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Rapamycin does not prevent increases in myofibrillar
or mitochondrial protein synthesis following endurance
exercise
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Key points

e Previous studies have shown that endurance exercise increases myofibrillar (MyoPS) and
mitochondrial (MitoPS) protein synthesis in skeletal muscle.

e The mechanistic target of rapamycin (mTOR) is considered to be a key intracellular
nutrient-sensing protein complex, which activates MyoPS in response to anabolic stimuli.

o Little is known regarding the regulation of MyoPS and MitoPS$ in response to endurance
exercise.

e In the present study, we show that MyoPS and MitoPS increase in skeletal muscle following
endurance exercise, despite suppression of mMTORCI1 during the post-exercise recovery period.

e Qur data suggests that mTORCI independent processes regulate both MyoPS and MitoPS
following acute endurance exercise.

Abstract The present study aimed to investigate the role of the mechanistic target of rapamycin
complex 1 (mTORCI1) in the regulation of myofibrillar (MyoPS) and mitochondrial (MitoPS)
protein synthesis following endurance exercise. Forty-two female C57BL/6 mice performed
1 h of treadmill running (18 m min~!; 5° grade), 1 h after 1.p. administration of rapamycin
(1.5mg - kg~ ') or vehicle. To quantify skeletal muscle protein fractional synthesis rates, a flooding
dose (50 mg - kg~!) of L-[ring-1*Cs]phenylalanine was administered via 1.P. injection. Blood and
gastrocnemius muscle were collected in non-exercised control mice, as well as at 0.5, 3 and
6 h after completing exercise (n = 4 per time point). Skeletal muscle MyoPS and MitoPS were
determined by measuring isotope incorporation in their respective protein pools. Activation of
the mTORCI-signalling cascade was measured via direct kinase activity assay and immuno-
blotting, whereas genes related to mitochondrial biogenesis were measured via a quantitative
RT-PCR. MyoPS increased rapidly in the vehicle group post-exercise and remained elevated
for 6 h, whereas this response was transiently blunted (30 min post-exercise) by rapamycin. By
contrast, MitoPS was unaffected by rapamycin, and was increased over the entire post-exercise
recovery period in both groups (P < 0.05). Despite rapid increases in both MyoPS and MitoPS,
mTORCI activation was suppressed in both groups post-exercise for the entire 6 h recovery
period. Peroxisome proliferator activated receptor-y coactivator-le, pyruvate dehydrogenase
kinase 4 and mitochondrial transcription factor A mRNA increased post-exercise (P < 0.05)
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and this response was augmented by rapamycin (P < 0.05). Collectively, these data suggest that
endurance exercise stimulates MyoPS and MitoPS in skeletal muscle independently of mTORC1
activation.
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Abbreviations ACC, acetyl-CoA carboxylase; AMPK, AMP activated protein kinase; 4E-BP1, eIF4E-binding protein 1;
eEF2, eukaryotic translation elongation factor 2; ERK1/2, extracellular signal-regulated protein kinases 1 and 2; MitoPS,
mitochondrial protein synthesis; mtDNA, mitochondrial DNA; mTORCI, mechanistic target of rapamycin complex
1; MyoPS, myofibrillar protein synthesis; PDK4, pyruvate dehydrogenase kinase 4; PGC-1a, peroxisome proliferator
activated receptor-y coactivator-lo; REDDI, regulated in development and DNA damage responses 1; S6, ribosomal
protein S6; S6K1, p70S6 kinase; TFAM, mitochondrial transcription factor A; TSC2, tuberous sclerosis complex 2; YY1,
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Introduction

Endurance exercise results in rapid transcriptional and
translational remodelling of skeletal muscle, leading
to increased mitochondrial biogenesis and, ultimately,
enhanced oxidative capacity (Yan et al. 2011). Although
the ability of endurance exercise to drive mitochondrial
biogenesis has been known for the past 50 vyears
(Holloszy, 1967), the mechanism enabling endurance
exercise to drive translational processes involved in skeletal
muscle adaptation remains poorly understood (Miller &
Hamilton, 2012).

The mechanistic target of rapamycin complex 1
(mTORC1) is a highly conserved serine/threonine kinase
protein complex, that is a central regulator of cellular
growth in skeletal muscle (Laplante & Sabatini, 2012). The
importance of mTORCI for load- and feeding-induced
increases in skeletal muscle protein synthesis has been
demonstrated for rodents (Bodine et al. 2001; Goodman
et al. 2011) and humans (Drummond et al. 2009;
Dickinson et al. 2013); however, the role of mTORCI
in the protein synthetic response to endurance exercise
has not been investigated directly. Endurance exercise in
rodents increases the phosphorylation of proteins within
the mTORCI signalling cascade that are known to be
associated with enhanced translational capacity in skeletal
muscle (Edgett et al. 2013). In humans, endurance exercise
leads to increases in mTORCI-related signalling and
associated increases in both mixed (Harber et al. 2010;
Beelen et al. 2011; Hulston et al. 2011) and fractional
protein synthesis rates (Breen ef al. 2011; Di Donato et al.
2014); however, a causal link between the two has not been
measured directly. Collectively, this body of research would
suggest an important role for mTORCI in the adaptive
response to endurance exercise (Moore & Stellingwerff,
2012; Moore et al. 2014; Rowlands et al. 2014).

In the present study, we used the mTORCI inhibitor
rapamycin to directly determine the contribution of
mTORCI1 to the fractional protein synthetic response

with respect to a single bout of endurance exercise in
mice. We hypothesized that inhibiting mTORCI would
blunt both the myofibrillar (MyoPS) and mitochondrial
(MitoPS) responses following endurance exercise during
a 6 h post-exercise recovery period.

Methods
Ethical approval

All procedures were approved by the University of
California Davis Institutional Animal Care and Use
Committee and performed under protocol number 17458.
All investigators taking part in the animal experimentation
clearly understood the ethical principles under which The
Journal of Physiology operates in compliance with the
animal ethics checklist (Grundy, 2015).

Exercise protocol

Forty-two female C57BL/6 mice were purchased from
Taconic (San Diego, CA, USA) at 12 weeks of age.
Following acclimation, mice were fasted for 3 h prior
to performing a single bout of uphill treadmill running
(18 m min~! for 1 h at a 5° gradient) to produce
a motor endurance exercise stimulus (Roberts, 2002).
Following exercise, mice were returned to their cages
until muscle collection at 0.5, 3 and 6 h post-exercise
(n = 4 per timepoint). Mice had access to water but
remained fasted throughout the study. One hour prior
to exercise, mice were given an LP. injection of either
rapamycin/PBS or DMSO/PBS (200 ul). Thirty minutes
prior to muscle collection, mice received a 50 mg- kg™
flooding dose of L-[ring-'>Cs]phenylalanine (Cambridge
Isotope Laboratory, MA, USA) via LP. injection. Gastro-
cnemius muscles were collected under anaesthesia, with
blood collected from the descending aorta.

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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Rapamycin treatments

Rapamycin (LC Laboratories, Woburn, MA, USA) was
dissolved in DMSO to generatea 5 g - 41 =" stock solution.
Each mouse received 1.5 mg - kg~! rapamycin dissolved in
200 wl of PBS. For the vehicle condition, mice were injected
with an equivalent amount of DMSO dissolved in 200 ul
of PBS.

Western blot procedure

Phosphorylation-specific immunoblotting was carried
out as described previously (Philp et al. 2011).
Membranes were incubated overnight with the
primary antibodies: phospho-p70S6 kinase (S6K1)Thr38?
(#9206), total S6K1 (#9202), phopsho-ribosomal protein
S6 (S6)5r235/236 (#4858), phospho-S65240/24  (#5364),
total S6 (#2217), phospho-elF4E-binding protein
1 (4E-BP1)Thr37/46  (#9459)  total 4E-BP1 (#9452),
phospho-extracellular signal-regulated protein kinases 1
and 2 (ERK1/2)Thr202/1y204 (#4370)), total ERK1/2 (#4695),
phospho-eukaryotic translation elongation factor 2
(eEF2)Thr30 (#2331), total eEF2 (#2332) and total
acetyl-CoA carboxylase (ACC) (#3676) (all obtained
from Cell Signalling Technology; New England Biolabs
Ltd, Hitchin, UK). Phospho-AMP activated protein
kinase (AMPK)™72 (07-681SP), total AMPK al/a2
(07-350SP) and phospho-ACC>® (04-1009) were all
obtained from Merck Millipore (Watford , UK). The
regulated in development and DNA damage responses
1 (REDD1)rabbit polyclonal (#10638-1-AP) antibody
was obtained from Proteintech Ltd (Manchester, UK).
Immobilon western chemiluminescent HRP susbstrate
(Merck Millipore) was used to quantify protein content
after IgG binding, and visualized on a G:BOX Chemi
XT4 imager using GeneSys capture software (Syngene UK,
Cambridge, UK).

S6K1 and AMPK activity assays. In total, 50 mg of gastro-
cnemius muscle was used for the measurement of S6K1
and AMPK*!%? activity as described previously (McGlory
etal 2014).

Quantitative real-time RT-PCR

RNA was extracted from 25 mg of gastrocnemius muscle
using the phenol/chloroform method. First-strand cDNA
was synthesized on a PCR Mastercycler (Eppendorf,
Westbury, NY, USA) from 1 ug of RNA using the
reverse transcription system (Promega, Southampton,
UK) in accordance with the manufacturer’s instructions.
Real-time PCR was performed using an Eppendorf
Light Cycler PCR machine, SYBR green PCR plus
reagents (Sigma-Aldrich, Poole, UK) and custom designed
primers. GAPDH was used as a housekeeping gene
control in all of the analysis and the absolute C; for

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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GAPDH was unchanged by the various interventions. The
primer sequences for GAPDH, peroxisome proliferator
activated receptor-y coactivator-la (PGC-1a), pyruvate
dehydrogenase kinase 4 (PDK4) and mitochondrial
transcription factor A (TFAM) have been reported pre-
viously (Philp et al. 2011).

Plasma and muscle protein subfraction enrichment

Plasma [ring-'°C4] phenylalanine enrichments were
determined as described previously (Glover et al. 2008)
and used as the precursor pool enrichment in the
calculation of the muscle protein fractional synthetic rate.
Mean + SEM plasma free phenylalanine enrichment at
30 min post-flood was 43.7 & 3.1 % t/T (tracer:tracee).

A ~100 mg piece of wet muscle from the gastro-
cnemius was homogenized using a glass Dounce homo-
genizer in ice-cold homogenization buffer (10 ul mg™';
0.067 Msucrose, 0.05 MTris/HCI, 0.05 MKCl, 0.01 MEDTA)
with protease and phosphatase inhibitor cocktail tablets
(cOmplete Mini, PhosSTOP, Roche Applied Science,
Mannheim, Germany). The homogenate was transferred
to an Eppendorf tube and centrifuged at 700 g for 15 min
at 4°C to pellet myofibrillar proteins. The supernatant was
transferred to another Eppendorf tube and centrifuged
at 12,000 g for 20 min at 4°C to pellet mitochondria.
Amino acids were obtained from the mitochondrial pellet
as described previously (Burd et al. 2012). Briefly, the
pellet was washed twice with ice-cold homogenization
buffer, once with ethanol and then dried under vacuum.
Proteins were hydrolysed by adding 6 MHCI and heating
at 110°C for 18 h. The free amino acids from the
mitochondrial and myofibrillar enriched fractions were
purified using cation-exchange chromatography (Dowex
50WX8-200 resin; Sigma-Aldrich, St Louis, MO, USA)
and converted to their N-acetyl-n-propyl ester derivatives
for gas chromatography combustion isotope ratio mass
spectrometry (GC: #6890, Hewlett Packard, Palo Alto, CA,
USA; IRMS: Delta Plus XP, Thermo Finnigan, Waltham,
MA, USA). An additional cohort of five unlabelled
mice was used for the determination of natural isotopic
abundance in muscle protein subfractions. Fractional
protein synthesis was calculated as:

FSR(% x h™') = (E; x 100) /(E, x t)

where E,, is the 1*C¢ isotopic enrichment in muscle protein
subfractions minus background basal enrichment, E, is
the mean enrichment in the precursor pool minus back-
ground enrichment and ¢ is tracer incorporation in hours
(0.5 h). Data are expressed as % -day'. Background
basal enrichment of the gastrocnemius from non-infused
wild-type mice (n=>5) was accounted for in the calculation
of E. Background basal enrichment of plasma from
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non-infused wild-type mice (n = 5) was accounted for
in the calculation of E,,.

Statistical analysis

A two-way analysis of variance ANOVA (Prism; GraphPad
Software Inc., San Diego, CA, USA) with a Tukey’s post-
hoc test was used to determine differences in fractional
protein synthesis rates, mRNA expression or kinase
activity/phosphorylation across time and between groups.
A paired Student’s t test was used to determine differences
in MyoPS and MitoPS$ area under the curve. Values are
reported as the mean £+ SEM, normalized to vehicle-basal
levels. P < 0.05 was considered statistically significant.

Results

Fractional synthesis rates increase following acute
endurance exercise

Endurance exercise resulted in a rapid increase in
MyoPS, increasing by ~2-fold, 0.5 h post-exercise and
remaining elevated at 3 and 6 h after exercise (P < 0.05)
(Fig. 1A and C). Endurance exercise also resulted
in a ~2-4-fold increase in MitoPS following exercise
(Fig. 1Band O).

Rapamycin delays MyoPS without altering MitoPS

Treating mice with rapamycin 1 h before endurance
exercise prevented the initial increase in MyoPS at 0.5 h.
However, protein synthesis increased normally (~2-fold),
3 and 6 h post-exercise (Fig. 1A). By contrast to the
MyoPS response, rapamycin had no effect on MitoPS,
which increased in an identical manner in the presence
or absence of rapamycin (Fig. 1B). When expressed as
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area under the curve, the MyoPS response displayed a
reduction after rapamycin treatment, whereas MitoPS was
unaffected (Fig. 1C).

mTORC1 activity following acute endurance exercise

In vehicle-treated mice, endurance exercise had no effect
on mTOR™?#48 phosphorylation at any time point during
the 6 h post-exercise recovery period (Fig. 2A). By contrast,
S6K1™389  phosphorylation was reduced ~3-5-fold
during the post-exercise recovery period (Fig. 2B) and
S6K1 activity was reduced 5-fold, 0.5 h post-exercise,
before returning to basal levels 6 h post-exercise (Fig. 2C).
Phosphorylation of 4E-BP1h7/4¢ followed a similar
trend to S6K1™% being reduced ~2-3-fold during
the 6 h recovery period (Fig. 2D).Phosphorylation of
S65¢1235/236yas reduced 0.5 and 3 h post-exercise (Fig. 2E),
whereas $6°¢724024* phosphorylation was reduced at all
time points, with the greatest nadir 3 h post-exercise
(Fig. 2F).

Rapamycin treatment suppresses mTORC1 activity
following acute endurance exercise

Neither rapamycin, nor endurance exercise affected
mTOR®®?#48 phosphorylation at any time point (Fig. 2A).
S6K1™38 phosphorylation was significantly reduced
compared to vehicle treatment at baseline, as well as 0.5
and 3 h post-exercise (Fig. 2B). Basal S6K1 activity was
reduced 5-fold compared to vehicle control, and remained
significantly blunted up to 6 h post-exercise (Fig. 2C).
4E-BP1"™r37/46 phosphorylation was reduced ~2-3-fold at
every time point during the post-exercise period (Fig. 2D).
S65er235/236 and §65er240/244 were both reduced ~10-fold
post-exercise throughout the 6 h recovery period
(Fig. 2Eand F).

A B C
. * * — % * Il Vehicle
- 15 4 — '5 257 20 - = Rapamycin
© N O
2 < 20 4 2
E:/ o <C 15 "1
o0 L 15 - i 0
5 ERTE 2101
= i &
= T 5-
2 S 54
5 5 2
= 2 oA -
Vehicle Rapamycin = Vehicle Rapamycin Myofibrillar ~ Mitochondrial
Il Basal [ 30min post-ex [l 3h post-ex [ 6h post-ex

Figure 1. Differential effect of rapamycin on MyoPS and MitoPS following endurance exercise

A, endurance exercise rapidly increased MyoPS in the vehicle group, with this response being sustained during the
6 h recovery period. By contrast, rapamycin blocked MyoPS 0.5 h post-exercise. B, MitoPS was significantly increased
post-exercise in both the vehicle and rapamycin groups. C, area under the curve analysis demonstrated that
rapamycin suppressed MyoPS without affecting MitoPS. All data are expressed as the mean + SEM, normalized to
vehicle-basal. *Significantly different from vehicle-basal. §Significantly different from vehicle 30 min post-exercise.
®Significantly different from vehicle (P < 0.05; n = 4 per group).
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Rapamycin amplifies PGC-1« mRNA induction
following acute endurance exercise

Acute endurance exercise significantly increased PGC- 1«
gene expression in both the vehicle and rapamycin
groups; however, the magnitude of response was 2—3-fold
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higher in the rapamycin group at each timepoint during
the recovery period (Fig. 3A). To test the functional
significance of this induction, we measured PDK4 and
TFAM mRNA expression, both known transcriptional
targets of PGC-1la. PDK4 mRNA expression increased
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Figure 2. Endurance exercise and rapamycin treatment reduce mTORC1 signalling in skeletal muscle
A, mTOR®€2448 \vas unchanged at any timepoint during the 6 h recovery period. B, S6K1™38% phosphorylation
was reduced in the vehicle and rapamycin groups post-exercise. C, endurance exercise reduced S6K1 kinase
activity in the vehicle group and rapamycin blocked S6K1 activity throughout. D, 4E-BP1Th37/46 phosphorylation
was significantly reduced during the 6 h recovery period in the vehicle group, whereas rapamycin blocked
phosphorylation independent of exercise. E, S6°¢723%/23% phosphorylation was reduced at 0.5 and 3 h post-exercise
in the vehicle group, and completely blunted in the rapamycin group. F, $6°¢24%244 phosphorylation was reduced
at 3 h post-exercise in the vehicle group, and completely blunted in the rapamycin group. All data expressed as
the mean £ SEM, normalized to vehicle-basal. *Significantly different from vehicle-basal. §Significantly different
from vehicle group at the relevant timepoint (P < 0.05; n = 4 per group).

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society



4280

post-exercise (~4-fold) in both groups, with this response
being 2—4-fold higher in the rapamycin group (Fig. 3B).
TFAM followed a similar trend, increasing ~2-fold and
~2.5-fold, 6 h post-exercise in the vehicle and rapamycin
groups, respectively (Fig. 3C).

AMPK, eEF2 and ERK1/2 are unchanged following
acute endurance exercise

Endurance exercise had no effect on AMPK
induction when assessed either via AMPK*"? kinase
activity, AMPK'™172  phosphorylation or ACCS™”’
phosphorylation (Fig. 4A-D). In addition, endurance
exercise had no effect on ERK1/2Th202/y1204 (Fjg 5A) or
eEF2"%¢ phosphorylation (Fig. 5B).

REDD1 is rapidly induced following acute endurance
exercise

REDDI induction occurred rapidly post-exercise in the
vehicle group, increasing 3-fold, 0.5 h post-exercise, and
remaining elevated 3 h post-exercise, before returning to
baseline 6 h post-exercise (Fig. 5C). By contrast, REDD1
induction did not occur in the rapamycin group (Fig. 5C).

Discussion

Endurance exercise training results in increased skeletal
muscle oxidative capacity and fatigue resistance (Yan
et al, 2011). At the molecular level, transcriptional
responses appear pivotal in initiating this adaptation
(Yan et al, 2011); however, less is known regarding
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the control of translational responses following end-
urance exercise (Miller & Hamilton, 2012). The mTORC1
pathway has been reported to undergo activation in
response to endurance exercise in rodents (Edgett et al.
2013), inferring a role for mTORCI in the adaptation
to endurance exercise (Moore & Stellingwerff, 2012;
Moore et al. 2014; Rowlands et al. 2014). To directly test
the role of mTORCI in endurance exercise adaptation,
we examined mTORCI-related signalling, MyoPS and
MitoPS during a 6 h post-exercise recovery period
in vehicle- and rapamycin-treated mice. Our results
demonstrate that acute endurance exercise leads to a rapid
and sustained increase in both MyoPS and MitoPS in the
hours after exercise. Unexpectedly, the increase in MyoPS
and MitoPS occurred despite physiological repression of
mTORCI throughout the post-exercise recovery period
and rapamycin only delayed MyoPS. These data suggest
that MyoPS and MitoPS are activated independently of
mTORCI following acute endurance exercise.

The absence of increased mTORCI activity post-
exercise, despite an increase in fractional synthesis rates,
was unexpected and contradicts previous studies in
the literature. For example, high intensity endurance
exercise increases the phosphorylation of mTOR®*8(Dj
Donato et al. 2014) and activity outputs of mTORCI1
(Mascher et al. 2011) in conjunction with increased
rates of post-exercise mixed muscle or fractional protein
synthesis in humans (Mascher et al. 2011; Di Donato
et al. 2014). Similarly, in rat skeletal muscle, 2 h of
treadmill running resulted in 40% and 265% increases
in the phosphorylation of mTORS™?#% and S6K17h™389,
respectively (Edgett et al. 2013). The repression of
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Figure 3. PGC-1a gene expression and associated signalling is increased post-exercise following

rapamycin administration

A, endurance exercise increased PGC-1a gene expression in both the vehicle and rapamycin groups post-exercise.
Rapamycin amplified the post-exercise response, with PGC-1a gene expression being significantly higher at each
timepoint post-exercise compared to vehicle. B, PDK4 gene expression followed a similar pattern, increasing
at 3 and 6 h post-exercise in the vehicle group, with this response being enhanced by rapamycin treatment,
being significantly higher at 3 and 6 h post-exercise in the rapamycin group. C, TFAM followed a similar trend,
increasing 6 h post-exercise in the vehicle group, and throughout the recovery period in the rapamycin group.
All data expressed as the mean & SEM, normalized to vehicle-basal. *Significantly different from vehicle-basal.
§Significantly different from vehicle group at the relevant timepoint (P < 0.05; n = 4 per group).
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mTORCI1 signalling in the present study, compared to the
activation reported in these studies, is probably a result
of differences in exercise intensity and exercise modality,
as opposed to the effect of endurance exercise per se.
For example, steady-state exercise>60% W.x(Mascher
et al. 2007; Di Donato et al. 2014), high-intensity interval
exercise (Coffey et al. 2011) and exercise to exhaustion
(Edgett et al. 2013) all lead to increases in mTORCI1
signalling. By contrast, exercise at a lower intensity
(30% Wpax for 1 h) also significantly increased MyoPS,
although this occurred without an increase in mTORS*2448
phosphorylation (Di Donato et al. 2014). Taken together,
it appears that mTORCI activity is blunted during
and in recovery from (1) low intensity, long duration
(<75% Wpax/>60 min) endurance exercise or (2) exercise
at a lower percentage of absolute power that does not go to
failure. By contrast, at exercise intensities>75% Wi,y or

mTORC1 and endurance exercise adaptation
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when the exercise is taken to failure, mTORCI activity is
increased. The precise mechanisms behind the differential
activation of mTORCI are currently unknown but could
potentially be a consequence of greater fibre recruitment
and loading during intensive exercise to failure.

At present, how MitoPS is regulated in skeletal
muscle, as well as how exercise modulates this response,
remains largely unknown (Hallberg & Larsson, 2014).
Mitochondria contain their own mitochondrial DNA
(mtDNA), encoding 13 genes that are involved in
oxidative phosphorylation (Scarpulla, 2008). However,
the proteins required for mitochondrial gene expression,
proliferation and translation are all nuclear encoded;
thus, intricate co-ordination between mitochondrial and
nuclear gene pools is required for complete MitoPS. Trans-
lation of mtDNA-encoded mRNA is dependent on 24
mtDNA-encoded genes and at least 100 nuclear-encoded
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Figure 4. Endurance exercise has no effect on AMPK activity or downstream signalling
AMPK a1 (A) and AMPK «2 (B) activity were unchanged at any timepoint during the 6 h recovery period. In parallel,
AMPKT72(C) and ACC3e79 (D) phosphorylation were unchanged at any timepoint during the 6 h recovery period
(n = 4 per group).
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Figure 5. REDD1 but not eEF2 or ERK1/2 is rapidly induced following endurance exercise

ERK 1/27hr202/1yr204(A) and eEF2TM">6 (B) phosphorylation were unchanged at any timepoint during the 6 h recovery
period. By contrast, REDD1 induction (C) occurred rapidly post-exercise in the vehicle group, increasing 3-fold,
0.5 h post-exercise, and remaining elevated 3 h post-exercise, before returning to baseline 6 h post-exercise.
REDD1 induction did not occur in the rapamycin group. *Significantly different from vehicle-basal. §Significantly
different from rapamycin group at the relevant timepoint (P < 0.05; n = 4 per group).

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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genes that regulate ribosomal proteins (Hallberg &
Larsson, 2014). Our observation that rapamycin treatment
has no effect on MitoPS, even in sedentary mice, would
suggest that mitochondrial genes expressed following end-
urance exercise are translated via a process not requiring
mTORCI, potentially within a mitochondrial specific
ribosome pool (Pechmann et al. 2013).

In addition to the regulation of protein synthesis,
mTORCI has been linked to mitochondrial respiration
and gene regulation via the transcriptional coactivator
PGC-1a (Nemoto et al. 2005; Cunningham et al. 2007).
For example, rapamycin treatment lowers mitochondrial
membrane potential, oxygen consumption and ATP
synthetic capacity in E6-1 Jurkat T cells (Schieke et al.
2006). Furthermore, mTORC1 was present in purified
mitochondrial fractions and the suppression of mTORC1
activity via gene silencing of mTORC1 components
leads to alterations in ATP generation (Schieke et al.
2006). Relevant to skeletal muscle, acute rapamycin
treatment causes modest reductions in mitochondrial
gene expression in C2C12 myotubes (Cunningham et al.
2007), corroborating findings in E6-1 Jurkat T cells
(Schieke et al. 2006). To determine how mTORCI altered
mitochondrial gene expression, Cunningham et al.(2007)
used expression profiling in tuberous sclerosis complex
2 (TSC2)~/~mouse embryo fibroblast cells following
rapamycin treatment combined with motfiADE analysis to
identify ciselements associated with differential expression
in response to mTORCI1 inhibition. The transcription
factor yin-yang 1 (YY1) was identified, which could be
coactivated by PGC-1la in the presence of a functional
mTORCI complex (Cunningham et al. 2007). Reducing
mTORC1 activity by disruption of the mTOR/raptor
interaction blocked the PGC-1a—YY1 interaction and led
to decreased mitochondrial gene expression and oxygen
consumption (Cunningham et al. 2007).

To test whether mTORCI activity is required for
exercise-induced increases in PGC-la in vivo, we
determined the transcriptional response of PGC-la
and its targets, TFAM and PDK4, during the 6 h
recovery period. Rapamycin did not block PGC- 1« trans-
criptional response post-exercise. Indeed, by contrast
to the model proposed by Cunningham et al.(2007),
PGC-la gene expression was enhanced to a greater
extent after rapamycin treatment at each post-exercise
timepoint. A similar pattern was observed for PDK4
and, to a lesser degree, TFAM. Taken together, these data
indicate that mTORCI activity is not a pre-requisite for
exercise-induced activation of PGC-la or increases in
post-exercise PGC-1a function. Our data are supported
by a recent study reporting that rapamycin treatment
during chronic contraction of C2C12 myotubes did
not affect increases in mitochondrial protein content
or activity following chronic contractile activity, nor
the contraction-mediated increase in TFAM or PGC-1«

A. Philp and others
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(Carter & Hood, 2012). Thus, skeletal muscle contraction
appears to override a regulatory effect that mMTORC1 might
have on basal mitochondrial function. Furthermore, it is
clear that the role of mTORCI in the regulation of skeletal
muscle mitochondrial mass is very different from that of
transformed muscle or tumour cells (Cunningham et al.
2007; Carter & Hood, 2012), which display intrinsically
high rates of protein synthesis and mTORCI activity
(Schieke et al. 2006; Cunningham et al. 2007; Morita et al.
2013).

Based on the mTORCI suppression that we observed
in both the vehicle and rapamycin groups, we examined
whether activation of AMPK, eEF2 or REDD1, which are
proteins reported to inhibit mTORCI1 (Brugarolas et al.
2004; Rose et al. 20094; Lantier et al. 2010), might account
for mTORCI repression post-exercise. Endurance exercise
had no effect on AMPK induction when assessed either via
AMPK “"¢2 kinase activity, AMPK™™"'72 phosphorylation
or ACC®”° phosphorylation. In addition, endurance
exercise had no effect on eEF2™¢ phosphorylation. The
lack of AMPK/eEF2 induction is probably a result of the
moderate intensity of our prescribed exercise and the fact
that our first muscle collection was 30 min post-exercise
(to allow for the tracer flooding dose). The combined
effect of these two factors is such that any AMPK/eEF2
activation during exercise may be rapidly lost during the
30 min recovery period. This interpretation is consistent
with previously published research in wild-type and
AMPK knockout mice showing that AMPK activation
is evident immediately post-exercise but rapidly returns
to baseline during the post-exercise recovery period
(Jorgensen et al. 2005). Similarly, eEF2 activation
following endurance exercise has been reported to be
intensity-dependent and transient in nature (Rose et al.
2005; Rose et al. 2009a; Rose et al. 2009b). Thus, we
suggest that, during moderate intensity exercise, any
interference on mTORCI1-related signalling by AMPK
and/or eEF2 would occur during exercise and not as part
of the post-exercise recovery period.

Given the lack of AMPK/eEF2 induction, we focused
on REDDI, in accordance with recent reports that REDD1
activity is increased in skeletal muscle following endurance
exercise (Murakami et al. 2011; Hayasaka et al. 2014) and
correlates with reduced activity of the mTORCI1 pathway
(Murakami efal. 2011; Hayasaka et al. 2014). In agreement,
REDDI induction occurred rapidly post-exercise in the
vehicle group, suggesting that REDD1 may be involved in
the repressive effects of endurance exercise on mTORCI.
The absence of a REDD1 response in the rapamycin group
could potentially be explained by a recent study suggesting
that mTORCI activity is required to stabilize the REDD1
protein (Tan & Hagen, 2013). Therefore, the ablation of
mTORCI activity through rapamycin administration may
have blunted the REDD1 post-exercise response. Finally,
we examined the phosphorylation of ERK1/2h202/1yr204
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given the previous observation that endurance exercise
can attenuate ERK1/2-mTORCI signalling (Williamson
et al. 2006). However, in a similar response to AMPK and
eEF2, we did not observe any change in ERK1/2hr202/Tyr204
phosphorylation at any of the time-points measured. As
such, these data suggest that ERK1/2 activity is not a
prerequisite for endurance exercise-mediated increases in
MyoPS and MitoPS.

In summary, we report that skeletal muscle MitoP$S and
MyoPS are increased following acute endurance exercise
despite prolonged suppression of mTORCI activity in
skeletal muscle. These data therefore indicate that, in
contrast to resistance exercise adaptive responses requiring
mTORCI activity, endurance exercise stimulates fractional
protein synthesis by an as yet unidentified molecular
process.
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