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dry wt; P < 0.05), and 1 h and 4 h post-exercise (P < 0.05). 
Phosphorylation of p53Ser15 increased 1 h post-exercise in 
LOW (~115 %, P < 0.05) and was higher than CONT at 
this time point (~87 %, P < 0.05). p38MAPKThr180/Tyr182 
phosphorylation increased 1 h post-exercise in both CONT 
and LOW (~800–900 %; P < 0.05) but remained above rest 
at 4 h only in CONT (~585 %, P < 0.05; different between 
legs P < 0.05). Peroxisome proliferator-activated receptor 
gamma coactivator-1α (PGC-1α) mRNA was elevated 4 h 
post-exercise in LOW (~200 %, P < 0.05; different between 
legs P < 0.05). There were no changes in Fibronectin type 
III domain-containing protein 5 (FNDC5) mRNA for 
CONT or LOW legs post-exercise.
Conclusion Undertaking resistance exercise with low 
glycogen availability may enhance mitochondrial-related 
adaptations through p53 and PGC-1α-mediated signalling.

Keywords Glycogen · Resistance exercise · 
Mitochondria · Metabolic · Skeletal muscle · Adaptation

Abbreviations
ACC  Acetyl-CoA carboxylase
ANOVA  Analysis of variance
CHO  Carbohydrate
COXIV  Cytochrome C oxidase IV
CONT  Control
FNDC5  Fibronectin type III domain-containing  

protein 5
GAPDH  Glyceraldehyde-3-phosphate dehydrogenase
MAPK  Mitogen-activated protein kinase
PDK4  Pyruvate dehydrogenase kinase isozyme 4
PGC-1α  Peroxisome proliferator-activated receptor 

gamma coactivator-1α

REX  Resistance exercise
RM  Repetition maximum

Abstract 
Purpose We determined the effect of reduced muscle 
glycogen availability on cellular pathways regulating mito-
chondrial biogenesis and substrate utilization after a bout 
of resistance exercise.
Methods Eight young, recreationally trained men under-
took a glycogen depletion protocol of one-leg cycling to 
fatigue (LOW), while the contralateral (control) leg rested 
(CONT). Following an overnight fast, subjects completed 
8 sets of 5 unilateral leg press repetitions (REX) at 80 % 
1 Repetition Maximum (1RM) on each leg. Subjects con-
sumed 500 mL protein/CHO beverage (20 g whey + 40 g 
maltodextrin) upon completion of REX and 2 h later. Mus-
cle biopsies were obtained at rest and 1 and 4 h after REX 
in both legs.
Results Resting muscle glycogen was higher in the 
CONT than LOW leg (~384 ± 114 vs 184 ± 36 mmol kg−1 
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RT-qPCR  Real-time quantitative polymerase chain 
reaction

Tfam  Mitochondrial transcription factor A
VEGF  Vascular endothelial growth factor
VO2peak  Peak oxygen uptake

Introduction

The principal adaptations in skeletal muscle to long-term 
resistance training are increases in cross-sectional area and 
strength (Hakkinen et al. 1998). However, there is also evi-
dence that resistance exercise has the potential to promote 
adaptations relating to oxidative metabolism by upregulat-
ing mitochondrial respiration (Salvadego et al. 2013), copy 
number (Balakrishnan et al. 2010), enzyme activity (Tang 
et al. 2006) and increasing rates of mitochondrial protein 
synthesis (Burd et al. 2012). Within the context of com-
bined endurance and resistance exercise (i.e., concurrent 
training) this may explain, in part, the lack of a pronounced 
“interference effect” of resistance training on endurance 
capacity (Hickson 1980) and the potential amplifica-
tion of molecular processes regulating muscle oxidative 
capacity (Wang et al. 2011). Understanding the molecular 
mechanisms governing mitochondrial/metabolic responses 
to resistance exercise may therefore provide insight to 
maximizing adaptations to concurrent training in skeletal 
muscle.

The molecular machinery underling mitochondrial 
biogenesis to date has largely centred on the transcrip-
tional coactivator peroxisome proliferator-activated recep-
tor gamma coactivator-1α (PGC-1α) (Perry et al. 2010). 
Increases in PGC-1α mRNA and protein content have been 
demonstrated following acute (Bartlett et al. 2012, 2013; 
Little et al. 2011; Perry et al. 2010; Psilander et al. 2013) 
and chronic endurance training in human skeletal muscle 
(Kuhl et al. 2006). In this regard, it was recently reported 
that PGC-1α activation with endurance exercise may be 
sensitive to a low threshold/concentration of muscle gly-
cogen (Psilander et al. 2013). While changes in PGC-1α 
expression following resistance exercise are equivocal 
(Burd et al. 2012; Coffey et al. 2005; Gordon et al. 2012), 
to date, no study has examined whether a similar ‘low’ 
muscle glycogen-PGC-1α relationship exists with respect 
to resistance exercise in human skeletal muscle.

The apoptogenic protein p53 has recently emerged as 
another potential regulator of exercise-induced mitochon-
drial biogenesis and substrate metabolism in skeletal mus-
cle (Saleem et al. 2009). Early studies using p53 knockout 
mice showed the loss of p53 decreased both subsarcolem-
mal and intermyofibrillar mitochondrial content (Saleem 
et al. 2009) and exercise capacity (Park et al. 2009). Moder-
ate-intensity continuous and high-intensity interval running 

have been shown to increase p53Ser15 phosphorylation in 
human skeletal muscle (Bartlett et al. 2012). Increases in 
p53 phosphorylation are also enhanced when commencing 
exercise with low muscle glycogen concentration, suggest-
ing a possible glycogen-mediated effect on p53 signalling 
(Bartlett et al. 2013). The increase in p53 phosphoryla-
tion has also been associated with greater abundance of 
PGC-1α, mitochondrial transcription factor A (Tfam) and 
cytochrome c oxidase IV (COXIV) mRNA, and lends sup-
port to the notion that p53 contributes to the regulation of 
aerobic exercise-induced mitochondrial biogenesis (Bart-
lett et al. 2013). Of note, no studies have investigated p53 
signalling following resistance exercise in human skeletal 
muscle.

The primary aim of the current investigation was to 
determine the early metabolic responses following a bout 
of resistance exercise commenced with low versus nor-
mal muscle glycogen concentration. We hypothesized that 
resistance exercise undertaken with low muscle glycogen 
availability would upregulate metabolic and mitochondrial 
cell signalling and transcriptional activity.

Materials and methods

Subjects

Eight healthy physically fit male subjects [age 
22.9 ± 2.6 years, body mass 80.6 ± 8.8 kg, peak oxygen 
uptake (VO2peak) 49.8 ± 5.4 mL kg−1 min−1, unilateral leg 
press one repetition maximum (1RM) ~141.7 ± 4.6 kg; val-
ues are mean ± SD] who had been participating in regular 
concurrent resistance and endurance training (~3x/week; 
>1 year) volunteered for this study (Camera et al. 2012). 
The experimental procedures and possible risks associated 
with the study were explained to each subject, who all gave 
written informed consent before participation. The study 
was approved by the Human Research Ethics Committee of 
RMIT University and with the 1964 Helsinki declaration, 
and its later amendments or similar ethical standards.

Preliminary testing and familiarization to exercise 
protocols

As published previously (Camera et al. 2012), peak oxygen 
uptake (VO2peak) was determined during an incremental test 
to volitional fatigue on a Lode cycle ergometer (Gronin-
gen, The Netherlands) (Hawley and Noakes 1992). In brief, 
subjects commenced cycling at a workload equivalent to 
2 W/kg for 150 s. Thereafter, the workload was increased 
by 25 W every 150 s until volitional fatigue (defined as 
the inability to maintain a cadence >70 revolutions/min). 
Throughout the test, which typically lasted 12–14 min, 
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subjects breathed through a mouthpiece attached to a meta-
bolic cart (Parvomedics, Sandy, USA) to determine oxygen 
consumption. One repetition of maximal dynamic strength 
(1 RM) for each leg was determined on a plate-loaded 45º 
leg press machine (CalGym, Caloundra, Australia). Sub-
jects completed the test with feet placed at the bottom edge 
of the foot plate and range of motion was 90º knee flexion/
extension. Subjects were also familiarized to one-legged 
cycling (described subsequently) through the completion of 
three sessions consisting of 2 × 10 min bouts of one-legged 
cycling with a 2-min recovery period between repetitions, 
so that by the final session subjects were performing one-
legged cycling at ~75 % of their two-legged VO2peak.

Diet/exercise control

Prior to undertaking the glycogen depletion session 
(described subsequently), subjects were instructed to 
refrain from exercise training and vigorous physical activ-
ity, and alcohol and caffeine consumption for a minimum 
of 48 h (Camera et al. 2012). A pre-packaged, high carbo-
hydrate diet (8.0 g/kg carbohydrate, 2.0 g/kg protein and 
1.0 g/kg fat) was consumed at specified times in the 36 h 
leading up to the one-legged exercise depletion session 
along with a food checklist to record daily intake.

One-legged glycogen depletion protocol

Subjects arrived at the laboratory mid-afternoon to com-
mence a one-legged cycling depletion session at a power 
output corresponding to ~75 % of their two-legged VO2peak. 
The exercise depletion protocol consisted of repeated 
10-min work bouts with 2-min recovery between work 
bouts. The time spent completing these work bouts was 
100 ± 3 min as mentioned previously (Camera et al. 2012). 
This work-to-rest ratio was continued until volitional 
fatigue at which time power output was decreased by 10 W. 
Subjects then repeated the same work-to-rest ratio until 

fatigue at this reduced work rate. Following a 10-min rest, 
subjects then completed a series of 90-s one-leg maximal 
sprints (60-s recovery) on a Repco RE7100 Ergo (Altona 
North, Australia) until volitional fatigue, defined as the 
inability to maintain 70 revolutions/min. Subjects com-
pleted on average 6 ± 2 of these maximal one-legged sprint 
repetitions as previously reported (Camera et al. 2012). To 
conclude the glycogen depletion session and further lower 
whole body glycogen, subjects completed 30 min of arm 
cranking on a Monark Rehab Trainer 881E (Vansbro, Swe-
den). That evening subjects consumed a low-CHO (1.2 g/
kg carbohydrate; 0.8 g/kg protein and 1.4 g/kg fat) meal to 
minimize glycogen resynthesis in the LOW leg.

Experimental testing session

Subjects reported to the laboratory on the morning of an 
experimental trial after a ~10-h overnight fast. Resting biop-
sies from the vastus lateralis of both legs were obtained using 
a 5-mm Bergstrom needle modified with suction under local 
anaesthesia (2–3 mL of 1 % Xylocaine) (Fig. 1). Subjects 
then undertook a standardized unilateral warm-up (1 × 5 rep-
etitions at 50 and 60 % 1RM) on a leg-press machine before 
commencing the resistance exercise testing protocol consist-
ing of eight sets of five repetitions at ~80 % of 1 RM (3 min 
recovery) for each leg. The glycogen-depleted leg (LOW) 
began each set separated by ~60-s rest before the rested leg 
(CONT). To ensure the exercise was work-matched between 
legs, the CONT leg replicated the same number of repetitions 
as the LOW leg. In cases where the LOW leg could not com-
plete the repetitions, the weight was decreased 5 % for subse-
quent sets. Subjects consumed a 500-mL protein-CHO bever-
age (20 g whey protein, 40 g maltodextrin) immediately after 
resistance exercise and 2 h post-exercise. Subjects then rested 
throughout a 240-min recovery period where additional mus-
cle biopsies were obtained 60 and 240 min post-exercise. 
All muscle samples were snap-frozen in liquid nitrogen and 
stored at −80 °C for subsequent analysis.

Fig. 1  Schematic representation of the experimental trial. Subjects 
reported to the laboratory the evening before an experimental trial 
and performed a one-legged glycogen-depletion protocol to fatigue 
before consuming a low-carbohydrate (CHO) meal. After an over-
night fast, subjects completed 8 sets of 5 unilateral leg press repeti-

tions at 80 % one repetition maximum. Immediately after REX and 
2 h later, subjects consumed a 500-mL bolus of a protein/CHO bever-
age (20 g whey + 40 g maltodextrin). Muscle biopsies from both legs 
(vastus lateralis) were taken at rest and at 1 and 4 h after REX
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Analytical procedures

Muscle glycogen concentration

A piece of frozen muscle (~20 mg) was freeze-dried and 
powdered to determine muscle glycogen concentration as 
previously described (Camera et al. 2012).

Paragraph number 11 western blots

Approximately 30 mg skeletal muscle was homogenized in 
buffer containing 50 mM Tris HCl, pH 7.5, 1 mM EDTA, 
1 mM EGTA, 10 % glycerol, 1 % Triton X-100, 50 mM 
NaF, 5 mM sodium pyrophosphate, 1 mM DTT, 10 μg/
mL trypsin inhibitor, 2 μg/mL aprotinin, 1 mM benzami-
dine, and 1 mM PMSF. Samples were spun at 18,000g for 
30 min at 4 °C and the supernatant was collected for West-
ern blot analysis. After determination of protein concentra-
tion using a BCA protein assay (Pierce, Rockford, USA), 
lysate was resuspended in Laemmli sample buffer, with 
50 µg of protein loaded and separated by sodium dodecyl 
sulphate–polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidene fluoride membranes blocked with 
5 % non-fat milk, washed with 10 mM Tris–HCl, 100 mM 
NaCl, and 0.02 % Tween 20, and incubated with primary 
antibody (1:1,000, Cell Signalling Technology, Danvers, 
USA) overnight at 4 °C. Due to a low signal, 100 µg of 
protein was loaded for detection of p53 phosphoryla-
tion. Membranes were incubated with secondary antibody 
(1:2,000, Cell Signaling Technology, Danvers, USA), and 
proteins were detected via enhanced chemiluminescence 
(Amersham Biosciences, Buckinghamshire, UK; Pierce 
Biotechnology, Rockford, IL) and quantified by densitome-
try (Chemidoc, BioRad, Gladesville, Australia). All sample 
time points for each subject were run on the same gel. Pol-
yclonal anti-phospho-p53Ser15 (no. 9284) and anti-phospho-
acetyl-CoA carboxylase (ACC)Ser79 (no. 3661), and mono-
clonal anti-phospho-p38 mitogen-activated protein kinase 
(MAPK)Thr180/Tyr182 (no. 4511) and anti-phospho-p44/42 
MAPK (Erk1/2) Thr202/Tyr204 (no. 4376) were purchased 
from Cell Signaling Technology (Danvers, USA). Data are 
expressed/CONTalized relative to α-tubulin (no. 3873, Cell 
Signaling Technology, Danvers, USA) in arbitrary units 
as previously performed by our laboratory (Camera et al. 
2012, 2015; Coffey et al. 2009).

RNA extraction and quantification

Skeletal muscle tissue RNA extraction was performed 
using a TRIzol-based kit according to the manufacturer’s 
directions (Invitrogen, Melbourne, Australia, Cat No 
12183-018A). Briefly, ~15 mg of skeletal muscle tissue was 
removed from RNA Later-ICE solution and homogenized 

in TRIzol. After elution through a spin cartridge, extracted 
RNA was quantified using a QUANT-iT analyser kit (Invit-
rogen, Melbourne, Australia, Cat No Q32852) according to 
the manufacture’s directions.

Reverse-transcription and real-time PCR

First-strand complementary DNA (cDNA) synthesis was 
performed using commercially available TaqMan Reverse 
Transcription Reagents (Invitrogen, Melbourne, Australia) 
in a final reaction volume of 20 µl. All RNA samples and 
control samples were reverse-transcribed to cDNA in a 
single run from the same reverse-transcription master 
mix. Serial dilutions of a template RNA (AMBION; Cat 
No AM7982) was included to ensure efficiency of reverse 
transcription and for calculation of a standard curve for 
real-time quantitative polymerase chain reaction (RT-
qPCR). Quantification (in duplicate) was performed using 
a Rotor-Gene 3000 Centrifugal Real-Time Cycler (Corbett 
Research, Mortlake, Australia). Taqman-FAM-labelled 
primer/probes for PGC-1α (Cat No Hs01016719), peroxi-
some proliferator-activated receptor gamma coactivator 1 β 
(PGC-1β) (Cat No Hs00991677), mitochondrial transcrip-
tion factor A (Tfam) (Cat No Hs0027337), hexokinase (Cat 
No Hs00175976), pyruvate dehydrogenase kinase isozyme 
4 (PDK4) (Cat No Hs01037712), vascular endothelial 
growth factor (VEGF) (Cat No Hs00900055) and fibronec-
tin type III domain-containing protein 5 (FNDC5) (Cat No 
Hs00401006) were used in a final reaction volume of 20 µl. 
PCR conditions were 2 min at 50 °C for UNG activation, 
10 min at 95 °C then 40 cycles of 95 °C for 15 s and 60 °C 
for 60 s. Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) (Cat No Hs Hs99999905) has been validated as 
an exercise housekeeping gene (Jemiolo and Trappe 2004) 
and was used to normalize threshold cycle (CT) values. 
GAPDH values were stably expressed between legs and 
post-exercise with ~9 % change in the CONT leg post-
exercise and ~6 % in the LOW leg. The relative amounts 
of mRNAs were calculated using the relative quantification 
(∆∆CT) method (Livak and Schmittgen 2001).

Statistical analysis

All data were analysed by two-way analysis of variance 
(ANOVA) (two factor: time × glycogen concentration) 
with Student–Newman–Keuls post hoc analysis. Data were 
log-transformed if normality test failed. Statistical signifi-
cance was established when P < 0.05 (SigmaStat for win-
dows Version 3.11). All data are expressed as arbitrary 
units ± SD. Magnitude-based inferences and Cohen effect 
sizes (ES) were used to identify physiologically meaningful 
differences in cell signalling and mRNA expression (Hop-
kins et al. 2009). The precision of the effect was determined 
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using 90 % confidence limits, making the same assump-
tions about sampling distributions that statistical packages 
use to derive P values. Differences between CONT and 
LOW legs were interpreted using inferences on the basis of 
the magnitude of effect, as described previously (Batterham 
and Hopkins 2006). Results are determined using ES simi-
lar to the Cohen conventional threshold values of 0.2 as the 
smallest effect, 0.5 as a moderate effect, and 0.8 as a large 
ES (Hopkins et al. 2009).

Results

Muscle glycogen

Data for muscle glycogen concentration have previously 
been reported (Camera et al. 2012). The combination of 
the exercise depletion protocol and nutritional interven-
tion generated divergent muscle glycogen levels that were 
higher in CONT compared to LOW at rest (~384 ± 114 vs 
184 ± 36 mmol kg−1 dry wt; P < 0.05), 1 h (310 ± 109 vs 
135 ± 29 mmol kg−1 dry wt; P < 0.05) and 4 h post-exer-
cise (319 ± 122 vs 218 ± 79 mmol kg−1 dry wt; P < 0.05) 
(Fig. 2).

Cell signalling

p53–ACC

Phosphorylation of p53Ser15 increased above rest at 1 h 
post-exercise only in LOW (~115 %, ES > 1, P < 0.05; 
Fig. 3a). This elevated p53Ser15 phosphorylation also 
resulted in a difference between LOW and CONT at 1 h 

post-exercise (~87 %, ES > 1, P < 0.05). There were no 
differences between rest and post-exercise for ACCSer79 
phosphorylation in either LOW or CONT (Fig. 3b). Phos-
phorylation of ACCSer79 was consistently higher in LOW 
compared with CONT but was only significantly different 
at 4 h recovery (~101 %, ES > 1, p < 0.05).

p38MAPK–ERK1/2

There was a main effect for p38MAPKThr180/Tyr182 for 
time (P < 0.05, Fig. 4a). p38MAPK phosphorylation 
increased ~800–900 % in both CONT and LOW at 1 h 
(ES > 1, P < 0.05) but remained elevated compared to rest 
at 4 h only in CONT (~585 %, ES > 1, p < 0.05). As a 
result, p38MAPK was higher in CONT than LOW at 4 h 
(~220 %, ES 0.5, P < 0.05). There were no post-exercise 
changes in ERK1/2Thr202/Tyr204 phosphorylation and no 
difference between CONT and LOW at any time point 
(Fig. 4b).

Fig. 2  Resting muscle glycogen concentration and during 4-h recov-
ery after resistance exercise (8 × 5 leg unilateral leg press at ~80 % 
one repetition maximum). Values are mean ± SD. dw dry weight. 
Significantly different (P < 0.05) versus a rest, b 1 h and (asterisk) 
between treatments (CONT vs. LOW) at equivalent time point

Rest 1 h 4 h
0

5

10

15

p-
p5

3S
er

15
(A

rb
itr

ar
y

U
ni

ts
) CONT

LOW

a*

p53 Ser15

-tubulin

Rest 1 h 4 h
0

1

2

3

4

5

p-
A

C
C

S
er

79
(A

rb
itr

ar
y

U
ni

ts
)

CONT
LOW*

pACC Ser79

-tubulin

A

B

α

α

Fig. 3  a p53Ser15 and b acetyl-CoA carboxylase (ACC)Ser79 phos-
phorylation in skeletal muscle at rest and during 4 h post-exercise 
recovery following resistance exercise (8 × 5 leg unilateral leg press 
at ~80 % one repetition maximum). Values are expressed relative to 
α-tubulin and presented in arbitrary units (mean ± SD, n = 8). Sig-
nificantly different (P < 0.05) versus (a) rest and (asterisk) between 
treatments (CONT vs. LOW) at equivalent time point
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mRNA expression

PGC‑1α–PGC‑1β–Tfam–FNDC5

There were main effects for PGC-1α mRNA abundance 
for time and glycogen (P < 0.05, Fig. 5a). PGC-1α mRNA 
expression increased 4 h post-exercise above rest and 1-h 
levels only in LOW (~200 %, ES > 1, P < 0.05). PGC-1α 
expression was higher in LOW compared to CONT at 4 h 
(~90 %; ES 1, P < 0.05). Tfam mRNA abundance was 
higher at 1 h compared to 4 h in CONT (~43 %, ES > 1, 
P < 0.05, Fig. 5c). Tfam expression was also elevated at 
4 h above 1 h in the LOW leg (~42 %, ES > 1, P < 0.05) 
and this resulted in a higher expression in LOW compared 
to CONT at 4 h (~56 %, ES > 1, P < 0.05). There were 

no differences in PGC-1β (Fig. 5b) or FNDC5 (Fig. 5d) 
expression from rest during recovery from resistance exer-
cise and no differences between CONT and LOW at any 
time point.

PDK4–hexokinase–VEGF

Exercise increased PDK4 mRNA above rest at 1 h in both 
CONT (~146 %, ES > 1, P < 0.05) and LOW (~135 %, 
ES > 1, P < 0.05) but there were no differences between 
legs (Fig. 6a). PDK4 mRNA abundance at 1 h was also ele-
vated above 4 h in both legs (~58–72 %, ES > 1, P < 0.05). 
There were no differences compared to rest during post-
exercise recovery or between CONT and LOW for mRNA 
abundance of Hexokinase (Fig. 6b) or VEGF (Fig. 6c).

Discussion

Resistance training in humans promotes muscle hypertro-
phy and strength but has also been shown to upregulate 
metabolic responses including increased rates of mito-
chondrial protein synthesis (Burd et al. 2012; Tang et al. 
2006). Recently, it has been suggested that p53-mediated 
signalling may mediate mitochondrial adaptations to exer-
cise (Bartlett et al. 2012; Saleem et al. 2014), an effect 
that may be mediated by glycogen availability (Bartlett 
et al. 2013). The results of the present study are the first 
to show that strenuous resistance exercise undertaken with 
low muscle glycogen concentration increases the phospho-
rylation of p53 and mRNA abundance of PGC-1α during 
the early (4 h) post-exercise recovery period. Consequently, 
it appears that muscle glycogen availability can modulate 
selected molecular responses in skeletal muscle following 
resistance exercise, as previously demonstrated for endur-
ance training response–adaptation (Hawley and Morton 
2014).

The tumour suppressor protein p53 is purported to be 
a regulator of exercise-induced mitochondrial biogenesis 
and substrate metabolism in skeletal muscle (Saleem et al. 
2009). A potential mechanism of action that is the contrac-
tion-induced translocation of p53 from the nucleus to the 
mitochondria enhances mitochondrial biogenesis through 
its subsequent interaction with mitochondrial transcription 
factor A (Tfam) and also by preventing p53 suppression of 
PGC-1α activation in the nucleus (Saleem and Hood 2013). 
Our current findings provide the first evidence to demon-
strate p53 phosphorylation increases following resistance 
exercise in human skeletal muscle. Moreover, we observed 
significant increases in p53Ser15 phosphorylation 1 h after 
resistance exercise only when muscle glycogen concentra-
tion was low, and this early response was not attenuated 
with post-exercise protein–carbohydrate ingestion. Bartlett 
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Fig. 4  a p38MAPKThr180/Tyr182 and b ERK1/2Thr202/Tyr204 phosphoryl-
ation in skeletal muscle at rest and during 4 h post-exercise recovery 
following resistance exercise (8 × 5 leg unilateral leg press at ~80 % 
one repetition maximum). Values are expressed relative to α-tubulin 
and presented in arbitrary units (mean ± SD, n = 8). Significantly 
different (P < 0.05) versus (a) rest, (b) 1 h and (asterisk) between 
treatments (CONT vs. LOW) at equivalent time point
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et al. (2012) have previously shown moderate-intensity 
continuous and high-intensity interval running increase 
p53Ser15 phosphorylation in human skeletal muscle. This 
increase in p53 phosphorylation was also enhanced when 
exercise was commenced with low muscle glycogen avail-
ability (~130 mmol kg−1 dry wt) (Bartlett et al. 2013). Col-
lectively, these data indicate a glycogen-mediated effect on 
p53 phosphorylation and that a potential glycogen thresh-
old (~130 mmol kg−1 dry wt) may modulate p53 phospho-
rylation in human skeletal muscle following exercise. This 
glycogen-sensitive increase in p53Ser15 phosphorylation 
appears to occur regardless of contractile stimulus (i.e., 
resistance vs endurance exercise vs high-intensity run-
ning). Moreover, the exercise-induced p53 phosphorylation 
may be independent of nutrient provision. The sensitivity 
of p53 to low endogenous glycogen may also relate to its 
regulatory role in autophagy, the degradation of protein 
aggregates and damaged organelles to maintain cell home-
ostasis (Saleem et al. 2014). As autophagy can be activated 
by exercise and calorie restriction (Tam and Siu 2014), 
reduced glycogen availability may be another type of cel-
lular ‘stress’ to stimulate p53 phosphorylation as a mecha-
nism to promote mitochondrial turnover via autophagy 
(Saleem et al. 2014).

The regulation of p53 phosphorylation following exer-
cise has yet to be clearly defined. Previous studies in 
cell culture have revealed AMPK (Jones et al. 2005) and 
p38MAPK (She et al. 2001) may regulate p53 phosphoryl-
ation under conditions of low glucose availability. We have 
previously failed to observe noteworthy changes in phos-
phorylation of AMPKThr172 following resistance exercise 
with low glycogen concentration (Camera et al. 2012). In 

the present study, ACCSer79 phosphorylation after resist-
ance exercise was similar to rest in both the LOW and 
CONT conditions (Fig. 2). This finding is in contrast to 
Bartlett and co-workers who found increased ACC phos-
phorylation immediately post-exercise. The discordant 
findings could be related to differences in exercise modal-
ity and/or timing of muscle biopsies (Bartlett et al. 2012, 
2013). Some studies in vitro also provide evidence that 
p38MAPK may regulate p53 activity (She et al. 2001). 
p38MAPK is a purported contractile stress-activated 
kinase which can increase following exercise in human 
skeletal muscle (Coffey et al. 2005; Apró et al. 2013). We 
observed increases in p38MAPKThr180/Tyr182 phosphoryla-
tion 1 h post-exercise in both LOW and CONT legs. How-
ever, the higher phosphorylation of p38MAPKThr180/Tyr182 
was only sustained in the CONT leg after 4 h of recovery 
(Fig. 3a). These results confirm and extend the findings of 
Apró et al. (2013) by demonstrating the contractile signal 
induced by resistance exercise increases p38MAPK phos-
phorylation irrespective of glycogen availability or nutri-
ent ingestion. Further studies to determine the regulatory 
role of p38MAPK and other potential upstream kinases on 
p53 activation and effects of different resistance exercise 
variables (i.e. set and repetition number, speed of contrac-
tion, etc.) are warranted to better understand the mechanis-
tic underpinning of p53 signalling following exercise and 
nutrient ingestion in human skeletal muscle. Moreover, 
considering glycogen utilization during resistance-type 
exercise is higher in type II compared to type I muscle 
fibres (Koopman et al. 2006), it is plausible any glyco-
gen-mediated regulation of p53 signalling is fibre-type 
dependent.

Fig. 5  a Peroxisome prolifer-
ator-activated receptor gamma 
coactivator 1-alpha (PGC-1α), 
b PGC-1β and c mitochon-
drial transcription factor A 
(Tfam) and d fibronectin type 
III domain-containing protein 
5 mRNA abundance at rest 
and during 4 h post-exercise 
recovery following resistance 
exercise (8 × 5 leg unilateral 
leg press at ~80 % one rep-
etition maximum). Values are 
expressed relative to GAPDH 
and presented in arbitrary units 
(mean ± SD, n = 8). Signifi-
cantly different (P < 0.05) ver-
sus (a) rest, (b) 1 h, (c) 4 h and 
(asterisk) between treatments 
(CONT vs. LOW) at equivalent 
time point
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A second novel finding of the present study was that 
PGC-1α, but not PGC-1β, mRNA expression was greater 
after 4-h recovery, an increase that was confined to the leg 
that commenced exercise with low muscle glycogen avail-
ability. PGC-1α mRNA abundance has previously been 
shown to increase following a bout of acute exercise in 
human skeletal muscle (Little et al. 2011; Perry et al. 2010). 
Psilander et al. (2013) have shown greater PGC-1α mRNA 
abundance with low (~166 mmol kg−1 dry) compared to 
normal glycogen availability following a single bout of 

endurance exercise (60 min cycling at ~64 % VO2max). 
However, that study (Psilander et al. 2013) did not measure 
changes in p53 phosphorylation. Considering PGC-1α con-
tains a p53 binding site in its promoter region (Saleem et al. 
2009), it is possible our observed increases in PGC-1α 
expression with low glycogen are regulated by p53. In sup-
port of this hypothesis, we observed higher Tfam mRNA 
abundance in the LOW compared to CONT leg at 4 h post-
exercise. Tfam is a transcriptional target of PGC-1α that 
binds to p53 following exercise (Saleem and Hood 2013). 
Our results suggest that resistance exercise commenced 
with low glycogen upregulates the p53–PGC-1α–Tfam 
axis that may subsequently promote mitochondrial adapta-
tion (Bartlett et al. 2014). Previous studies have also shown 
resistance exercise is capable of increasing PGC-1α mRNA 
expression (Burd et al. 2012; Coffey et al. 2005; Gordon 
et al. 2012). Our current observations along with previ-
ous findings indicate that if a contractile stimulus is suf-
ficiently novel, this may be adequate to stimulate a meta-
bolic response regardless of exercise modality. In addition, 
we have also previously reported an increase in PGC-1α 
expression following a bout of consecutive resistance and 
endurance (Camera et al. 2015) or repeated sprint exercise 
(Coffey et al. 2009), an effect that was evident regardless 
of exercise order. While we cannot determine the rela-
tive contribution of each concurrent exercise mode to the 
increase in expression, it seems reasonable to suggest that 
resistance exercise certainly did not suppress the upregu-
lation of PGC-1α mRNA. Nonetheless, PGC-1α may be 
upregulated irrespective of exercise/contraction mode and 
low muscle glycogen concentration may enhance the mag-
nitude or novelty of contractile overload. It is also possible 
the observed PGC-1α response relates to increased muscle 
fibre recruitment and maximal voluntary contraction in the 
LOW compared to CONT leg considering the potential for 
decreased exercise tolerance with reduced muscle glycogen 
concentration (Maughan and Poole 1981).

Expression of the muscle integral membrane protein 
fibronectin type III domain-containing 5 (FNDC5) was 
unchanged between CONT and LOW legs post-exercise 
(Fig. 5). FNDC5 has been shown to be induced by PGC-1α 
overexpression and exercise (Bostrom et al. 2012). Pekkala 
and colleagues have reported a single bout of resistance 
exercise increased FNDC5 expression; however, there was 
no significant correlation between changes in PGC-1α and 
FNDC5 expression (Pekkala et al. 2013). Our findings pro-
vide new information that a bout of heavy resistance exer-
cise commenced with low muscle glycogen concentration 
does not upregulate FNDC5 mRNA expression in the acute 
post-exercise period despite marked increases in PGC-1α 
abundance.

PDK4 phosphorylates pyruvate dehydrogenase causing a 
preferential shift in fuel oxidation from carbohydrate to fat 
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Fig. 6  a Pyruvate dehydrogenase kinase isozyme 4 (PDK4), b 
hexokinase and c vascular endothelial growth factor (VEGF) mRNA 
abundance at rest and during 4 h post-exercise recovery following 
resistance exercise (8 × 5 leg unilateral leg press at ~80 % one rep-
etition maximum). Values are expressed relative to GAPDH and pre-
sented in arbitrary units (mean ± SD, n = 8). Significantly different 
(P < 0.05) versus (a) rest and (c) 4 h at equivalent time points
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(Wang and Sahlin 2012). Previous studies in human skele-
tal muscle demonstrate that PDK4 expression is dependent 
on substrate availability rather than exercise-induced cellu-
lar energy perturbations (Cluberton et al. 2005; Psilander 
et al. 2013). This premise is based on the reduced PDK4 
expression observed with the provision of exogenous car-
bohydrate (Cluberton et al. 2005) or when muscle glycogen 
availability is ‘normal’ compared to ‘low’ (Psilander et al. 
2013). In contrast to previous studies (Bartlett et al. 2013; 
Psilander et al. 2013), we observed no changes in PDK4 
mRNA between CONT and LOW legs at rest or post-exer-
cise. The latent period between completing the glycogen 
depletion session and extracting the resting muscle biopsy 
(~12 h) meant that detecting any meaningful changes in 
basal PDK4 expression was unlikely, despite differences 
in glycogen concentration between CONT and LOW legs. 
Indeed, we have previously failed to observe changes in 
several molecular markers associated with glucose uptake 
(Camera et al. 2012) and glycogen metabolism (Churchley 
et al. 2007) at rest with divergent glycogen concentration 
in human skeletal muscle. Hexokinase mRNA abundance, 
another regulator of intracellular energy metabolism, was 
also similar between CONT and LOW legs at rest. None-
theless, PDK4 expression did increase 1 h after resistance 
exercise supporting previous findings by Yang and col-
leagues showing increased PDK4 mRNA abundance in 
type I and type II fibres following resistance exercise (Yang 
et al. 2005). Low glycogen concentration failed to induce 
any noteworthy changes in VEGF or Hexokinase mRNA 
post-exercise (Fig. 6) indicating a greater metabolic pertur-
bation may be required to upregulate their transcription.

In conclusion, the results of the current study demon-
strate that resistance exercise commenced with low gly-
cogen concentration augments the metabolic overload and 
increases p53 phosphorylation and PGC-1α mRNA expres-
sion in human skeletal muscle. We have previously shown 
that commencing resistance exercise with low muscle gly-
cogen concentration does not compromise myofibrillar 
protein synthesis during the early recovery period (Cam-
era et al. 2012). Taken collectively, our findings indicate 
resistance exercise with low glycogen may enhance acute 
mitochondrial responses without attenuating the anabolic 
response in skeletal muscle. However, it is unclear whether 
the observed differences in p53 phosphorylation and 
PGC-1α mRNA expression are sufficient to promote mito-
chondrial adaptation. Chronic training studies are needed 
to assess the effect of repeatedly undertaking resistance 
exercise with low muscle glycogen on selected metabolic 
parameters. Considering many athletes combine strength 
and endurance/aerobic training for performance, our find-
ings provide new information indicating the acute meta-
bolic response to resistance exercise can be modulated in 
a glycogen-dependent manner and represents a factor for 

consideration in resistance as well as endurance training 
adaptation in skeletal muscle.
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