the synthesized cDNA was checked by running the samples on a 1%
agarose gel. The mRNA was measured using real-time PCR. Both GAPDH and 18S
were used as endogenous controls to correct for any variation in the RNA loading in
study (II). In study (IV) GAPDH was used as a reference gene. All reactions were
performed in 96-well plates. Control experiments revealed approximately equal
efficiencies over different starting template concentrations for target genes and the two
endogenous controls used. For each individual, all samples were simultaneously
analyzed in one assay run. Measurements of the relative distribution of each target gene
were performed for each individual; a cycle threshold (CT) value was obtained by
subtracting 18S rRNA or GAPDH CT values from respective target CT values. The

expression of each target gene was then evaluated by 2°“"(Wong et al. 2005).

3.6 METHODOLOGICAL CONSIDERATIONS

3.6.1 The flooding dose protocol

When calculating the fractional synthetic rate in muscle, incorporation of tracer into
muscle tissue over time is divided by the tracer labeling of the precursor pool for
protein synthesis. Hence, it is of great importance to have a reliable estimate of the
precursor pool. The true precursor pool in skeletal muscle is assumed to be the tRNA
bound to its amino acid. However, this precursor is rarely used due to its very poor
stability and low concentration (Watt et al. 1991). Therefore, surrogates of the true
precursor pool are commonly used. When employing the flooding dose protocol, a
flood of labeled amino acids (usually phenylalanine) is given, this will give a similar
enrichment in the plasma and intracellular compartment so the plasma concentration of
tracer can be used as the precursor for protein synthesis (McNurlan et al. 1991). On the
other hand, the protocol utilizing the flooding dose with phenylalanine has been

suggested to stimulate protein synthesis (Smith et al. 1998).
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In a pilot study the effect of a phenylalanine flood on the rate of proteins synthesis was

investigated in resting subjects.

1stinfusion of 2nd infusion of
D5 -phenylalanine D5 -phenylalanine
30 min | 90 min | 60 min | 90 min |

Biopsies T T T

e T TTIT DI

Figure 2. Protocol for two flooding doses given one hour between each dose.

Four healthy male subjects were included, their average (+SE) age, height and weight
were 26 + 3 years, 187 £5 cm, 78 + 5 kg. Subjects were given two flooding doses of L-
[*Hs] phenylalanine (40 mg/kg body weight) separated by one hour. Muscle biopsies
were withdrawn in both legs 90 min after the first flooding dose as well as before and
90 min after the second flooding dose (Figure 2). The FSR in muscle was determined
from enrichment in muscle samples taken at 90 min following the first infusion of
tracer. The fractional synthetic rate after the second infusion was calculated as the
difference in enrichment in the sample taken 90 min after the second flooding dose and

the enrichment in muscle before the second flooding dose.

Table 2. Fractional synthetic rates (FSR) (%/24) h in both legs in four subjects during the first and
second flood (L=Left leg, R=Right leg).

1* flood 2" flood
S1 (L) 1.62 2.49
R) 1.54 2.31
S2 (L) 1.89 1.79
R) 1.98 2.04
S3 (L) 1.51 1.77
®) | 139 2.09
S4 (L) 2.04 1.98
®) |16l 2.66
Mean 1.70 2.14
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Three subjects out of four had higher FSR values following the second flood.
Therefore, a stimulatory effect of a flooding dose of phenylalanine can not be excluded.
In study (II) FSR was measured in both resting and exercising muscle so any possible

stimulatory effect of the phenylalanine flood would be the same in both legs.

The advantage of using the flooding dose technique is that this method allows
measurements to be made during shorter periods of time compared to the continuous

infusion protocol and it is less affected by changes in the amino acid precursor pool.

The coefficient of variation (CV) in FSR measurements between right and left leg was

calculated according to the formulas below:

S’=3xd*/2n
CV=S/x- 100 (%)

Where S is the standard deviation, d is the difference between right and left leg, n is the
number of duplicate determinations and x is the sample mean. The coefficient of
variation was 10% during the first and 14% during the second flood. In average, the
coefficient of variation was found to be 12%, which is similar to previous findings

(Olav Rooyackers, unpublished data).

3.6.2 Effects of repeated biopsies

3.6.2.1 Gene expression

The possibility that the procedure of biopsy taking itself can influence gene expression
and/or phosphorylation of enzymes investigated should not be neglected. When
biopsies were taken from the same incision, Vissing and co-workers found that the
expressions of several genes increased 1 h and up to 8 h after biopsy withdrawal,
amongst them pyruvate dehydrogenase kinae 4 (PDK-4), cyclin-dependent kinase
inhibitor 1 (p21) and MyoD, while some, such as citrate synthase and PGC-1a did not
change (Vissing et al. 2005). However, when biopsies were taken separated by 1 h at a
new incision, no such effects were found for a number of genes, including PDK-4

(Lundby et al. 2005).
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3.6.2.2 Kinase phosphorylation

The MAPK kinase pathways regulate gene transcription and are considered to be
activated by stress factors. Phosphorylation and activation of the MAPK kinase
signaling pathway following repeated muscle biopsies was investigated by Aronson
and co-workers in 1998. A biopsy was taken from vastus lateralis and 30 min later the
second biopsy was obtained from the same incision. The findings from his study clearly
showed that injury, such as biopsy taking, could increase phosphorylation of ERK1/2
as well as the activity of JNK and p38 in human muscle. Importantly, these effects was
not seen when a biopsy was taken 5 cm proximal to the first incision indicating a local

rather than a systemic response.
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4 RESULTS

4.1 PAPERI
In paper (I) the acute effects of an endurance exercise session on the mTOR signaling

473

pathway were studied. Akt phosphorylation at Ser’’” was elevated 1 and 2 h post

exercise. Furthermore, we found an increase in phosphorylation of mTOR at Ser**
immediately after, 30 min and 2 h after exercise. However, p70S6k seemed to be only
partially activated since increased levels of phosphorylation was found at Ser*Thr**!
but not at the site Thr**’ which is believed to be crucial for activating the enzyme.
Phosphorylation of GSK-30/B at Ser” and Sergrespectively, was increased immediately

after (GSK-3p) or 30min after (GSK-3a) exercise and throughout the 3 h recovery
period. Reduced phosphorylation of eEF2 at Thr’® was found 30 min and up to 3 h.

4.2 PAPERII

To investigate the effects of endurance exercise on mixed muscle protein synthesis the
FSR was measured following exercise utilizing a tracer (L-[*Hs] phenylalanine) which
is incorporated into muscle proteins. In addition, activation of the mTOR signaling
pathway in skeletal muscle was studied. Two recovery periods were investigated; 90 or
90-180 min. Measurements of the rate of protein synthesis revealed a tendency for
increased rate in the first 90 min following exercise (P=0.10). However, during 90-180
min recovery, there was a 22% higher (P = 0.038) FSR in the exercised leg as
compared to the rested leg (Table 3).
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Table 3. Individual values of fractional synthetic rates (FSR) (%/24 h) and differences (Diff) between
resting (RLeg) and exercising leg (ELeg).

90 min recovery 180 min recovery

RLeg ElLeg  Diff RLeg Eleg  Diff
S1 1.57 1.65 0.08 S9 1.27 1.69 0.42
S2 1.52 1.64 0.12 S10 1.18 1.23 0.05
S3 1.25 1.14 -0.1 S11 1.68 1.45 -0.24
S4 1.60 1.80 0.20 S12 2.19 222 0.03
S5 1.74 2.21 0.48 S13 1.27 1.64 0.36
S6 1.26 1.27 0.01 S14 1.58 2.40 0.82
S7 1.30 1.24 -0.06 S15 1.23 1.72 0.49
S8 1.32 1.61 0.30 S16 1.05 1.53 0.48
Mean | 1.44 1.57 0.13 Mean | 1.43 1.74 0.30

In addition, we also found significantly elevated phosphorylation of mTOR at Ser***®

and p70S6k at Thr*® directly after exercise in the exercised leg. Interestingly, there was
a tendency towards elevated phosphorylation in the resting leg as well at this time-point
(P =0.05). Phosphorylation of mTOR was elevated in both legs at 90 min after exercise
while no effect was seen on p70S6k in either leg. However, at 180 min following
exercise, phosphorylation of p70S6k was elevated in both legs while no effect was
found in any of the legs for mTOR at this time-point. e[F2Be phosphorylation was
unchanged immediately after but decreased at 90 min after exercise in the exercising
leg while an increase was found in the non-exercising leg (due to low initial value) at
this time-point. There was no change in phosphorylation of AMPK and eEF2 at any

time-point after exercise.

4.3 PAPERII

It is usually recommended that resistance exercise is performed 2-3 times per week.
The aim was to examine the anabolic signaling and gene expression before and after
resistance exercise at two occasions separated by 48 h. Phosphorylation of mTOR at

2448
Ser

was increased at all time-points following exercise in both exercise sessions
although mean values were in average 18% higher (N.S.) after the second session
(Figure 3, left). Phosphorylation levels of p70S6k at Thr’® were increase at all time-
points after exercise with mean values 39 and 30% higher (N.S.) at 15 min and 1 h

respectively following the second session (Figure 3, right).
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Figure 3. Phosphorylation of mTOR (left) and p70S6k (right) before, 15 min, 1 h and 2 h following
exercise, measured at two occasions with 48 h in between. Values are arbitrary units (means + SE for 8

subjects). P< 0.05,”P < 0.01 vs. before exercise.

#3323 \was seen at all time-points following the

Elevated phosphorylation of rpS6 at Ser
second exercise session but only at 1 h following the first session. Although not
statistically different, mean values of rpS6 phosphorylation after 2™ exercise session
were in average 56% higher compared to the first session. eEF2 phosphorylation at
Thr’® was reduced on both occasions. However, no changes in Akt or GSK-3a/f were

observed, indicating Akt-independent activation of mTOR, p70S6k, rpS6 and eEF2.

Furthermore, a divergent regulation of the muscle-specific ubiquitin ligases MAFbx
and MuRF-1 was found. The level of MuRF-1 expression was similar before the start
of each exercise session; however, there was an acute increase 2 h after exercise on
both occasions, but the mRNA level was 26% lower after the second compared to the
first occasion (Figure 4, right). MAFbx gene expression did not change significantly
during exercise but was reduced by approximately 40% at the start of the second
exercise session (Figure 4, left). Reduced expression of myostatin was found 2 h
following the first exercise session and remained reduced throughout the rest of the

study.
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Figure 4. Changes in gene expression of MAFbx (left) and MuRF-1 (right) normalized to the geometric
mean of 18S and GAPDH. Values in the graph are arbitrary units (means + SE for 8 subjects). "P < 0.01

vs. before each session, Ip < 0.01vs. before in the first session, P < 0.05 vs. same time-point in the first
session.

4.4 PAPERIV

It is generally believed that combined endurance and resistance exercise will
compromise results compared to resistance exercise alone. On the other hand,
improvement in short term endurance has been reported when endurance training is
combined with strength training. The effect of combined exercise on intramuscular
signaling is largely unknown. In paper (IV) we examined the change in mTOR-
signaling after endurance exercise alone (E) or endurance exercise followed by
resistance exercise (ER). Phosphorylation of Akt at Ser’”? and AMPK at Thr'”* were

elevated 1 h after exercise in a similar manner in both protocols (Figure 5A).
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Figure 5. Phosphorylation of Akt at Ser'” (A), mTOR at Ser?* (B) and p70S6k at Th?® (C)atrest, 1 h
and 3 h following endurance exercise (E) or endurance exercise followed by resistance exercise (ER),

values in the graphs are arbitrary units of the mean (£ SE for 10 subjects). P<o. 05, 7P < 0.01 vs. Rest,
P < 0.01 vs. the same time-point in the other condition.

However, mTOR phosphorylation at Ser**

was increased at 1 and 3 h after exercise
only in the ER protocol (Figure 5B). Phosphorylation of p70S6k at Thr*® was elevated
1 and 3 h following exercise in ER and furthermore, to a larger extent in the ER
protocol 3 h following exercise compared to in E. In the E protocol phosphorylation of
p70S6k was only elevated 3h Post (Figure 5C). Reduced phosphorylation of eEF2 at
Thr’® was found in the ER protocol up to 3 h into the recovery. In the E protocol

however, reduced phosphorylation was seen only at 1 h after exercise. There was a

trend (p=0.054) towards increased phosphorylation of p38 MAPKI1 h after exercise.

Furthermore, mRNA expression of several genes, which are believed to have important
roles in regulating mTOR and mitochondrial biogenesis were analyzed. PGC-1a and
PRC gene expression were increased in both conditions at 1 h, the mRNA levels
increased further at 3 h post ER and was higher than that of E at this time-point (Figure

6, upper left and lower right).
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Figure 6. mRNA expression of PGC-lo. (upper left), REDDI (upper right), PDK4 (lower left) and PRC
(lower right) normalized to GAPDH at rest, 1 and 3 h post endurance exercise in the two groups E
(endurance exercise) and ER (endurance followed by resistance exercise). Values are arbitrary units of
the mean (£ SE for 10 subjects). P < 0.05, P < 0.0 vs. Rest, P< 0.05, P < 0.01 vs. same time-point
in the other condition.

Cellular homologue of avian myelocytomatosis viris oncogene (cMyc) and PDK4 gene

expressions were increased in both situations up to 3 h post exercise, however, the

increase was larger at all time-points following ER compared to E (Figure 6, lower

left). Gene expression of Rheb was increased in a similar manner 1 and 3 h post

exercise with both exercise protocols.
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5 DISCUSSION

Within the field of exercise physiology, effects on muscle protein turnover following
endurance exercise are relatively understudied compared to resistance exercise.
However, in recent years this topic has gained more attention. Measurements of FSR
following endurance exercise have so far only been made during the time immediately
after and up to 3-6 h after exercise with one exception. The only study investigating the
early recovery period was done following low intensity exercise (40% of Voymay) in the
study by Sheffield-Moore and colleagues (2004). A transient increase in mixed muscle
FSR was found when measured immediately after and up to 1 h, but not during 1-3 h
following exercise. The FSR during the early recovery period was further investigated

although at moderate intensity in study (II).

Study (II) revealed that the rate of mixed muscle protein synthesis increased
progressively when measured up to 3 h following endurance exercise (1 h, demanding
~65% of their estimated one-legged Vooma). The magnitude of increase in FSR
observed in study (II) was 0.0124%/h, which is less than observed in other studies
following endurance exercise. At low intensity (40% of Voomax) increases in fractional
synthetic rates that are approximately three times higher have been reported (0.036%/h
in Sheffield-Moore et al. 2004 and 0.037%/h in Durham et al. 2010) in both the fed and
post absorptive state. Increases of approximately the same magnitude are observed at
higher intensity (~70% of Voymax) (0.041%/h fasted and 0.058%/h fed state in Harber et
al. 2010). In the recent study by Harber and colleagues (2010), measurements included
the period 2-6 h following exercise, hence, it could be speculated that the rate of protein
synthesis is increased even further at later time-points during the recovery period,
which may explain the larger increase found in the study by Harber et al. 2010.
However, methodological differences can not be excluded; in the mentioned studies a
continuous infusion protocol was utilized, while the flooding dose technique was
employed in study (II). This may influence the estimate of the precursor pool and thus

the FSR.

Resistance exercise is known to increase strength and muscle mass while endurance
exercise is known to increase adaptive responses related to enhanced endurance.

Hence, somewhat surprisingly, the magnitude of increase in the rate of protein
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synthesis following endurance exercise is found to be comparable to what is observed
following resistance exercise. Despite a large increase (~150%) in fractional synthetic
rates of mitochondrial proteins following endurance exercise (Wilkinson et al. 2008), it
is not likely that the increase in mixed muscle protein synthesis following endurance
exercise can be attributed to an elevated synthesis of mitochondrial proteins since
mitochondrial protein content only accounts for about 5% of the total muscle mass. The
increase in muscle protein synthesis following endurance exercise may also be related
to structural changes such as alterations in fiber type composition or a compensatory
effect for attenuated protein synthesis during exercise. From the few studies available,
there seem to be no difference in the magnitude of increase between low or moderate

intensity endurance exercise.

In study (I) the time course of signaling related to increased protein translation and
elongation was investigated following an acute bout of endurance exercise (I h at
~75% of Voomax)- A divergent time-course between changes in phosphorylation of Akt
and mTOR support the notion that mMTOR can be activated independently of Akt. These
findings were partially confirmed in study (IV), where 1 h of cycling exercise (~65% of
Voomax) elicited a stimulatory response on the Akt-mTOR pathway. Furthermore,
increased signaling through the Akt-mTOR pathway was found in study (II) following
1 h of one-legged cycling exercise (~65% of Vooma). Activation of the mTOR
signaling pathway following endurance exercise has now been confirmed in most other
studies on humans (Benziane et al. 2008, Wilkinson et al. 2008, Coffey et al. 2009).
These findings support the notion that the mTOR pathway is involved in the regulation
of muscle protein synthesis following endurance exercise. Whether there is specificity
with respect to the type of proteins being synthesized during stimulation of the mTOR
pathway following resistance and endurance exercise is not known. A very interesting
challenge for future studies would be to identify the regulatory signaling mechanisms
behind synthesis of specific proteins following endurance and resistance exercise.
Interestingly, stimulation of PGC-la gene expression has been linked to mTOR
activation (Cunningham et al. 2007) which implies that mTOR stimulates synthesis of

mitochondrial proteins in addition to contractile proteins.

Another interesting finding in study (II) was a tendency towards increased
phosphorylation of p70S6k (P=0.05) in the resting leg. In line with these findings,

increased phosphorylation of mTOR has been found following one-legged resistance
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exercise (Apro and Blomstrand, 2010). There is no obvious explanation for this but it
may involve a yet unknown systemic effect. Muscle activity in the resting leg is not
likely to explain this, there was for example no change in glycogen content in the

resting muscle at any time-point.

It is usually recommended that resistance exercise is performed 2-3 times per week. In
study (III) anabolic and catabolic pathways were investigated before and after two
sessions of resistance exercise separated in time by 48 h. Results from study (III)
indicated a slightly enhanced signaling through the mTOR pathway in the recovery
period during the second session. Similar to study (I), (II) and (IV) it seemed that
mTOR and some of its downstream targets could be activated independently of Akt.
Furthermore, a divergent regulation of the gene expression for two muscle specific
ubiquitin ligases, MAFbx and MuRF-1, was found. The reduction in MAFbx mRNA is
in agreement with findings of reduced MAFbx gene expression up to 24 h following
one bout of resistance exercise (Churchley et al. 2007, Kostek et al. 2007, Coffey et al.
2009). Increased mRNA abundance of MuRF-1 is also in agreement with most studies
(Yang et al. 2006, Raue et al. 2007). The divergent regulation of these two ubiquitin
ligases suggest specific functions in the acute and late phases of recovery, such as
repair due to structural damages and/or other proteolytic events that may occur in the
post exercise period. In recent years substrates for these two ubiquitin ligases have been
identified. The translation initiation factor elF3 is recognized as a substrate for MAFbx
(Lagirand-Cantaloube et al. 2008). Hence, the observed decrease in MAFbx mRNA
expression during the second exercise session in study (III) may be related to enhanced
translation initiation over time. One substrate for MuRF-1, is the myosin heavy chain,
attenuated mRNA expression of MuRF-1 following the second exercise session may
therefore be related to decreased proteolysis of myosine heavy chains (Clarke et al.
2007). Taken together, increased anabolic signaling and attenuated gene expression of
proteolytic markers (MAFbx and MuRF-1) as well as myostatin (inhibitor of muscle
growth) during the second exercise session may all be indications of a more anabolic

milieu during the second exercise session.

In general, endurance exercise is believed to inhibit gains in muscle mass and strength.
On the other hand, some studies report that resistance exercise may be beneficial for
endurance performance (See Aagard et al. 2010). Most studies conducted on combined

exercise are long term studies investigating physiological parameters, whereas only a
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few studies have measured the acute responses of molecular signaling. In the study by
Atherton et al. (2005), a divergent signaling response to endurance and resistance
exercise was indicated when isolated and incubated rat muscles were stimulated to
contract electrically to mimic the two forms of exercise. Endurance-like exercise
stimulated AMPK-PGC-1a while resistance-like exercise stimulated Akt-mTOR
signaling and protein synthesis. This has led to speculations of inhibitory crosstalk
between these two signaling pathways. However, the findings in study (IV) contradict
such a mechanism in human skeletal muscle. Furthermore, increased synthesis of
mitochondrial proteins in untrained subjects following resistance exercise
(Wilkinsson et al. 2008) has been observed. The only study on molecular signaling
following combined exercise was done recently by Coffey and co-workers (2009).
The main aim of this study was to investigate if the order of exercise had an effect on
the acute molecular signaling response. Subjects were divided into two groups, each
performing two bouts of exercise, either endurance or strength training in the first
session. In both groups, biopsies were taken at rest, 15 min after each exercise session
as well as 3 h into the recovery period. In this cross over design, comparisons of
anabolic signaling after single mode exercise with combination exercise could only
be made 15 min following exercise. There was no enhanced effect on signaling in the
combined exercise protocol compared to the single mode exercise at this time-point.
The lack of effect may be related to differences in the exercise protocol such as
intensity of exercise, timing of the biopsies, also the subjects reported to be
participating in regular resistance and aerobic training for more than one year while
subjects in study (IV) were less active. The novel findings of enhanced molecular
signaling in the combined exercise protocol strengthen the notion of an enhanced,
rather than a diminished effect on endurance training when combining the two forms of
exercise in the same session. Further studies on this topic are warranted to clarify for
example whether the enhanced signaling response found in study (IV) is present

following chronic exercise.

The molecular signaling mechanism behind the enhanced signaling response in the
combined protocol is not obvious. However, p38 MAPK has been suggested to
stimulate PGC-la gene expression (Puigserver et al. 2001, Akimoto et al. 2005).
Phosphorylation of this enzyme tended to be increased 1 h post exercise in the ER
protocol which could explain enhanced levels of PGC-1o mRNA in ER. Other factors

such as levels of blood lactate (Hashimoto, et al. 2007), reactive oxygen species (ROS)
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(St-Pierre et al. 2006) and Ca2+(Kusuhara et al. 2007) may also have contributed to
elevate PGC-1a gene expression. There is currently no obvious explanation for the
enhanced response on mTOR signaling in the combined protocol. Since the response of
resistance exercise alone was not investigated it is unclear whether the enhanced
signaling response is due to an additive effect or simply related to the type of exercise
as such. Resistance exercise recruits more type II fibers, and therefore it is possible that
the enhanced signaling response is the result of a larger number of fibers recruited

when performing combined exercise.

In conclusion, endurance exercise appears to gradually increase mixed muscle protein
synthesis in the early recovery period. Furthermore, this increase coincides with
stimulation of the Akt-mTOR pathway, indicating that this pathway is involved in the
observed stimulation of protein synthesis. Recent observations of surprisingly large
increases in mixed muscle protein synthesis following endurance exercise, comparable
to what is reported after resistance exercise, warrants further investigation. One session
of resistance exercise provides a more anabolic milieu 2 days later when performing a
second session. Finally, combining endurance and resistance exercise enhance the acute
signaling response related to increased protein synthesis as well as specific markers for
mitochondrial biogenesis. From the last study it seems that combined exercise may be
beneficial for endurance training. However, further studies are warranted to determine
whether chronic training employing the currently used protocol is an effective strategy

to improve muscle oxidative capacity.
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