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Abstract Knowledge on the effects of divergent exercise on
ostensibly protein degradation pathways may be valuable for
counteracting muscle wasting and for understanding muscle
remodelling. This study examined mRNA and/or protein
levels of molecular markers of the ubiquitin proteasome path-
way (UPP), including FBXO32 (atrogin-1), MURF-1,
FBXO40, FOXO1 and FOXO3. Protein substrates of
atrogin-1—including EIF3F, MYOG and MYOD1—and of
MURF-1—including PKM and MHC—were also measured.
Subjects completed 10 weeks of endurance training (ET) or
resistance training (RT) followed by a single-bout of endur-
ance exercise (EE) or resistance exercise (RE). Following
training, atrogin-1, FBXO40, FOXO1 and FOXO3 mRNA
increased independently of exercise mode, whereas MURF-1
mRNA and FOXO3 protein increased following ET only. No
change in other target proteins occurred post-training. In the
trained state, single-bout EE, but not RE, increased atrogin-1,
MURF-1, FBXO40, FOXO1, FOXO3 mRNA and FOXO3
protein. In contrast to EE, FBXO40 mRNA and protein de-
creased following single-bout RE. MURF-1 and FOXO1
protein levels as well as the protein substrates of atrogin-1
and MURF-1 were unchanged following training and single-

bout exercise. This study demonstrates that the intracellular
signals elicited by ETand RT result in an upregulation of UPP
molecular markers, with a greater increase following ET.
However, in the trained state, the expression levels of UPP
molecular markers are increased following single-bout EE,
but are less responsive to single-bout RE. This suggests that
adaptations following endurance exercise training are more
reliant on protein UPP degradation processes than adaptations
following resistance exercise training.
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Introduction

Exercise elicits the necessary stimuli to promote positive
skeletal muscle adaptations and is seen as one of the most
potent interventions to maintain whole body health and reduce
the risk of chronic disease. The mode, duration and intensity
of the exercise performed, as well as training status, influence
the adaptations to exercise [64, 16]. Accordingly, regularly
performed endurance exercise (EE) predominantly enhances
substrate utilization, oxidative capacity, capillary density and
mitochondrial content [24, 26] while resistance exercise (RE)
predominantly increases muscle mass and strength [24, 26].

The extracellular stress signals elicited by muscle contrac-
tion during EE and RE constitute potent drivers of intracellular
signalling, gene transcription and protein translation [37, 64,
50, 63], with EE and RE entailing relatively higher metabolic
and mechanical stress, respectively. While the intracellular
stress generated during muscle contractions differs between
EE and RE [66], there is evidence that both modes of exercise
may regulate similar gene targets and biological processes [64,
10]. Indeed, both EE [11] and RE [45] modulate protein
turnover by increasing muscle protein breakdown (MPB)
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and muscle protein synthesis (MPS) in the recovery period
post-exercise. Investigating the regulation of molecular targets
involved in MPB and MPS to exercise-induced adaptations
has been of interest for over a decade. In regards to exercise-
induced regulation on MPB, recent attention has focused on
the regulation of muscle-specific E3-ligases, FBXO32 (also
known as atrogin-1; muscle atrophy F-box, MAFbx) and
muscle ring finger-1 (MURF-1) [32, 38, 40, 20], principal
mediators of ubiquitin proteasome pathway (UPP) protein
degradation [36, 23]. The Forkhead box O (FOXO) family
of transcription factors, FOXO1 and FOXO3, regulate
atrogin-1 and MuRF1 gene transcription [58, 53].

Atrogin-1 and MuRF1 were identified as targets involved
in skeletal muscle atrophy following observations that their
genetic ablation in mice protects against muscle atrophy [6].
Furthermore, atrogin-1 and MuRF1 mRNA levels are in-
creased in numerous in vitro and in vivo mouse models of
muscle atrophy [51, 6, 23, 35]. With respect to exercise,
atrogin-1 and MURF-1 are differentially regulated; however,
the direction of their transient regulation is influenced by
exercise mode, muscle contraction mode and prior training
status [32, 38, 40]. In humans, single-bout traditional RE
increases MURF-1 mRNA 1–4 h post-exercise [38, 47, 49,
7, 22, 41, 67, 57]. In contrast, RE downregulates atrogin-1
mRNA 6–12 h post-exercise [38, 67, 41, 16]. Contraction
mode-specific RE has a differential effect with MURF-1 and
atrogin-1 mRNA exhibiting different responses to isolated
concentric and eccentric contractions, respectively [42, 32,
56]. Furthermore, an increase in both atrogin-1 and MURF-1
mRNA is seen 1–4 h following acute EE [38]. Identified
substrate targets of atrogin-1 include myogenic differentiation
1 (MYOD1) [59], myogenin factor 4 (MYOG, myogenin)
[29] and eukaryotic translation initiation factor 3, subunit F
(EIF3F) [33], proteins involved in muscle protein synthesis
and regeneration. MuRF1 targets contractile and structural
muscle proteins such as titin [12], troponin 1 [30] and myosin
heavy chain (MHC) [15, 17], as well as several proteins
involved in glycolysis and glycogen metabolism [25]. Wheth-
er or not atrogin-1 and MuRF1 substrate targets are involved
in the post-exercise response following divergent modes of
exercise is currently unknown.

The precise roles of atrogin-1 and MURF-1 in muscle
remodelling and exercise-induced muscle adaptation are unre-
solved. Although time course proteolytic gene data following
single-bout EE and RE have been reported [38], protein mea-
sures following divergent exercise modalities [i.e. traditional
endurance exercise (EE) versus traditional resistance exercise
(RE)] are lacking, especially when removing the influence of
stress responses to unaccustomed exercise. To date, molecular
markers of UPP signalling following divergent exercise training
have not been assessed. In this regard, high oxidative capacity
muscle fibres, when compared with lower oxidative capacity
fibres, have a greater rate of protein synthesis [60, 27].

However, high capacity oxidative fibres exhibit a smaller mag-
nitude of growth [61]. This apparent paradox may be an evo-
lutionary adaptation to maintain a reduced distance for oxygen
diffusion to the mitochondria [61]. The precise mechanism/s
controlling the reduced growth of high oxidative fibres (when
compared to lower oxidative capacity fibres) is not known;
however, the relatively higher levels of UPP components in
highly oxidative fibres may play a role [61, 18]. In accordance,
traditional endurance exercise training may constitute a strong
driver of UPP expression to participate in skeletal muscle
remodelling that limits cell growth to optimize oxygen diffu-
sion in the presence of increased mitochondrial biogenesis. In
contrast, traditional resistance exercise training recruits less
oxidative type II fibres. These fibres are less reliant on oxygen,
but may be more prone to exercise-induced damage, conse-
quently requiring muscle protein degradation to maintain opti-
mal muscle performance and adaptation. Over time, accus-
tomed RE would result in less muscle damage and therefore
an attenuated upregulation of UPP molecular markers.

Therefore, the aims of the current study were to investigate
the regulation of molecular markers of UPP signalling, firstly,
following long-term ET and RT and, secondly, following a
single-bout of EE and RE in the trained state. The molecular
markers of UPP signalling measured included atrogin-1,
MURF-1, FBXO40, FOXO1, FOXO3 mRNA and/or protein,
as well as protein substrates of atrogin-1, including EIF3F,
MYOG and MYOD1, and MURF-1, including muscle pyru-
vate kinase (PKM) and MHC.

We hypothesized that prolonged traditional endurance and
resistance training would both stimulate an upregulation of
basal levels of UPP molecular markers. However, as prior RT
may improve resilience towards RE-induced muscle damage,
we hypothesized that in the exercise-habituated state (i.e.
through training), only EE would stimulate acute UPP upreg-
ulation, potentially as a mechanism to maintain an optimal
size of the type I fibres.

Methods

Subjects

Eighteen healthy untrained young men (mean±SEM; height,
182±0 cm; weight, 79.1±2.4 kg, age 23.3±0.6 years)
volunteered to participate in the study. Subjects were excluded
if they had engaged in organized endurance or resistance
exercise training within the last 6 months prior to inclusion
in the study. This was assured partly by a VO2 max test
[inclusion criteria for VO2 max<50 mL per kg body mass
(kg BM)−1 per minute (min−1)] in conjunction with an
interview/questionnaire on prior training history. Further ex-
clusion criteria included any history of musculoskeletal inju-
ries and use of prescription medicine. All subjects were
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informed about the purpose and risks of the study and provid-
ed written informed consent in accordance with the Declara-
tion of Helsinki. The study was approved by the local ethics
committee of Region Midtjylland, Denmark (M-20080177).
The subject details, study design and experimental protocols
have been published previously [34].

Experimental design and training protocol

The subjects were randomly divided into endurance training
(ET) or resistance training (RT) groups (n=9 per group). Prior
to training, the subjects were tested for aerobic and strength
performance measures and underwent magnetic resonance
imaging (MRI) scanning of the thigh muscle. Muscle biopsies
from the vastus lateralis muscle were taken using the
Bergstrom needle technique prior to (pre) and after (post)
training. Following a few days of recovery, subjects then
completed either 10 weeks of ET on a cycle ergometer or
10 weeks of progressive conventional RT for lower extremity
muscle groups.

As published previously [64, 34], ET was performed on
stationary bicycles (Kettler Ergoracer GT, Kettler, Ense-parsit,
Germany) as a progressive overload training programme.
Based on the pre- and midway determinations of VO2 max,
maximal workload in Watts and maximal heart rate and target
Watt and target heart rate for each training session were used
to aid determination of target training intensity. Three weekly
sessions consisted of one session each of continuous cycling
of 30–45 min at 60–75 % of Watt max, a second session
consisting of two intervals of 20 min at 70–80 % of Watt
max interspaced by 5 min of light cycling and a third session
consisting of 8×4 min intervals at 80–90 % of Watt max
interspaced by 1 min of light cycling. The RT group complet-
ed a conventional progressive overload training programme as
previously described [64, 34]. In brief, the RT programme
included 30 training sessions, with three sessions consisting of
lower extremity exercises (leg press, knee extension and ham-
string curl) performed each week. One and/or three repetition
maximum (RM) (depending on the specific type of exercise
inherent of the RT programme) was determined through initial
one and three RM testing, with repetitions corresponding to
RM loading. Absolute loads determined through these tests
were then used to estimate absolute loads corresponding to the
designated number of repetitions in the initial part of the
training programme using RM calculating tools. The first four
training sessions were conducted as 4 sets×10 repetitions with
2 min of recovery between sets. Progression during the train-
ing period then relied on using average absolute load per-
formed in the last session adhering to a subset of sessions (e.g.
the last of sessions 1–4; see [21]) to estimate the absolute loads
corresponding to the desired repetitions/intensity in the sub-
sequent subset of training sessions (e.g. sessions 5–10). This
procedure is commonly used [9, 52]. Over the training period,

absolute loadings were adjusted according to training-induced
improvements in strength. Furthermore, the relative intensity
was gradually increased over the training period so that in the
final five training sessions, 5 sets×4 repetitions were per-
formed. During the last 15 training sessions, the subjects were
instructed to perform the concentric phase of the exercises as
fast as possible, and recovery was increased to 3 min between
sets. These principles were employed to provoke changes in
muscle morphology as well as in muscle strength. All training
sessions were supervised by trained exercise physiologists to
ensure that the subjects maintained correct exercise technique,
performed the exercise at the appropriate intensity and in-
creased the load appropriately when required. All training
sessions were separated by at least one training free day.
Following 3 days of recovery, the training period was follow-
ed by completion of a single-bout of endurance exercise (EE)
or a single-bout of resistance exercise (RE).

Single-bout exercise protocol

The subjects had been instructed to abstain from physical
activity for at least 3 days prior to the trial. A schematic
overview of trial procedures immediately pre-exercise, during
exercise and during the 22-h post-exercise recovery period
have been published previously [64, 34]. Subjects arrived
after an overnight fast at 8:00 a.m. on day 1 for pre-exercise
measurements. After 30 min of supine resting, a pre-exercise
muscle biopsy was taken from the vastus lateralis muscle (i.e.
also corresponding to post-training basal). At 8:30 a.m.,
subjects in the EE group commenced 120 min of bicycle
exercise at ∼60 % VO2 max. Subjects in the RE group
remained resting until 10:00 a.m. before completing 4×12
RM of three thigh muscle exercises with 1.5 min rest
between sets. Accordingly, work performed during the
single-bout EE and RE was identical to what the subjects
had been exposed to during the training period. The three
thigh muscle exercises were leg press, knee extension and
hamstring curl. Minor weight adjustments were allowed to
ensure performance of 12 RM as precise as possible. To
control for potential effects of circadian rhythm, the time of
day for completing all tests and training was kept constant for
each individual subject. After exercise, all subjects rested
under fasting conditions (except for water offered ad libitum)
until 3:30 p.m. (corresponding to 5 h post-exercise) on day 1;
thereafter, meals by own choice were allowed until 10:00 p.m.
Muscle samples were taken before and 0, 2.5, 5 and 22 h post-
exercise. Biopsies were sampled from separate incision holes.
For the biopsy corresponding to the 0 h time point, local
anaesthesia of the skin and fascia was performed during a
30-s break approximately 10 min before termination of the
exercise, and the biopsy was taken within seconds after ter-
mination of exercise. The biopsy sampled at 2.5 h was taken
from the same leg as the pre-exercise biopsy, whereas the
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muscle biopsies sampled at 0 and 5 h post-exercise were taken
from the opposite leg. On day 2, the subjects arrived at the
laboratory after an overnight fast at 8:00 a.m. for final mea-
surements. After resting for 30 min in the supine position, the
final muscle biopsy (corresponding to 22 h post-exercise) was
obtained. This final post-exercise muscle biopsy was sampled
from the opposite leg compared with the pre-exercise muscle
biopsy.

Exercise capacity measurements

Measures related to capacity for aerobic/endurance exercise

As published previously [64, 34], VO2 max for all subjects
was determined before and after training via an incremental
exercise test on a Monark Ergomedic 834E bicycle ergometer
(Monark Ergomedic 894 E, Monark, Varberg, Sweden), with
rates of oxygen uptake and carbon dioxide release determined
by an online respiratory gas exchange analyzer (AMIS 2001,
Innovision, Odense, Denmark). Watt max was estimated ac-
cording to the principles of Andersen [1]. Maximal heart rate
and submaximal heart rate at 140 W were monitored contin-
uously with a heart rate monitor (Polar, Oulu, Finland).

Measures related to capability for strength/resistance exercise

Maximal dynamic knee extensor strength (determined as three
RM knee extensor strength) was determined as previously
described [62]. Peak torque was determined using an
isokinetic dynamometer (Humac Norm, CSMI, Stoughton,
Wisconsin, USA) with 90° hip flexion. The protocol consisted
of three maximal contractions at three different angular veloc-
ities: 30, 90, and 180° s−1, with contractions interspaced with
1 min of recovery time. All trials were sampled at 100 Hz.
Peak torque from the best of the three trials was used for
further analysis.

Whole muscle cross-sectional area analysis—magnetic
resonance imaging

Determination of whole muscle cross-sectional area (CSA) of
the thigh muscle was performed as described previously [64,
34]. MRIwas performedwith a 1.5-Tscanner (Philips Achieva,
Best, the Netherlands), with scans performed on the left leg
using a cardiac coil. A T1-weighted, fast spin echo sequence
with the following parameters was used: scan matrix=288×
282, field of view=230×230 mm2, number of slices=20, slice
thickness=7.5 mm, slice gap=1 mm, repetition time=2 s, echo
time=5.3 ms, echo train length=18, number of signal aver-
ages=3 and scan time=3.12 min. After an initial frontal scout
scan, 20 transversal slices were acquired, with a slice at a
position corresponding to one half of the femur length chosen
for CSAdetermination of quadricepsmuscle using custom-made

software and standard Philips radiological analysis environ-
ment (ViewForum rel. 5.1, 2006).

ATPase histochemistry

Muscle samples were dissected free of visible fat and connec-
tive tissue, and a part of the biopsy was immediately mounted
with Tissue-Tek, frozen in isopentane cooled with liquid ni-
trogen and stored at −80 °C until further analysis. Serial
sections (10 μm) of the muscle biopsies were cryocut, and
ATPase histochemistry analysis was performed. To enable the
determination of fibre type-specific CSA and fibre type dis-
tribution, ATPase histochemistry analysis was performed fol-
lowing pre-incubation at pH 4.37, 4.60 and 10.30 as described
previously [8, 2]. Themuscle fibres were categorized as one of
five fibre types (I, I/IIa, IIa, IIax and IIx) and then grouped into
the three main fibre types (I, IIa and IIx) according to the
following formulas: type I=I+1/21/IIa, type IIa=1/21/IIa+
IIa+1/2 IIax, type IIx=1/2 IIax+IIx. For the area measure-
ments, a general mean fibre size for all fibre types was
combined, and a type I and type II-specific area (type IIa+
type IIx) measure was calculated. A Leica DM2000 micro-
scope (Leica, Stockholm, Sweden) and a Leica Hi-resolution
Color DFC camera (Leica, Stockholm, Sweden) combined
with image analysis software (Leica Qwin ver. 3, Leica,
Stockholm, Sweden) were used for visualization and analysis.

Preparation of muscle biopsies

Muscle biopsies were obtained from the middle section of the m.
vastus lateralis muscle using the Bergstrom needle technique.
Within each leg, a minimum distance of 3 cm between biopsy
sampling sites was ensured, and similar sampling depth of biop-
sies was attempted. Muscle biopsies were quickly divided into
smaller parts immediately after sampling and were then frozen in
liquid nitrogen and stored at −80 °C until further analysis.

Western blot analysis

Frozen muscle biopsy sample materials (40–50 mg) were ho-
mogenized in ice-cold solubilization buffer containing 20 mM
Tris, 50 mM NaCl, 5 mM Na4P2O7, 50 mM NaF, 250 mM
sucrose, 2 mM DTT, 1 % Triton-X 100, 2 μg/mL aprotinin,
5 μg/mL leupeptin, 0.5 μg/mL pepstatin, 10 μg/mL antipain,
1.5 mg/mL benzamidine and 100 μmol/L 4-(2-aminoethyl)-
benzenesulfonyl fluoride, hydrochloride (pH 7.4). Insoluble
materials were removed by centrifugation at 16,000×g for
20 min at 4 °C. Total protein content was determined using
the Bradford protein assay kit (BioRad, Hercules, CA, USA)
according to the manufacturer’s instructions.

Proteins from whole tissue lysates were separated by SDS-
polyacrylamide gel (PAGE) in a buffer containing 12 mM
Tris–HCl (pH 8.8), 200 mM glycine and 0.1 % SDS. All time
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points from each of two subjects (subjects randomized be-
tween gels) were run on the same gel. Proteins were trans-
ferred onto an Immobilon-FL PDVF membrane (Millipore,
Billerica, MA) in a Bjerrum buffer containing 50 mM Tris,
17mMglycine and 10%methanol. Membranes were blocked
with 5 % BSA in PBS for 1 h at room temperature and were
thereafter incubated at 4 °C overnight with the following
primary antibodies diluted in 5 % BSA in PBS: MURF-1
(MP3401, ECM Biosciences, Versailles, KY) at 1:1,000,
FBXO40 (H00051725-B01P, Abnova, Taipei City, Taiwan)
at 1:250, FOXO1 (C29H4, Cell Signaling Technology, Dan-
vers, MA) at 1:500, FOXO3 (ab17026, Abcam, Cambridge,
MA, USA) at 1:500, EIF3F (Jomar Bioscience, Adelaide,
Australia) at 1:500, MYOD1 (M-318: sc-760, Santa Cruz
Biotechnology) at 1:200, MYOGENIN (MYOG)
(MAB3876, Merck Millipore, Billerica, MA) at 1:500, PKM
(3198, Cell Signaling Technology, Danvers, MA) at 1:1,000
and MHC/sarcomeric myosin (MF 20, Developmental Stud-
ies Hybridoma Bank, Iowa City, IA) at 1:1,000. Alternatively,
membranes were blocked with 5 % BSA in TBST for 1 h at
room temperature and were thereafter incubated at 4 °C over-
night with the following primary antibodies diluted in 5 %
BSA in TBST: phospho-FOXO1 (Ser256, 9461, Cell Signal-
ing Technology, Danvers,MA) at 1:500 and phospho-FOXO3
(Ser253, 9466, Cell Signaling Technology, Danvers, MA) at
1:400. Following overnight primary antibody incubation,
membranes were washed with either PBS or TBST (4×
5 min) and were subsequently incubated for 1 h with the
following infrared fluorescent conjugated secondary antibod-
ies diluted at 1:5,000 in PBS or TBST containing 50 %
Odyssey® Blocking Buffer (LI-COR Biosciences, Lincoln,
USA) and 0.01 % SDS: IRDye 800CW goat anti-rabbit IgG
(LI-COR Biosciences, Lincoln, USA) for MURF-1, FOXO1,
phospho-FOXO1, phospho-FOXO3, EIF3F, MYOD1 and
PKM; IRDye 800CW donkey anti-goat IgG (LI-COR
Biosciences, Lincoln, USA) for FOXO3; and Alexa Fluor®
680 rabbit anti-mouse IgG (Invitrogen, Carlsbad, CA) for
FBXO40, MYOG, MHC and GAPDH. After washing, pro-
teins were exposed on an Odyssey® Infrared Imaging System
(LI-COR Biosciences, Lincoln, USA), and individual protein
band optical densities were quantified using Odyssey® Infra-
red Imaging System software. To control for protein loading,
all blots were normalized against GAPDH protein (G8795,
Sigma-Aldrich, Sydney, Australia). We have previously
established that GAPDH protein is stable following resistance
exercise training and single-bout resistance exercise [56, 57].

RNA extraction and reverse transcription

RNA was extracted from ∼20 mg of muscle using the
guanidinium thiocyanate-phenol-chloroform extraction meth-
od, as previously described [13], and the RNA concentration
was determined spectrophotometrically using a Nanodrop 1000

(Thermo Fischer Scientific, Wilmington, DE, USA). One mi-
crogram of RNAwas reverse transcribed to cDNA using High
Capacity RNA-to-cDNA kit (Applied Biosystems, Forster City,
CA) according to the manufacturer’s protocol. Prior to PCR,
1 μL ribonuclease H (RNase H) (Life Technolgies, Mulgrave,
VIC) was added to each sample and incubated at 37 °C for
30 min. The cDNAwas stored at −20 °C until further analysis.

Real-time PCR

Real-time PCR was performed using the Stratagene MX3000
PCR system (Agilent Technologies, Santa Clara, CA) to mea-
sure atrogin-1, MURF-1, FBX040, FOXO1 and FOXO3
mRNA levels. To compensate for variations in input RNA
amounts and efficiency of the reverse transcription, data was
normalized to large ribosomal protein PO (RPLPO, also
known as 36B4) mRNA. We have previously established
RPLPO to be stable following resistance exercise training
and single-bout resistance exercise [37, 56]. All primers were
used at a final concentration of 300 nM and probes at 100 nM.
Primer details are provided in Table 1. The PCR condition
conditions were 1 cycle of 10min at 95 °C, 40 cycles of 30 s at
95 °C and 60 s at 60 °C.

Statistical analyses

Data are presented as mean fold change±standard error of the
mean (SEM). All statistical analyses were performed using
GraphPad Prism, Version 6.0 (GraphPad Software Inc., CA,
USA). For variables independent of time, Student’s t tests
were performed to test for differences in basal levels between
groups. For variables measured before and after the training
period and following the single-bout exercise trials, two-way
mixed ANOVAs with repeated measures were performed to
test for changes due to group, time or group×time. When a
significant effect of group and time was found, significant
pairwise differences were assessed using Student–Newman-
Keul’s post hoc test. For all statistical tests, P<0.05 was
considered significant.

Results

Two subjects from each training group did not complete the
training period due to exercise-unrelated circumstances, leav-
ing n=7 in each training group for all data presented.

Exercise capacity and muscle morphology

Changes in exercise capacity and muscle morphological pa-
rameters as induced by 10 weeks of training have been de-
scribed in detail previously [64, 34]. For the exercise capacity
parameters, no differences were observed between groups
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prior to commencing the training period. The ET group ex-
hibited a training-induced increase in VO2 max [44.9±1.4 to
49.7±2.0 mL (kg BM)−1min−1 (∼11±2 %; P<0.001)] in
maximal workload [330±18 to 374±18 W (∼13 %;
P<0.001)] and a decrease in training-induced submaximal
intensity exercise heart rate [155±3 to 138±3 bpm at 140 W
(∼13 %; P<0.01)]. No changes pre- versus post-training oc-
curred in the RT group for aerobic exercise capacity parame-
ters with absolute pre- versus post-training values amounting
from 46.9±3.0 to 46.9±2.6 mL (kg BM)−1min−1, 322±20 to
332±19 W and 162±9 to 152±7 bpm at 140 W.

As previously published [21], no significant changes in
mean or specific fibre CSA were observed with ET. The RT
group exhibited training-induced increases in mean fibre CSA
(∼19±7 %; P<0.05). When CSA of individual fibre type was
analyzed, only type IIa fibre CSAwas significantly increased
following RT (P<0.05) (see also fibre type-specific raw CSA
data provided in supplementary Table 1). RT increased peak
torque [214±13 to 255±13 peak torque at 30° s−1 Nm (∼19%;
P<0.001)] and maximal knee extensor strength [96±5 to 133±
4 (∼40±4 %; P<0.001)], while no changes pre- versus post-
training occurred with ET. The values for pre- versus post-ET
peak torque and maximal knee extensor strength were 202±20
to 194±18 peak torque at 30° s−1 Nm and 93±9 to 94±8,
respectively. No significant changes in fibre-type distribution
occurred following RT or ET as shown previously [34].

Changes in mRNA and protein levels

Basal pre-training FOXO1 protein was significantly increased
in the ET group compared to the RT group (48±1 %;

P=0.016). Given that a random allocation of subjects to
exercise training groups was performed pre-training, we sug-
gest that this basal pre-training increase in FOXO1 is random.
There were no differences in basal pre-training mRNA or
protein levels for any other targets measured. A summary of
all mRNA and protein changes following divergent exercise
training and single-bout exercise are shown in Table 2. The
basal level of atrogin-1 mRNA increased following both ET
(92±17 %) and RT (67±16 %) (P<0.001; Fig. 1a). A single-
bout of EE, but not RE, increased atrogin-1 mRNA by 118±
33% at 2.5 h (P<0.05), 189±22% at 5 h (P<0.001) and 131±
45 % at 22 h (P<0.05) compared to basal post-training. Fol-
lowing single-bout EE atrogin-1 mRNA levels were greater at
5 and 22 h when compared to single-bout RE (Fig. 1b). For
MURF-1 mRNA, a significant group by time interaction was
observed with ETonly increasingMURF-1mRNA expression
by 138±24% (P<0.01; Fig. 2a). Similarly, single-bout EE, but
not RE, increased MURF-1 mRNA at 2.5 h (340±94 %;
P<0.001) compared to basal post-training. Following single-
bout EE,MURF-1mRNA levels were greater at 0 h, 2.5 h and
22 h when compared to single-bout RE (Fig. 2b). No change in
MURF-1 protein was observed following training and single-
bout exercise (data not shown). FBXO40 mRNA increased
following both ET (73±10 %) and RT (21±4 %) (P<0.01;
Fig. 3a). FBXO40 protein was unaffected following training
(data not shown). In response to single-bout EE, FBXO40
mRNA increased immediately post-exercise at 0 h (83±5 %;
P<0.001), 2.5 h (62±3 %; P<0.01), 5 h (54±6 %; P<0.01)
and 22 h (69±7 %; P<0.01). Following single-bout exercise,
FBXO40 mRNA levels were greater in the EE than the RE
group at all time points (Fig. 3b). Contrastingly, single-bout RE

Table 1 Human primer and probe sequences used for PCR analysis

Gene GenBank accession number Sequences

Atrogin-1 NM_058229.3 Forward GCAGCTGAACAACATTCAGATCAC

Reverse CAGCCTCTGCATGATGTTCAGT

Probe (FAM)-CTTCAAAGGCACCTTCACTGACCTG(BHQ-1)

MURF-1 NM_032588.3 Forward CCTGAGAGCCATTGACTTTGG

Reverse CTTCCCTTCTGTGGACTCTTCCT

Probe (Texas Red)- AGGAAGAATTCATTGAAGAAGAAGATCAGG(BHQ-2)

FBXO40 NM_016298.3 Forward AGTCCACAGAGAGATCTG

Reverse TGTGCTCTACAATGTTGAA

Probe (HEX)-AGTTCAGCAGCCTCTTCTCCA(BHQ)

FOXO1 NM_002015 Forward AAGAGCGTGCCCTACTTCAA

Reverse CTGTTGTTGTCCATGGATGC

FOXO3 NM_001455 Forward CTTCAAGGATAAGGGCGACA

Reverse TCTTGCCAGTTCCCTCATT

RPLPO NM_053275.3 Forward TCTACAACCCTGAAGTGCTTGATATC

Reverse GCAGACAGACACTGGCAACATT

FBXO32 atrogin-1 muscle atrophy F-box,MURF-1muscle ring finger-1, FBXO40 F-box protein 40, FOXO1 forkhead box O1,; FOXO3 forkhead box
O3, RPLPO acidic ribosomal phosphoprotein PO

1528 Pflugers Arch - Eur J Physiol (2015) 467:1523–1537



downregulated FBXO40 mRNA by 53±11 % at 5 h (P<0.05;
Fig. 3b) and FBXO40 protein at 22 h (28±2 %; P<0.05)
compared to basal post-training levels (Fig. 3c).

FOXO1mRNA increased after ET (47±9 %) and RT (41±
11 %) (P<0.001; Fig. 4a). FOXO1 and phospho-FOXO1
protein were unaltered following exercise training (data not
shown). Single-bout EE, but not RE, increased FOXO1
mRNA by 51±4 % at 5 h when compared to basal post-
training (P<0.01; Fig. 4b). FOXO1 protein was unaffected
in response to single-bout EE and RE (data not shown).
FOXO3 mRNA levels increased after ET (56±13 %) and

RT (51±3 %) (P<0.0001; Fig. 5a). A significant group by
time interaction was observed for FOXO3 protein with a 58±
8 % increase in FOXO3 protein following ET (P<0.05;
Fig. 5b). In response to single-bout exercise, FOXO3 mRNA
increased 5 h post-EE (50±10 %; P<0.05) and decreased at
5 h post-RE (7±1 %; P<0.05), with a significant difference
observed between exercise modes (P<0.0001; Fig. 5c).
FOXO3 protein increased at 2.5 h following single-bout EE
only when compared to basal post-training (45±2%; P<0.05)
(Fig. 5d). No change in phospho-FOXO3 protein occurred in
response to training or single-bout exercise (data not shown).

Table 2 Summary of mRNA and
protein results following
divergent exercise training and
single-bout exercise

Exercise mode effects of training
(pre-exercise basal versus post-
exercise) and single-bout exercise
(post-training basal versus post-
exercise recovery time points) are
shown as percent change (mean±
SEM) from basal set to a fixed
value of 100% for measured gene
and protein targets

E endurance, R resistance, NC no
change

↑/↓ P<0.05; ↑↑/↓↓ P<0.01; ↑↑↑/
↓↓↓ P < 0 .001 ; ↑↑↑↑ /↓↓↓↓
P<0.0001 (different from
specified basal levels); *P<0.05;
¶P<0.01; §P<0.001; #P<0.0001
(difference between exercise
groups)

Mode Training (%) Single-bout exercise

0 h (%) 2.5 h (%) 5 h (%) 22 h (%)

Gene

Atrogin-1 E ↑↑↑ 92±17 NC ↑ 118±33 ↑↑↑ 189±22§ ↑ 131±45*

R ↑↑↑ 67±16 NC NC –§ –*

MURF-1 E ↑↑ 138±24 –* ↑↑↑ 340±94# NC –*

R NC –* –# NC –*

FBXO40 E ↑↑ 73±10 ↑↑↑ 83±5¶ ↑↑ 62±3* ↑↑ 54±6# ↑↑ 69±7¶

R ↑↑ 21±4 –¶ –* ↓ 53±11# –¶

FOXO1 E ↑↑↑ 47±9 NC NC ↑↑ 51±4 NC

R ↑↑↑ 41±11 NC NC NC NC

FOXO3 E ↑↑↑↑ 56±13 NC NC ↑ 50±10# NC

R ↑↑↑↑ 51±3 NC NC ↓ 7±1# NC

Protein

MURF-1 E NC NC NC NC NC

R NC NC NC NC NC

FBXO40 E NC NC NC NC NC

R NC NC NC NC ↓ 28±2

FOXO1 E NC NC NC NC NC

R NC NC NC NC NC

phospho-FOXO1 E NC NC NC NC NC

R NC NC NC NC NC

FOXO3 E ↑ 58±8 NC ↑ 45±2 NC NC

R NC NC NC NC NC

phospho-FOXO3 E NC NC NC NC NC

R NC NC NC NC NC

EIF3F E NC NC NC NC NC

R NC NC NC NC NC

MYOD1 E NC NC NC NC NC

R NC NC NC NC NC

MYOG E NC NC NC NC NC

R NC NC NC NC NC

PKM E NC NC NC NC NC

R NC NC NC NC NC

MHC E NC NC NC NC NC

R NC NC NC NC NC
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Changes in atrogin-1 and MuRF1 protein substrates

Quantification of the protein level of atrogin-1 substrate tar-
gets, EIF3F, MYOD1, MYOG, as well as MURF-1 substrate
targets, PKM and MHC, revealed no change in response to
exercise training and in response to single-bout exercise per-
formed following the training period when compared to basal
pre-training and post-training, respectively (data not shown).
Representative Western blot images for all proteins measured
are depicted in Fig. 6.

Discussion

The present study investigated the effect of divergent modes
of exercise training and a single-bout of exercise performed in
the trained state on selective molecular markers of UPP sig-
nalling. The main findings were: (1) atrogin-1, FBXO40,
FOXO1 and FOXO3mRNAwere upregulated following both

ET and RT, but by a higher magnitude following ET; (2)
MURF-1 mRNA and FOXO3 protein levels were increased
following ET, but not RT; (3) in the trained state, single-bout
EE, but not single-bout RE, increased atrogin-1, MURF-1,
FBXO40,FOXO1 andFOXO3mRNA levels; (4) in the trained
state, single-bout RE decreased FBXO40 mRNA and protein;
and (5) protein levels of atrogin-1 and MURF-1 substrate
targets were not altered following training or single-bout exer-
cise. The general training-induced increase in atrogin-1,
MURF-1 and FOXO molecules implies that these systems
are not exclusively confined to atrophy processes, but may
be important for protein turnover and adaptation to exercise.

Effect of divergent exercise training on molecular markers
of UPP signalling

In line with previous findings, ET and RT predominantly drive
increases in aerobic capacity and muscle hypertrophy, respec-
tively [3]. Despite the fact that the extracellular stress, physio-
logical and metabolic responses and resultant training-induced

Fig. 1 Regulation of atrogin-1 mRNA following divergent exercise
training [endurance training (ET) versus resistance training (RT) (pre-
training basal versus post-training normalized to the mean pre-training
basal of the combined exercise training groups)] and single-bout exercise
[endurance exercise (EE) versus resistance exercise (RE) (post-training
basal versus post-exercise recovery time points normalized to the mean
post-training basal of each exercise group)]. Graphs are shown as fold

changes±SEM from basal set to a fixed value of 1. a Atrogin-1 mRNA
increased independent of the exercise training mode. Line across groups
indicates a general time effect, ***P<0.001. b In the trained state, EE, but
not RE, increased atrogin-1 mRNA at 2.5–22 h post-exercise. Signifi-
cantly different from post-exercise, *P<0.05; ***P<0.001. Significantly
different between exercise groups, #P<0.05; ###P<0.001

Fig. 2 Regulation of MURF-1 mRNA following divergent exercise
training [endurance training (ET) versus resistance training (RT) (pre-
training basal versus post-training normalized to the mean pre-training
basal of the combined exercise training groups)] and single-bout exercise
[endurance exercise (EE) versus resistance exercise (RE) (post-training
basal versus post-exercise recovery time points normalized to the mean
post-training basal of each exercise group)]. Graphs are shown as fold

changes±SEM from basal set to a fixed value of 1. a ET, but not RT,
increased MURF-1 mRNA. Line across time points indicates a time×
training interaction, **P<0.01. b In the trained state, EE, but not RE,
increased MURF-1 mRNA at 2.5 h post-exercise. Significantly different
from post-exercise, ***P<0.001. Significantly different between exercise
groups, #P<0.05; ####P<0.0001
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adaptations to ETandRT differ, themuscle adaptive response at
the molecular level shares a comparable overall transcriptional
upregulation of molecular markers of UPP signalling. This is
demonstrated by increases in atrogin-1, FBXO40, FOXO1 and
FOXO3 mRNA following 10 weeks of RT as well as ET. The
upregulation of molecular markers of UPP signalling in condi-
tions of enhanced skeletal muscle function suggests that the
UPP system may play an important role in protein turnover
during exercise-induced skeletal muscle remodelling. This no-
tion is not without precedence. Accordingly, RT has previously

been shown to increase the mRNA level of proteasome 20Sα-
1 subunit (Psma1) and ubiquitin B (Ubb), genes implicated in
the UPP [37], while ET increases 26S proteasome activity in
healthy mice [18]. Additionally, an increase in molecular
markers of UPP activity has been observed following
long-term training in hunting dogs [65].

The increase post-RT in atrogin-1 mRNA is consistent with
previous observations following 8 weeks [37], but not
21 weeks [28], of hypertrophy-inducing RT. In contrast, the
lack of RT-induced MURF-1 is differs from a previously

Fig. 3 Regulation of FBXO40 mRNA and protein following divergent
exercise training [endurance training (ET) versus resistance training (RT)
(pre-training basal versus post-training normalized to the mean pre-train-
ing basal of the combined exercise training groups)] and single-bout
exercise [endurance exercise (EE) versus resistance exercise (RE) (post-
training basal versus post-exercise recovery time points normalized to the
mean post-training basal of each exercise group)]. Graphs are shown as
fold changes±SEM from basal set to a fixed value of 1. a FBXO40

mRNA increased independent of the exercise training mode. Line across
groups indicates a general time effect, **P<0.01. b In the trained state,
EE increased FBXO40 mRNA at 0–22 h, while RE decreased FBXO40
mRNA at 5 h post-exercise. c FBXO40 protein was decreased 22 h post-
RE. Significantly different from post-exercise, *P<0.05; **P<0.01;
***P<0.001. Significantly different between exercise groups, #P<0.05;
##P<0.01; ####P<0.0001

Fig. 4 Regulation of FOXO1mRNA following divergent exercise train-
ing [endurance training (ET) versus resistance training (RT) (pre-training
basal versus post-training normalized to the mean pre-training basal of the
combined exercise training groups)] and single-bout exercise [endurance
exercise (EE) versus resistance exercise (RE) (post-training basal versus
post-exercise recovery time points normalized to the mean post-training

basal of each exercise group)]. Graphs are shown as fold changes±SEM
from basal set to a fixed value of 1. a FOXO1 mRNA increased inde-
pendent of the exercise training mode. Line across groups indicates a
general time effect, ***P<0.001. b In the trained state, EE, but not RE,
increased FOXO1 mRNA at 5 h post-exercise. Significantly different
from post-exercise, **P<0.01
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Fig. 5 Regulation of FOXO3 mRNA and protein following divergent
exercise training [endurance training (ET) versus resistance training (RT)
(pre-training basal versus post-training normalized to the mean pre-train-
ing basal of the combined exercise training groups)] and single-bout
exercise [endurance exercise (EE) versus resistance exercise (RE) (post-
training basal versus post-exercise recovery time points normalized to the
mean post-training basal of each exercise group)]. Graphs are shown as
fold changes±SEM from basal set to a fixed value of 1. a FOXO3mRNA

increased independent of the exercise trainingmode. a Line across groups
indicates a general time effect, ****P<0.0001. b FOXO3 protein in-
creased following ET, but not RT. Line across time points indicates a
time×training interaction, *P<0.05. c In the trained state, EE and RE
resulted in an increase and decrease in FOXO3 mRNA, respectively,
measured at 5 h post-exercise. d FOXO3 protein increased at 2.5 h
post-EE. Significantly different from post-exercise, *P<0.05. Signifi-
cantly different between exercise groups at 5 h, ####P<0.0001

Fig. 6 Representative Western
blot images of MURF-1,
FBXO40, phospho-FOXO1,
FOXO1, phospho-FOXO3,
FOXO3, EIF3F, MYOD1,
MYOGENIN (MYOG), PKM,
MHC and GAPDH (normalizing
protein) measured prior to and
after training (a) and prior to and
after single-bout exercise (b)
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observed increase in MURF-1 mRNA following 8 weeks of
RT [37]. This variance may be due to the slightly longer RT
programme in the present study with the premise being that
MURF-1mRNA is attenuated following extended RE training
[41]. At the protein level, MURF-1 was unchanged similarly
to this previous report [37]. Although the time delay between
gene transcription and protein translation may account for
discrepancies between mRNA and protein levels, an
additional explanation is that E3-ubiquitin ligases can
undergo auto-ubiquitination [54].

A divergent exercise-induced regulation of atrogin-1 and
MURF-1 mRNA has previously been observed [22, 49, 41,
38, 7]. However, the proteins that these E3-ligases target in
response to divergent exercise are unknown. Our investigation
revealed no change in known atrogin-1 or MURF-1 protein
substrate targets, such as EIF3F, MYOD1, MYOG, PKM and
MHC following divergent exercise training and divergent
single-bout exercise performed in the trained state, supporting
our recent observations following 2 h single-bout RE [57].
This result for MURF-1 substrate targets may not be surpris-
ing given that the MURF-1 protein level was unaltered.
Atrogin-1 protein levels were not measured due to doubt over
the specificity of commercially available antibodies. Howev-
er, we previously observed a decrease in EIF3F protein post-
concentric-RE; whereas no other atrogin-1/MURF-1 targets
were measured [56]. It is conceivable that RE performed using
divergent muscle contractions may influence atrogin-1 and/or
MURF-1 substrates. Moreover, it is also likely that other
currently unidentified substrate targets are involved in the
exercise-induced regulation of these E3-ubiquitin ligases.

FOXO1 and FOXO3 mRNA increased following both ET
and RT, while FOXO3 protein increased in response to ET
only. A key adaptation to ETand a response to EE is improved
energymetabolism. FOXO1 plays an important role in muscle
fat oxidation under fasting or exercise conditions [48]. Recent
evidence also suggests that FOXO3 plays an important role in
enhanced mitochondrial metabolism [44]. The changes in
FOXO protein levels with different modes of exercise training
are limited. However, Leger et al. previously showed a de-
crease in the nuclear protein content of FOXO1 and no effect
on the FOXO3 protein following RT [37].

Effect of divergent single-bout exercise on UPP signalling
following exercise training

In the trained state, single-bout EE, but not RE, increased
atrogin-1, MURF-1, FBXO40, FOXO1 and FOXO3 mRNA
compared to basal post-training levels. A minimal induction
of molecular markers of the UPP in response to single-bout of
RE is in line with observations that prior resistance training
may attenuate single-bout RE-induced MPB [46].

Following single-bout EE, atrogin-1 mRNA increased at
2.5, 5 and 22 h post-exercise, which is consistent with our

hypothesis that in the endurance-trained state, single-bout EE
upregulates UPP molecular markers. Our observations are
similar to an increase detected in atrogin-1 2–4 h post-
exercise [38, 43] but in contrast to a return of atrogin-1 to
baseline levels 24 h post-running [38]. The former study
employed 30 min of running [38] compared to 2 h of cycling
in the present study. Hence, the greater magnitude of meta-
bolic stress elicited by our longer duration exercise protocol or
the fact that running is also comprised of eccentric contrac-
tions may have accounted for our sustained induction of
atrogin-1 mRNA. In line with our data, single-bout cycling
increases atrogin-1 mRNA in endurance-trained subjects, in-
dicating that ET does not diminish the acute exercise-induced
regulation of atrogin-1 [16].

Unlike EE, atrogin-1 mRNA was unaltered following
single-bout RE. This lack of increase in atrogin-1 following
single-bout RE in the trained state is similarly consistent with
our hypothesis that in the trained state, molecular markers of
the UPP will not be responsive to single-bout RE. Previous
studies utilizing traditional RE have observed no change in
atrogin-1 mRNA at corresponding time points in untrained
[41, 22, 7, 67, 47, 28], highly trained [16] and moderately
trained subjects [38]. Others have observed a downregulation
in atrogin-1 mRNA 2–6 h post-exercise in untrained [49, 19],
8–12 h post-exercise in moderately trained [38] and 3 h post-
exercise in highly trained subjects [14]. Therefore, atrogin-1
mRNA is either unchanged or decreased following acute RE.
However, in studies utilizing isolated contraction mode, ec-
centric muscle contraction RE has been consistently shown to
downregulate atrogin-1 mRNA [56, 32, 42]. Furthermore, it
has been shown that atrogin-1 can be upregulated with con-
centric contraction mode [56, 32, 42], thus supporting our
current results from cycling exercise. This suggests that the
regulation of atrogin-1 may differ with a higher metabolic
demand inherent of concentric work versus a higher mechan-
ical stress–strain inherent of eccentric work.

MURF-1 mRNA increased at 2.5 h following single-bout-
EE in accord with previously observed inductions ofMURF-1
mRNA 0–4 h post-EE [38, 43]. Despite EE-induced alter-
ations in mRNA levels, MURF-1 protein levels remained
unchanged. No change in MURF-1 mRNA or protein was
observed in response to single-bout RE. In untrained individ-
uals, MURF-1 mRNA has been observed to increase 1–4 h
following RE [38, 47, 67, 22, 41, 57, 7, 49], while MURF-1
protein has been observed to increase 1–3 h post-RE [7, 22]. A
lack of RE-induced MURF-1 expression in the current study
may reflect the subject’s prior training status. Prior training
status can alter the acute gene responses in skeletal muscle to
subsequent exercise [16, 41, 64]. Indeed, MURF-1 mRNA is
unchanged 3 h post-RE in highly RE trained subjects [14],
indicating that prior RT attenuates exercise-induced gene re-
sponses to acute exercise. Failure of MURF-1 induction in the
present study implies that following RT, the demand to
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increase MPB, at least UPP-regulated protein degradation, in
response to single-bout RE [4, 5, 45, 46] is attenuated. This
notion is in line with a blunted exercise-induced increase in
mixed muscle fractional protein synthesis [31, 46] and protein
breakdown [46] in RE trained compared to untrained subjects.

FBXO40 mRNA increased immediately following single-
bout EE and remained elevated until 22 h post-exercise.
FBXO40 is another E3-ubiquitin ligase that was recently
found to ubiquitinate and degrade insulin receptor substrate
1 (IRS1), a downstream effector of insulin and insulin-like
growth factor-1 (IGF-1) receptor-mediated signalling such as
PI3K/Akt [55]. Mice lacking FBXO40 demonstrate abnor-
mally increased skeletal muscle hypertrophy [55]. In response
to acute RE, we previously observed an increased FBXO40
mRNA 2 h post-exercise in untrained individuals [57]. A lack
of FBXO40 mRNA induction in response to RE and
hypertrophy-inducing RT may once again reflect the training
status of our subjects. The decrease in FBXO40 mRNA fol-
lowing prior RT supports the hypothesis that in the resistance-
trained state, single-bout RE does not produce a significant
upregulation of molecular markers of the UPP.

Single-bout EE increased FOXO1 and FOXO3 mRNA at
5 h post-exercise in agreement with a previously observed
increase in FOXO1 3 h post-cycling [39] and FOXO3 expres-
sion 1 h post-running [38]. No changes in FOXO1 or FOXO3
mRNA/protein occurred in response to single-bout RE, which
is in accord with some previous studies [38, 47, 57, 19], but
not others [49]. In particular, FOXO1 mRNA increases fol-
lowing isolated concentric, but not eccentric contraction RE
[49, 42, 56]. No change in FOXO1 or phospho-FOXO1
protein occurred in response to single-bout exercise. While a
recent study by our group similarly showed no change in
FOXO1 or phospho-FOXO1 protein post-RE [57], another
recent study by our group observed a downregulation of
phospho-FOXO1 following eccentric RE and a decrease in
FOXO1 protein following both eccentric and concentric RE
[56]. Thus, isolated muscle-specific contraction mode as op-
posed to conventional RE appears to regulate FOXO proteins.
In response to single-bout EE, but not RE, FOXO3 protein
increased 2.5 h post-exercise. A lack of change in FOXO3 and
phospho-FOXO3 in response to RE is in accord with data
from our group [57] as well as others [22, 57].

Both ET and RT increased the mRNA levels of molecular
markers of UPP. This general upregulation of the UPP basal
levels following prolonged training suggests that atrogin-1
and MURF-1 may play a role in healthy skeletal muscle
adaptation and remodelling post-exercise, although specific
remodelling requirements may relate to ET and RT. Accord-
ingly, in the trained state (i.e. a state in which the muscle is
presumably less prone to exercise-induced muscle micro-
damage requiring less protein degradation), only EE elicited
an upregulation of molecular markers of the UPP. This sug-
gests that EE-induced increases in the UPP reflects an

adaptation to ET that may play a role in precluding type I
fibre growth to optimize oxygen supply to the mitochondria.
[61]. Our observation of a lack of oxidative fibre growth with
prolonged ET, but not RT, supports this. The difference in
fibre growth between training modes may be logically as-
cribed to a greater increase in muscle protein synthesis in type
II fibres. However, high capacity oxidative fibres, when com-
pared with low capacity oxidative fibres, possess a greater
capacity for protein degradation as well as protein synthesis.
This further supports the contention that in response to endur-
ance exercise training, protein degradation is greater than
protein synthesis in oxidative fibres, and this response coun-
teracts oxidative fibre growth. In contrast, in resistance exer-
cise training, protein synthesis remains greater than protein
degradation [61]. Future studies combining gene and protein
expressionmolecular markers in single fibres and/or including
direct measures of protein turnover are required to delineate
the precise roles and function of E3-ubiquitin ligases and
potentially develop specific exercise interventions to improve
skeletal muscle health. Our observations that atrogin-1,
MURF-1 and FOXO are increased following exercise training
and sensitive to different contraction modes suggest they may
play specific roles in the adaptation to exercise. Likely roles
include the differentiated re-modelling requirements of the
muscle architecture as well as energy metabolism with
divergent exercise.
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