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Abstract

Purpose Aerobic (AE) and resistance (RE) exercise elicit unique adaptations in skeletal muscle. The purpose here was to
compare the post-exercise response of mTOR signaling and select autophagy markers in skeletal muscle to acute AE and RE.
Methods In a randomized, cross-over design, six untrained men (27 + 3 years) completed acute AE (40 min cycling, 70%
HRmax) and RE (8 sets, 10 repetitions, 65% 1RM). Muscle biopsies were taken at baseline, and at 1 h and 4 h following
each exercise. Western blot analyses were performed to examine total and phosphorylated protein levels. Upstream regulator
analyses of skeletal muscle transcriptomics were performed to discern the predicted activation states of mMTOR and FOXO3.
Results Compared to AE, acute RE resulted in greater phosphorylation (P <0.05) of mTORS¢™#8 at 4 h, S6K 138 at 1 h,
and 4E- BP1T™3746 during the post-exercise period. However, both AE and RE increased mTORS®##8 and S6K 17389 phos-
phorylation at 4 h (P <0.05). Upstream regulator analyses revealed the activation state of mTOR was increased for both AE (z
score, 2.617) and RE (z score, 2.789). No changes in LC3BI protein were observed following AE or RE (P >0.05), however,
LC3BII protein was decreased after both AE and RE at 1 h and 4 h (P <0.05). p62 protein content was also decreased at
4 h following AE and RE (P <0.05).

Conclusion Both acute AE and RE stimulate mTOR signaling and similarly impact select markers of autophagy. These
findings indicate the early adaptive response of untrained human skeletal muscle to divergent exercise modes is not likely
mediated through large differences in mTOR signaling or autophagy.
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Introduction

Skeletal muscle possesses a remarkable capacity to adapt
to various stimuli, and in particular, exercise represents a
powerful stimulus for skeletal muscle adaptations. Moreo-
ver, it is well understood that different modes of exercise
elicit unique molecular responses within skeletal muscle.
Notably, chronic aerobic exercise (AE) generally results
in increased mitochondrial density thorough mitochon-
drial biogenesis (Holloszy 1967), ultimately leading to
increased fatigue resistance of the skeletal muscle (Hol-
loszy and Coyle 1984). When coupled with increased
capillarization, this specific adaptation allows for a pro-
longed ability to perform muscle contractions, often at an
increased intensity (Gollnick 1986). Conversely, chronic
resistance exercise (RE) results in a muscle with greater
ability to produce force. Increased force output is specifi-
cally a result of the accumulation of contractile proteins
(Phillips et al. 1997) and is commonly associated with
muscle hypertrophy (Moore et al. 2005).

Skeletal muscle adaptation is ultimately governed by
the relationship between synthesis and breakdown of pro-
teins. This relationship not only regulates the accumulation
of specific proteins in the cell, but also the degradation and
removal of damaged and dysfunctional proteins. Together,
these anabolic and catabolic processes mediate the cel-
lular adaptations which translate to the improved function
of skeletal muscle (Phillips et al. 2009). The synthesis of
skeletal muscle proteins is largely regulated by the mam-
malian/mechanistic target of rapamycin (mTOR) signaling
pathway (Drummond et al. 2009; Dickinson et al. 2011),
and this pathway is thought to have a primary role in
mediating muscle hypertrophy following resistance exer-
cise training (Goodman et al. 2011; Bodine et al. 2001).
On the other hand, the response of mTOR signaling to
aerobic exercise has received less attention. While in vitro
data suggest mTOR to be primarily stimulated by RE-like
exercise (Atherton et al. 2005), studies in humans have
shown mTOR signaling in skeletal muscle is responsive
to AE (namely cycling) (Coffey et al. 2006b; Wang et al.
2011; Wilkinson et al. 2008; Camera et al. 2010). How-
ever, direct comparisons of mTOR signaling in skeletal
muscle following RE and AE are limited to between-group
comparisons in highly active participants (Camera et al.
2010), trained individuals (Coffey et al. 2006b), or in the
presence of amino acid feeding (Wilkinson et al. 2008).
Importantly, training has been shown to blunt the acute
molecular response to the specific exercise (Coffey et al.
20064, b; Phillips et al. 1999), while amino acid feeding
stimulates independent skeletal muscle responses (Reidy
and Rasmussen 2016). Consequently, to more fully under-
stand the potential role for mTOR signaling in mediating
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exercise-mode specific responses, there remains a need to
compare the skeletal muscle mTOR signaling response to
RE and AE in untrained, exercise naive individuals.

Acute AE, on the other hand, appears to elicit a greater
overall stimulation of “breakdown” processes as com-
pared to RE (Louis et al. 2007; Dickinson et al. 2018). For
instance, compared to RE, acute AE has been shown to elicit
a greater increase in mRNA markers associated with the
ubiquitin proteasome system (Louis et al. 2007), including
Forkhead box O3a (FOXO3a), which is a transcriptional
regulator known to induce transcription of genes within the
two major proteolytic systems in skeletal muscle; the ubiq-
uitin—proteasome and autophagy systems (Mammucari et al.
2007; Sandri et al. 2004; Zhao et al. 2007). In particular,
autophagy manages the quality control of cellular organelles
and contractile proteins through lysosomal-mediated prote-
olysis (Dunn 1994). While the acute post-exercise response
of the autophagy system in human skeletal muscle remains
unclear (Lira et al. 2013; Brandt et al. 2018; Fritzen et al.
2016), autophagy has been highlighted as a key cellular
mechanism in skeletal muscle adaptation to chronic AE (Lira
et al. 2013). Further, while the specific mechanisms regulat-
ing the exercise-induced alterations in autophagy remain to
be fully resolved, peroxisome proliferator-activated receptor-
gamma coactivator-1 alpha (PGC-1a), which is a key regula-
tor of mitochondrial biogenesis, has been demonstrated to
positively regulate autophagy during exercise (Vainshtein
and Hood 2016).

We have previously shown in untrained individuals that
acute AE and RE elicit unique skeletal muscle transcriptome
responses in the immediate hours post exercise (Dickinson
et al. 2018). The purpose of this study was to determine
the response of mTOR signaling and autophagy markers in
skeletal muscle of untrained individuals in the immediate
hours following acute AE and RE. We hypothesized that
in the untrained state, RE would elicit a greater response
in mTOR signaling whereas AE would produce a greater
change in select markers of autophagy.

Materials and methods
Participants

Seven healthy males initially volunteered to participate in the
study. All participants were recruited from the greater Phoe-
nix, AZ metropolitan area. All of these participants were
considered untrained or recreationally active as none of the
participants performed regular physical activity (<2 days/
week) at the time of participation. All subjects completed
a medical history and physical activity questionnaire along
with a blood draw for blood coagulation profile. One subject
dropped out prior to any testing for reasons unrelated to the
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study (scheduling conflict). Six participants completed all
experimental trials (mean + SD, 27 + 3 years, 179+ 6 cm,
79 +10 kg). Based on means, standard deviations, and
effect sizes from our previous work examining changes in
mTORS™*8 and S6K 138 phosphorylation following RE
(D’Lugos et al. 2018), 4-6 participants were deemed suit-
able to confidently detect increases in these variables from
basal. All participants provided written, informed consent
before participation, and all procedures were approved by a
University Institutional Review Board (in compliance with
the Declaration of Helsinki, as revised in 1983).

Prior to participation in the experimental trials, subjects
completed baseline testing of unilateral leg extension 1-rep-
etition maximum (1RM) along with determination of maxi-
mal heart rate and peak work rate (W) on a cycle ergometer.
1RM was assessed on two occasions (separated by ~ 1 week)
using a knee extension device (Cybex VR3, Medway MA),
and the heaviest weight lifted by each leg between the two
measurements was considered the participant’s IRM for
each leg. Peak exercise heart rate and work rate were deter-
mined on a cycle ergometer (model 828E; Monark Exer-
cise, Vansboro, Sweden) using a ramp protocol (Dickinson
et al. 2018). Briefly, participants began cycling at ~50 W
and work rate was progressively increased by 15 W per
minute until volitional fatigue. Heart rate was assessed via
telemetry, and maximal heart rate and peak work rate were
recorded.

Study design

Details of the study design have been previously presented
(Dickinson et al. 2018). Briefly, each participant completed
two separate experimental exercise trials that were identi-
cal except for the mode of exercise performed (AE or RE).
These trials were performed utilizing a randomized, counter-
balanced cross-over design with~ 1 week between each trial
(mean + SD: 9 + 3 days). Subjects were instructed to abstain
from alcohol consumption for 72 h and caffeine for 24 h
before each experimental trial.

Experimental trials

For each experimental trial, participants arrived at the
laboratory (~0700) following a 12-h overnight fast and
remained fasted until completion of the trial. Participants
were instructed to record their last meal the night before the
first experimental exercise trial and to replicate that meal the
night before the second experimental exercise trial. Follow-
ing 30 min of supine rest, and prior to the start of exercise, a
basal muscle biopsy was obtained. To minimize the number
of invasive procedures for the cross-over study design, the
basal biopsy from the first experimental trial represented
basal conditions for both experimental exercise trials (no

basal biopsy was obtained during the second experimental
trial). After the basal biopsy (Ist trial) or 45 min of supine
rest (2nd trial, to imitate the basal biopsy time frame), sub-
jects performed a 5-min warm-up at a low work rate on a
cycle ergometer (model 828E; Monark Exercise) and then
completed either acute AE or acute RE (see below). Upon
completion of exercise, participants rested supine, engaging
in minimal physical activity for the remainder of the trial.
Muscle biopsies were then taken at 1 and 4 h relative to the
end of the exercise bout. The order of the experimental trials
was counter-balanced, such that three participants performed
AE during the first experimental trial and three participants
performed RE during the first experimental trial. In addi-
tion, the use of the dominant leg for the basal biopsy and for
the post-exercise biopsies for each exercise mode was also
counter-balanced.

Acute exercise

AE consisted of 40 min of cycling on a cycle ergometer
(model 828E; Monark Exercise, Vansboro, Sweden) at a
prescribed work rate to elicit~75% peak heart rate. Heart
rate was continuously monitored (Polar Electro, Lake Suc-
cess, NY) throughout the exercise bout and work rate and
heart rate were recorded in 2-min intervals. RE consisted of
isotonic unilateral leg extensions (Cybex VR3), where each
subject performed eight sets of ten repetitions at 60-65%
unilateral 1RM with each leg, as we have previously uti-
lized (Patel et al. 2017; D’Lugos et al. 2018; Dickinson et al.
2018). Unilateral exercise was chosen to ensure that the leg
to be biopsied post-exercise performed the prescribed work.
During RE, participants alternated legs such that the leg to
be biopsied performed each set first (e.g., 1 leg performed 10
reps and then the other leg performed 10 reps for each set).
Participants were given 3 min of rest between each set. The
total exercise time for the RE was ~40 min.

Muscle biopsies

Muscle biopsy procedures were conducted under strict ster-
ile conditions and were obtained using a 5-mm Bergstrom
needle with suction from the lateral portion of the vastus
lateralis following local anesthesia (1% lidocaine, no epi-
nephrine) (D’Lugos et al. 2018; Dickinson et al. 2018; Patel
et al. 2017). During both experimental trials, the 4-h biopsy
was obtained from the same incision as for the 1-h biopsy;
however, the biopsy needle was inclined at a different angle
such that the 4-h post-exercise biopsy was taken~5 cm
proximal to the 1-h post-exercise biopsy, as previously per-
formed (Dickinson et al. 2018; Volpi et al. 2008). All muscle
samples were obtained from a single needle pass for each
time point. Muscle tissue was immediately blotted, dissected
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of connective tissue and adipose tissue and frozen in liquid
nitrogen. Muscle tissue was stored at —80 °C until analysis.

These particular post-exercise timepoints were chosen as
they represent post-exercise timepoints previously used to
examine signaling events (1-5 h post exercise) (D’Lugos
et al. 2018; Dickinson et al. 2017b), as well as a timepoint
(4 h) that corresponds with changes in gene expression after
exercise (e.g., 4-8 h post) (Louis et al. 2007). In addition,
these post-exercise timepoints are similar to previous studies
examining the response of human skeletal muscle to diver-
gent exercise stimuli (0—4 h post) (Coffey et al. 2006a, b;
Camera et al. 2010; Wilkinson et al. 2008).

Analytical techniques

Frozen muscle was weighed (mean + SD, 38.7 + 8.0 mg)
and homogenized (1:9 wet weight/volume) in an ice-
cold homogenization buffer containing 50 mM Tris—HCI,
250 mM mannitol, 50 mM NaF, 5 mM sodium pyrophos-
phate, 1 mM ethylenediaminetetraacetic acid, 1 mM ethyl-
eneglycotetraacetic acid, 1% Triton X-100, pH 7.4, 1 mM
DTT, 1 mM benzamidine, 0.1 mM PMSF, and 5 pug mL™!
soybean trypsin inhibitor. Homogenized samples were then
centrifuged at 3400g for 10 min at 4 °C, and the superna-
tant was collected which represents the cytosolic fraction of
proteins (Patel et al. 2017; D’Lugos et al. 2018; Dickinson
et al. 2017a).

Immunoblot analyses

Total protein concentrations were determined using the
Bradford assay (Pierce Coomassie Plus; Thermo Fisher Sci-
entific, Waltham, MA). The supernatant was diluted (1:1)
in a 2X sample buffer mixture containing 125 mM Tris, pH
6.8, 25% glycerol, 2.5% SDS, 2.5% A-mercaptoethanol,
and 0.002% bromophenol blue and then boiled for 3 min at
100 °C. Samples were run in duplicate and equal amounts
of total protein (40 pg) were loaded into each lane. Samples
were separated by electrophoresis (150 V) on a 7.5% or 12%
polyacrylamide gel as determined by the size of the target
protein (Mini-PROTEAN; BioRad, Hercules, CA). Each gel
contained an internal control sample and molecular weight
ladder (Precision Plus, BioRad) (Patel et al. 2017; D’Lugos
et al. 2018; Dickinson et al. 2017a).

Following electrophoresis, proteins were transferred to
a polyvinylidene difluoride membrane (Bio-Rad) using the
Transblot® Turbo™ Transfer System according to manufac-
turer’s instructions. Blots were then blocked for 1 h in 5%
nonfat dry milk and incubated with primary antibody dis-
solved in nonfat dry milk or bovine serum albumin over-
night at 4 °C. Primary antibodies directed against proteins
of interest were purchased from Cell Signaling Technol-
ogy (Beverly, MA) unless otherwise listed: total mTOR
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(1:1000, no. 2972), mTORS*™*8 (1:500, no 2971), total
ribosomal protein S6 kinase 1 (S6K1) (1:500, no. 9202),
S6K 1Thr389 (1:500, no. 9205), total eukaryotic elongation
factor 2 (eEF2) (1:2000, no. 2332), eEF2™% (1:5000, no
2331), total eukaryotic initiation factor 4E-binding protein
1 (4E-BP1) (1:1000, no. 9452), 4E-BP1T3746 (1:1000, no.
9459), LC3 (microtubule-associated protein 1 light chain 3)
B (1:1000, no. 2775), p62 (1:1000, no. 5114), Forkhead box
0O3a (FOXO03a) (1:500, no. 2497), PGC-1a (1:1000, Novus
Biomedical, no. NBP1-04,676) and Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) (1:1000, no. 2118). After
overnight incubation, blots were incubated with an anti-rab-
bit IgG HRP-conjugated secondary antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) for 1 h at room temperature.
Blots were then washed in TBST (TBS + Tween20), incu-
bated in a chemiluminescent solution (ECL plus, Amersham
Biosciences, Piscataway NJ) and exposed with a chemilumi-
nescent imager (ChemiDoc MP, Bio-Rad). All densitometric
analyses were performed using Image Lab 6.1.0 software
(Bio-Rad). Optical density values for phosphorylated and
total proteins were normalized to the internal control. West-
ern blot data are expressed as either phosphorylation divided
by total protein or as total protein, and all data are adjusted
to fold change of basal. The ratio of LC3BII to LC3BI was
also determined. No changes in the density of GAPDH were
observed between trials or across time (P> 0.05).

Transcriptome analyses

To supplement our targeted immunoblot analyses, skeletal
muscle transcriptomics previously published from these
participants [GEO: GSE107934 (Dickinson et al. 2018)]
were analyzed using Ingenuity Pathway Analysis (IPA; Qia-
gen Inc., Hilden, Germany) (Kramer et al. 2014). Specifi-
cally, differentially expressed genes (Benjamini—Hochberg
adjusted P value <0.05) at each post-exercise time point
were utilized to complete Upstream Regulator Analyses for
mTOR and FOXO3 (Kramer et al. 2014; Rundqvist et al.
2019). These analyses were completed to discern the pre-
dicted activation state of mTOR and FOXO3 during the
post-exercise timeframe. In addition, network analyses were
employed to identify differentially expressed genes anno-
tated to “autophagy” in response to each exercise mode.

Statistical analysis

All data were tested for normality through skewness and
kurtosis and visual inspection of the normality plots using
SPSS. Data for S6K1T3% and 4E-BP1Th3746 were non-
normally distributed, and thus these data were transformed
to achieve normal distribution before statistical analyses
(raw data presented). A one-way repeated measures analy-
sis of variance (ANOVA) was used to test for differences in
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GAPDH across time. A two-way repeated measures ANOVA
was used to test group by time differences. Pairwise com-
parisons using the Tukey post hoc test were employed to
determine differences within ANOVA. Data analyses were
performed using SigmaStat version 12.5 (Systat Software).
Significance was set at P <0.05. Data are presented as raw
mean + SE unless otherwise noted.

Results
Physiological exercise data

Details on the physiological data in response to the acute
exercise bouts have been previously detailed (Dickinson
et al. 2018). The median intensity for the entire AE bout
was 78% of heart rate max, with a range of 75-84% heart
rate max for all participants. The median intensity for all
sets of RE was 62% 1RM with a range of 52-68% 1RM for
all participants.

mTOR signaling response to acute exercise

Representative images related to the assessment of
mTOR signaling are presented in Fig. 1. No changes in
mTOR3?*® phosphorylation were observed at 1 h for
either AE (P=0.886) or RE (P=0.329) (Fig. 2A). How-
ever, mTORS®">*8 phosphorylation was increased at 4 h
after RE (P <0.001) and tended to increase at 4 h after AE
(P =0.066). Further, mTORS****¥ phosphorylation was
higher at 4 h in RE compared to AE (P =0.026). No changes
from basal in S6K 1™ phosphorylation were observed at
1 h for either AE (P =0.743) or RE (P=0.083), however,
S6K 1389 phosphorylation was higher at 1 h in RE com-
pared to AE (P=0.020) (Fig. 2B). S6K 13 phosphoryla-
tion was increased at 4 h in both AE (P=0.002) and RE
(P=0.005). 4E-BP1™37/4¢ phosphorylation was unchanged
by AE and RE (P=0.989), however, 4E-BP1Th37/46 phos-
phorylation was higher in RE vs. AE during the post-exer-
cise time course (main effect of trial, P=0.015) (Fig. 2C).
eEF2TM6 phosphorylation was unchanged in response to AE
and RE (P=0.227) and similar between trials (P =0.578)
(Fig. 2D).

Utilizing changes in the skeletal muscle transcriptome
of these subjects (Dickinson et al. 2018), upstream regula-
tor analysis was performed to discern the activation state
of mTOR in response to AE and RE (Table 1). At 1 h,
the activation of mTOR was not identified in response to
either AE or RE. However, at 4 h, the activation state of
mTOR was increased for both AE (z score=2.617) and RE
(z score =2.789), in which 18 and 32 exercise-responsive
target genes were identified, respectively.
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Fig. 1 Representative images for the assessment of mTOR signaling.
All samples from a given subject (basal and both trials) were loaded
and analyzed on the same blot in a blinded fashion. All samples were
loaded in duplicate and each gel contained a loading standard (STD).
Representative images displayed for a given protein target show the
data from one participant. mMTOR, mammalian/mechanistic target of
rapamycin complex 1; S6K1, ribosomal protein S6 kinase 1; 4E-BP1,
eukaryotic initiation factor 4E-binding protein 1; eEF2, eukaryotic
elongation factor 2; GAPDH, Glyceraldehyde 3-phosphate dehydro-
genase

Autophagic response to acute exercise

Representative images related to the assessment of
autophagy are presented in Fig. 3. No changes in LC3BI
protein content were observed in response to either AE
or RE (P=0.169) (Fig. 4A). However, LC3BII protein
content was decreased in both AE and RE at 1 h (AE,
P <0.001; RE, P<0.001) and 4 h post exercise (AE,
P=0.034; RE, P=0.005) (Fig. 4B). Interestingly, no
changes in the LC3BII/I ratio were observed in response
to either AE or RE (P=0.153) and no differences were
observed between trials (P =0.338) (Fig. 4C). No changes
in p62 protein content were observed at 1 h for either AE
(P=0.366) or RE (P=0.122) (Fig. 4D), however, p62
protein content was decreased at 4 h following both AE
(P=0.013) and RE (P =0.004). No differences in p62
were observed between trials (P =0.547). No changes in
FOXO3a protein content were observed at 1 h for either
AE (P=0.458) or RE (P=0.301) (Fig. 5A), however,
FOXO3a protein content was decreased at 4 h follow-
ing both AE (P=0.001) and RE (P=0.021) (Fig. 5A).
No differences in FOXO3a were observed between trials
(P=0.547). PGC-1a protein content was unchanged in
response to AE and RE (P> 0.05) and similar between
trials (P> 0.05) (Fig. 5B).
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Fig.2 Phosphorylation of mTORS™*8 (A) SeK1T3% (B),
4E-BP1Th37/46 (), and eEF2™% (D). Subjects completed either
40 min of cycling at 70% heart rate max (AE, aerobic exercise) or 8
sets of 10 repetitions at 65% 1-repetition maximum (RE, resistance
exercise). Columns represent mean+SE (raw data) and individual
data are also presented with a given shape/fill representing the same
participant. Filled shapes represent individuals that performed RE
first while open shapes represent participants that performed AE first.
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All data are presented as fold change relative to basal levels. Raw
data for S6K1™3%% and 4E-BP1™3746 were transformed to achieve
normal distribution for statistical analyses. mTOR, mammalian/mech-
anistic target of rapamycin complex 1; S6K1, ribosomal protein S6
kinase 1; 4E-BP1, eukaryotic initiation factor 4E-binding protein 1;
eEF2, eukaryotic elongation factor 2. n=6 for both trials. *P <0.05
versus basal; TP <0.05 between trials; #P=0.06 versus basal,
P <0.05 main effect of trial

Table 1 Ingenuity pathway analyses upstream regulator analyses for predicting FOXO3 and mTOR activation state

Upstream regulator Aerobic exercise

Resistance exercise

Predicted acti- Z score P # Target genes Predicted acti- Z score P # Target genes
vation state vation state

FOXO03 (1 h) Activated 2.387 5.31E-05 6 Activated 2.575 4.90E-05 7

mTOR (1 h) Unknown N/A 5.36E-03 4 Unknown N/A 3.41E-03 5

FOXO3 (4 h) Unknown 1.821 7.10E-10 19 Activated 2.638 3.82E-19 42

mTOR (4 h) Activated 2.617 1.01E-08 18 Activated 2.789 4.66E-11 32

Upstream regulator analysis was performed on differentially expressed genes (Benjamini—-Hochberg adjusted P value <0.05) at each post-exer-
cise timepoint (1 h; 4 h) using ingenuity pathway analysis. P values indicate the statistical significance of the overlap between the differentially
expressed genes and gene targets known to be regulated by the upstream regulator

Z scores predicted activation state of the upstream regulator (negative =inhibited; positive =activated), # Target genes number of genes identi-
fied that are targeted by the upstream regulator, m7OR mammalian/mechanistic target of rapamycin, FOXO3 Forkhead box O3
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Fig.3 Representative images for the assessment of autophagy mark-
ers. All samples from a given subject (basal and both trials) were
loaded and analyzed on the same blot in a blinded fashion. All sam-
ples were loaded in duplicate and each gel contained a loading stand-
ard (STD). Representative images displayed for a given protein tar-
get show the data from one participant. LC3, microtubule-associated
protein 1 light chain 3; p62, sequestosome-1; FOXO3a, Forkhead box
03a; PGC-la, Peroxisome proliferator-activated receptor-gamma
coactivator-1 alpha; GAPDH, Glyceraldehyde 3-phosphate dehydro-
genase
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Fig.4 Protein content of LC3BI (A), LC3BII (B), LC3BII/I (C), and
p62 (D). Subjects completed either 40 min of cycling at 70% heart
rate max (AE, aerobic exercise) or 8 sets of 10 repetitions at 65%
1-repetitons maximum (RE, resistance exercise). Columns represent
mean=+ SE (raw data) and individual data are also presented with a
given shape/fill representing the same participant. Filled shapes rep-

The upstream regulator analysis predicted the activation
of FOXO3 at 1 h by both AE (z score=2.387) and RE (z
score =2.575), in which 6 and 7 exercise-responsive tar-
get genes were identified, respectively (Table 1). Interest-
ingly, only RE resulted in the activation of FOXO3 at4 h (z
score =2.638), where 42 exercise-responsive target genes
were identified.

Differentially expressed genes annotated to “Autophagy”
are displayed in Supplemental Fig. 1. Independent of exer-
cise mode and post-exercise timepoint, a majority of the
differentially expressed genes were increased in expression
as compared to decreased. The transcriptional response of
the autophagy system was modest at 1 h, where AE and
RE resulted in the differential expression of 6 and 7 genes,
respectively. Comparatively, the autophagy-related gene
response was greater at 4 h, especially following RE, which
induced the differential expression of 43 autophagy-related
genes versus only 17 genes following AE.
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Fig.5 Protein content of FOXO3a (A) and PGC-la (B). Subjects
completed either 40 min of cycling at 70% heart rate max (AE, aero-
bic exercise) or 8 sets of 10 repetitions at 65% 1-repetition maximum
(RE, resistance exercise). Columns represent mean+SE (raw data)
and individual data are also presented with a given shape/fill repre-
senting the same participant. Filled shapes represent individuals that
performed RE first while open shapes represent participants that
performed AE first. All data are presented as fold change relative to
basal levels. FOXO3a, Forkhead box O3a; PGC-1a, Peroxisome pro-
liferator-activated receptor-gamma coactivator-1 alpha. n=6 for both
trials (n=>5 for PGC-1a due to sample insufficiency of one partici-
pant). ¥*P <0.05 versus basal

Discussion

It is well known that chronic AE and RE foster unique adap-
tations in skeletal muscle, however, the precise mechanisms
mediating these responses are not completely understood.
In the current study, we used a counter-balanced, cross-over
design in untrained, exercise naive participants to com-
pare the response of mTOR signaling and select autophagy
markers in skeletal muscle to acute AE and RE. These two
molecular processes were investigated given their known
responsiveness to exercise and their role in regulating exer-
cise-induced muscle growth (Goodman et al. 2011) and
adaptation (Lo Verso et al. 2014), respectively. The primary
findings from this investigation reveal that both AE and RE
are capable of stimulating mTOR signaling in the early post-
exercise timeframe, and that only minor differences exist
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in the mTOR signaling response between exercise modes
performed acutely in the untrained state. Similarly, both
acute RE and acute AE reduced protein levels of LC3BII
and p62 and increased expression of several autophagy-
related genes, collectively indicating both AE and RE likely
increased autophagy flux, perhaps through degradation of
autophagosomes.

Previous research employing an in vitro model of elec-
trical stimulation demonstrated that high-frequency stimu-
lation, meant to mimic RE, preferentially elicited activa-
tion of the mTOR pathway as compared to low-frequency
stimulation designed to mimic AE (Atherton et al. 2005).
Interestingly, we did observe subtle differences between
exercise modes in the magnitude of stimulation, with acute
RE showing higher phosphorylation of mTORS¢44 at 4 h,
S6K 1389 at 1 h, and 4E- BP1™3746 quring the post-exer-
cise period. It is interesting to speculate that perhaps these
differences in phosphorylation status could be related to fiber
type recruitment rather than exercise mode. Specifically, we
(D’Lugos et al. 2018) and others (Parkington et al. 2003)
have identified preferential mTOR activation in type II fib-
ers following RE. Similarly, cycle training has been shown
to increase basal mTOR phosphorylation in both type I and
type II fibers, but the response is more pronounced in type
II fibers (Stuart et al. 2010). Consequently, the subtle differ-
ences in mTOR signaling between exercise modes may be
related to increased forced requirements during each con-
traction and greater recruitment of type II fibers during RE.

To our knowledge, this is the first study to employ a
cross-over design in untrained, exercise naive individuals
to investigate the early signaling response to divergent exer-
cise modes. While there were subtle differences as discussed
above, both acute RE and acute AE increased mTORS2448
and S6K 18 phosphorylation 4 h after exercise in these
participants. These signaling findings at 4 h post exer-
cise were accompanied by IPA analyses of differentially
expressed genes indicating mTOR to be active 4 h follow-
ing each exercise mode. Together, these findings indicate
that in untrained individuals both exercise modes stimulate
mTOR signaling activity in the early hours after exercise,
which may represent a “general” response to what could
be considered “unfamiliar” stimuli experience by untrained
skeletal muscle (which may also explain the relative vari-
ability in some signaling responses). Moreover, we spe-
cifically focused our work on exercise naive individuals as
exercise training has been shown to alter (Ogasawara et al.
2013) or blunt (Coffey et al. 20064, b; Phillips et al. 1999)
the acute molecular response of skeletal muscle to exercise,
which may impede identification of early adaptive exercise-
mode specific molecular responses. Consequently, to what
extent similar findings would be observed in response to
training requires further investigation. Interestingly, how-
ever, our observation of mTOR signaling being stimulated
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by both exercise modes in untrained individuals is in agree-
ment with previous work consisting of single-leg exercise
combined with nutrient ingestion (Wilkinson et al. 2008)
and parallel-group designs in highly active individuals
(Camera et al. 2010). Moreover, the latter study (Camera
et al. 2010) only included a 1-h post-exercise time course,
and therefore the findings from the current study indicate
similarities in mTOR signaling following RE and AE can be
observed for up to 4 h post exercise. Collectively, our find-
ings in untrained individuals, coupled with previous work in
highly active participants (Camera et al. 2010), do not pro-
vide strong support that large differences in mTOR signal-
ing play a primary role in mediating exercise-mode specific
responses between AE and RE. However, mTOR stimulation
can lead to a variety of potential cellular responses (Schmel-
zle and Hall 2000), and thus further research is necessary to
uncover to what extent the “downstream” response to mTOR
signaling differs following divergent exercise.

In addition to our investigation of mTOR signaling, we
also examined the response of select autophagy markers in
skeletal muscle. Our interest in specifically examining mark-
ers of autophagy in response to each exercise mode is based
on (1) previous work demonstrating AE to elicit a greater
overall proteolytic transcriptional response compared to RE
(Louis et al. 2007), (2) our previous transcriptome analyses
indicating AE induced a specific gene cluster with several
genes in the FOXO pathway (Dickinson et al. 2018), and
(3) suggestions that autophagy may be an important process
mediating endurance exercise performance (Lira et al. 2013)
and mitochondrial biogenesis, the latter of which may be
regulated through PGC-1a (Ju et al. 2016). In contrast to
our hypothesis, both acute RE and AE resulted in similar
responses in the select autophagy protein makers, despite a
lack of change in PGC-1a protein content, during the imme-
diate hours following acute exercise. The lack of change in
LC3BI coupled with the reduction in LC3BII and p62 during
the post-exercise time course is in agreement with previous
exercise-based findings (Fritzen et al. 2016; Dickinson et al.
2017b). Moreover, a change in LC3BII alone can be difficult
to interpret as this can occur due to less conversion of LC3BI
to LC3BII or through degradation of LC3BII in the lyso-
some. However, the reduction in LC3BII was accompanied
by a reduction in autophagosome membrane protein, p62.
Given p62 is degraded in the lysosome during autophagy
(Komatsu and Ichimura 2010; Sanchez et al. 2014a), the
reduction in both p62 and LC3BII would indicate that both
exercise modes likely stimulated increased degradation of
autophagosomes (Sanchez et al. 2014b).

The finding that both exercise modes stimulated
increased degradation of autophagosomes would also
appear to be supported by the drop in FOXO3a protein
content, and likely movement of FOXO3a from the cytosol
(compartment analyzed) to the nucleus where it serves, in

part, as a transcription factor for autophagy-related genes
(Sandri et al. 2004). While IPA upstream regulator analy-
sis only identified FOXO3 to be active following RE at 4 h
post exercise, we did observe several autophagy-associated
genes to be upregulated at 4 h post-exercise in response to
both exercise modes, which we interpret to also indicate
increased autophagy involvement (Sanchez et al. 2014a).
Importantly, this upregulation of autophagy-associated
genes at 4 h corresponded to the drop in cytosolic FOXO3a
protein content. It is important to note, however, that
greater stimulation of autophagy may occur when exer-
cise is performed in the fasted state (Jamart et al. 2013).
Therefore, we cannot confirm that the fasted state of the
subjects in the current study did not confound exercise-
mode specific responses in the selected autophagy mark-
ers. Collectively, in the absence of any feeding, our data
suggest that lysosomal degradation of autophagosomes
may be similarly stimulated in the early/untrained adap-
tive response of skeletal muscle to both AE and RE.

We acknowledge that the findings from this investiga-
tion are confined to the specific exercises examined. While
AE, in particular, is not confined to cycling exercise, we
specifically chose leg extension RE and cycling AE as
these exercises are known to stimulate the skeletal muscle
that was biopsied (i.e., vastus lateralis). We also acknowl-
edge that cycling exercise training may promote a muscle
hypertrophy response (Harber et al. 2009) that may make
identifying differences between AE and RE in mTOR
signaling difficult as compared to running. However, it
should be noted that running may also stimulate growth,
at least at the single muscle fiber level (Harber and Trappe
2008; Harber et al. 2012). We also recognize the impact
that nutrient ingestion can have on the signaling pathways
and proteins examined. However, the goal of this study
was to focus on the independent response of untrained
skeletal muscle to each mode of exercise. Future studies
are needed to incorporate the impact of nutrient ingestion
on the divergent exercise response. Although consistent
with group sizes from previous work investigating diver-
gent exercise responses (Coffey et al. 2006b), this study
does include a relatively small sample size. However, the
use of a cross-over design reduces the overall impact of
the smaller sample size. Moreover, to further minimize
this potential impact on our conclusions, we chose to
also perform upstream regulator analyses for mTOR and
FOXO3 utilizing unbiased skeletal muscle transcriptomics
to supplement (and strengthen) the immunoblot findings.
This study also included only a single basal biopsy. This
design was chosen to minimize the number of biopsies,
and thus support the cross-over design which also reduces
the impact of the single basal biopsy. Lastly, we recognize
that the acute adaptive response to exercise lasts beyond
4 h (Louis et al. 2007; Yang et al. 2005). Consequently,
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a longer time course following exercise is certainly war-
ranted and may elicit different findings.

In summary, our findings indicate that in untrained indi-
viduals both acute AE and RE stimulate mTOR signaling
and result in similar changes in select autophagy protein
markers in skeletal muscle during the early post-exercise
period. Moreover, these protein-based findings are sup-
ported by transcriptome analyses revealing “activation”
of mTOR and increased expression of several autophagy-
associated genes following each exercise bout. Our find-
ings provide support that the early adaptive response of
human skeletal muscle to divergent exercise modes is not
mediated through large differences in mTOR signaling or
autophagy flux. Thus, examination of additional molecular
pathways, a more comprehensive time course (including
chronic training), or perhaps additional transcriptional
(Dickinson et al. 2018) or proteomic events are warranted
to uncover the precise mechanisms mediating the adaptive
response of skeletal muscle to divergent exercise modes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00421-021-04758-6.
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